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Abstract

Significant advances in the design, synthesis, and chemistry of verdazyl radicals
have been made, including (i) the systematic study of the electrochemistry of verdazyl
radicals, (ii) the development of formazans as ancillary ligands en route to inorganic
verdazyl radicals, and (iii) magnetostructural studies of verdazyl diradicals and copper
(IT) verdazyl complexes.

The electrochemical properties of a family of verdazyl radicals were explored.
Type I and type II verdazyl radicals were reversibly oxidized and reduced, and the
potentials of such processes observed to be sensitive to substituent effects. The
incorporation of electron-withdrawing substituents made verdazyl radicals harder to
oxidize and easier to reduce, while the presence of electron-donating groups had the
opposite effect. Type II verdazyls were harder to oxidize and less delocalized (based on
relative cell potentials) than type I analogues. The difficulty in oxidation of type II
verdazyls relates to the electron-withdrawing nature of the carbonyl functionality, while
the decreased delocalization relates to twisting of the N-substituents. Twisting of the N-
substituents was confirmed through the use of X-ray crystal structures, and DFT
calculations were used to illustrate the decrease in delocalization of the unpaired electron
associated with the twisting.

The similarities of formazans to B-diketiminate ligands prompted the study of
their coordination chemistry. Boratatetrazines, the first main group complexes of
formazans illustrated their ability to mimick p-diketiminate ligands. Reduction of

boratatetrazines with cobaltocene afforded highly reactive borataverdazyl radical anions
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isolobal to parent organic systems. The radicals were readily oxidized back to the
boratatetrazine precursors limiting their characterization to the solid-state.

Synthetic pathways to 3-substituted formazans allowed for the incorporation of
bulky N-substituents, a feature of B-diketiminates that has influenced their utility as
catalysts. 3-Cyanoformazans were shown to exist as either the open or closed structure in
solution and the solid-state, while 3-nitroformazans exist exclusively as the closed
strcutre due to the presence of the relatively large nitro-substituent. A number of
transition metal complexes of 3-substituted formazans were synthesized, and their X-ray
crystal structures used to establish a correlation between steric bulk at the ligand and
complex structure. When ortho-substituents are incorporated the N-aryl substituents
twist relative to the formazan backbone, while relatively smaller N-aryl substituents
remain relatively planar. Palladium hexafluoroacetylacetonate complexes of formazans
were anticipated to have utility as precursors to palladaverdazyls due to their electron
poor nature. However, although the complexes did allow for the structure property
relationship of metal-formazan complexes to be further developed, palladaverdazyls were
not realized. Comparison with boratatetrazines suggests the nature of the Pd-N bond may
play a role in the instability of palladaverdazyls.

The synthesis and characterization of verdazyl-based spin dimers was reported.
The incorporation of iso-propyl N-substituents allowed for the first truly stable verdazyl
diradicals to be isolated. Electrochemical, electronic, and magnetic properties of
diradicals bridged by para- and meta-benzene were explored. Diradicals bridged by
para-benzene were antiferromagnetically coupled while meta-benzene bridged diradicals

were ferromagnetically coupled. Magnetostructural studies of copper (II) complexes of
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verdazyls were complicated by the coordinative flexibility of copper (II) ions and the
presence of Jahn-Tellar distorted ligand fields. However, a correlation between structure
and properties was established: axially bound verdazyl radicals were weakly
ferromagnetically coupled to copper (II) ions, and equatorially bound verdazyl radicals

were strongly antiferromagnetically coupled to copper (II).
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Chapter 1 Introduction and background

1.1 Stable radicals

Nearly all molecules based on the p-block conform to conventional bond valency
arguments: they obey the octet rule, contain an expected number of bonds and lone pairs,
and as a result are diamagnetic. Radicals have fewer bonds than predicted, resulting in
one (or more) unpaired electron(s). In many cases the nature of the unpaired electron
leads to highly reactive, short lived species due to the low activation barrier associated
with, e.g., dimerization, hydrogen abstraction, disproportionation, oxidation, or reduction.

However, many examples of stable, isolable radicals exist allowing for chemistry
associated with the unpaired electron to be studied. Since the report of the first stable
organic radical in 1900,' many families of stable or persistent radicals have been
reported. There is no general consensus on the classification of radicals as stable or
persistent. A stable radical is defined here as one that can be isolated and handled as a
pure compound, while radicals that are sufficiently long lived to be observed using
conventional spectroscopic techniques are persistent. This practical definition was put

forth by Ingold, and has been widely adopted across the field of stable radical chemistry.”

1.2 Applications and uses of stable radicals

Radicals are often studied for their ‘novelty’, leading to widespread investigation
of their fundamental bonding, structure, and properties. Other studies are application
driven, i.e., radicals are used with specific properties and function in mind. Most

applications associated with stable radicals exploit the combination of open-shell
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configuration and chemical stability. The applications discussed here are representative

of the uses of stable radicals, and are meant only to highlight the utility of stable radicals

1.2.1 EPR applications

Electron paramagnetic resonance (EPR) spectroscopy has long been used to gain
structural, dynamic, and reactivity information in systems containing stable radicals.
EPR spectroscopy is the paramagnetic analogue of nuclear magnetic resonance (NMR)
spectroscopy. The detection limit of EPR spectroscopy is much lower than NMR
spectroscopy, allowing for observation of paramagnetic species at concentrations as low
as 10° M.

Radicals are exploited as reporter molecules in techniques such as spin trapping,
spin labeling, and EPR imaging. Spin trapping involves a reaction of a diamagnetic
molecule (radical trap) with a highly reactive radical to generate a new persistent or
stable radical.*’ Common spin traps include 2-methyl-2-nitrosopropane 1.1, ° phenyl-

tert-butyl nitrone 1.2,'° and 5,5-dimethyl-2-pyrroline-N-oxide 1.3.'" 2

e
11 12 1(_)3@
An example of spin trapping by 5,5-dimethyl-2-pyrroline-N-oxide 1.3 is shown in
Scheme 1.1, illustrating the production of a new radical species 1.4. It should be noted
that spin trapping provides little or no structural information about the trapped species as

it is not observed directly, but does provide indirect evidence of the existence of the

trapped species.



Scheme 1.1. Radical trapping using 5,5-dimethyl-2-pyrroline-N-oxide 1.3.

Spin labeling is a technique used to study biological systems."> A stable radical is
integrated into a biological system allowing for EPR spectra to be obtained, yielding
information about the environment around the label (the radical), dynamic processes, and
hydrophobicity/hydrophicicity.'* Unfortunately the number of radicals that can be used
as spin labels is severely limited by their compatibility with biological systems. Few
radicals are soluble in aqueous media, and stable over broad pH and temperature ranges.

EPR imaging (EPRI) has emerged in the last two decades as a technique that can
provide a wealth of information on systems where a stable radical has been introduced.'”
7" The technique allows for detection of paramagnetic species within a sample in three
dimensions. Although the field is relatively new, it has been suggested that EPRI may
act as an alternative and perhaps complementary technique to nuclear magnetic resonance

imaging (NMRI or MRI) in the future.'**°

1.2.2 Magnetic and conducting materials

As electronic devices continue to decrease in size, there is increasing demand for
new materials exhibiting improved properties compared to existing benchmarks, i.e.,
materials that are lighter, smaller, and easier to manipulate. At the heart of this issue are
materials exhibiting magnetic and conducting properties due to their utility in virtually all

electronic devices common to our lives.
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Conventional magnetic materials are comprised of metals or alloys and oxides of
cobalt, nickel, and iron. These materials are hampered by difficulty surrounding their
manufacture as high temperature metallurgic routes are often required for their
production. The materials produced do not offer significant opportunity to tune shape,
size, and density, properties essential to decreasing the size of modern devices.
Molecule-based magnets are attractive alternatives to conventional magnets as they have
potential to allow for many of the properties described previously to be realized.

There are three basic approaches to molecule-based magnetism based on stable
radicals. The first, radical crystals, relies on close intermolecular contacts between
radicals in the solid-state. There are many examples of radical crystals that are
ferromagnetic at cryogenic temperatures,” ™ but there are no examples of such materials
that display ferromagnetic properties near room temperature. A second approach to
radical-based molecular magnets involves incorporation of stable radicals into polymers.

Polymers with radicals tethered to the polymer backbone,***’

and those incorporating
stable radicals into the polymer backbone have been reported.”*>" Rajca has shown the
latter strategy to result in polymers with large magnetic moments, confirming
ferromagnetic coupling between radical subunits.” Perhaps the most promising approach
to molecular magnetism is the metal-radical approach, which has yielded coordination
networks of paramagnetic metal ions and stable radicals with magnetic properties at room
temperature.”’* Advances in molecular magnetism based on the metal radical approach

31, 32

have brought radical-based magnetic materials into the limelight, improving the

outlook on the possibility of such materials replacing conventional magnets in the future.
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Haddon first envisioned neutral radical conductors in 1975 when he proposed
neutral radicals as efficient charge carriers.”” The neutral radicals required must be easily
converted to related ions in order to propagate charge. As a result, ionization potential
(IP), the energy associated with the loss of an electron from a stable radical species (Re
> R + e-), and electron affinity (EA), the energy associated with gaining an electron (Re
+ e- = R) are crucial factors in the design of neutral-radical conductors. In systems
where the IP-EA are favorable, charged states are easily accessible, allowing for neutral

. . 36-40
radical conductors to be realized.

1.2.3 Chemical reactivity

The development of a number of classes of stable radicals has allowed for the
study of chemical reactivity associated with unpaired electrons to be observed under
controlled conditions. Short lived, highly reactive radicals do not lend themselves to
similar studies. Many reaction pathways open to reactive radicals have little or no kinetic
barrier, and are thermodynamically favorable, making them very difficult to control.

Organic chemists have used stable radicals as (co)catalysts for the oxidation of

41-43

alcohols to carbonyl compounds, while other radicals have been used as antioxidants

where the generation of a stable radical effectively shuts down decomposition pathways

44-47

related to highly reactive radical species. The coordination chemistry of stable

radicals has captivated inorganic chemists for more than 30 years, resulting in metal

complexes with interesting magnetic properties.**™*

These properties are derived from
the interaction between unpaired electrons at the metal center and the stable radical. In

most cases the stable radical moiety is derivatized in order to create a chelating pocket,

allowing for rapid coordination to metal centers.
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Polymer chemists have benefited from the development of stable radical
chemistry, often incorporating stable-radical-mediators into living radical polymerization
processes.”*™®  Conventional living radical polymerization relies on reactive radicals
attacking monomers to form chains of monomer (polymers) as in the polymerization of
styrene. In general, the reactive radicals are susceptible to side reactions such as
hydrogen abstraction and radical coupling, leading to branching and premature chain
termination.

Stable-radical-mediated living radical polymerization has been used to afford high

3739 The stable radical mediator

molecular weight polymers with narrow polydispersities.
does not initiate polymer growth, it reacts with the carbon centered radical, preventing its
decomposition.  For example, 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO) 1.5,
combines with a reactive polystyrene radical to form a dormant intermediate, i.e.,
hydrogen abstraction and radical coupling are prevented. The bond formed by the
coupling of radical units is thermally labile, thus high reaction temperatures cause bond

homolysis allowing for chain propagation to continue in a controlled environment

(Scheme 1.2).
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Scheme 1.2. Stable-radical-mediated living radical polymerization.

1.3 A survey of stable/persistent radicals

Stable radicals based on heavy main group elements are well known.®” In most
cases their stability is derived from the incorporation of bulky substituents in order to
prevent radical decomposition. Stable radicals based on C, N, O, and S are often stable in
the absence of steric bulk as a result of their unique electronic structures.®’ The following
survey of stable radicals is meant to highlight some of the more common classes of stable

radicals.

1.3.1 Triphenylmethyl radicals

Triphenylmethyl (trityl) radical 1.6 was accidentally made during the attempted
reduction of triphenylchloromethane in the presence of zinc metal."! This radical is best
described as persistent: in dilute, deoxygenated solutions it is in equilibrium with dimeric
species 1.7 linked by a o-bond between the central carbon of one radical and the para-

phenyl carbon on another (not hexaphenyl ethane).
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The existence of such a dimer is evidence that the unpaired electron does not reside on

the central carbon exclusively, but is delocalized to the ortho- and para-phenyl positions
(1.6a-c). The n-SOMO 1.8 reflects this delocalization, and is consistent with EPR
studies that show larger hyperfine coupling for ortho- and para-hydrogens than for meta-

hydrogens.**%*

1.6a 1.6b 1.8

Efforts towards increasing the stability of trityl radicals have focused on blocking

the para-phenyl positions involved in dimerization. Derivatives incorporating para-

substituents 1.9 are monomeric in solution, although are still very sensitive to oxygen.®>

% The perchlorinated derivative, 1.10, is not only monomeric in solution, but is not
susceptible to oxidation. In fact, 1.10 is essentially chemically inert, except when

subjected to extremely harsh reaction conditions.®’

Cl Cl
C \7/ —R -C QC|
Cl Cl
3
1.10

1.9
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Many other polychlorinated trityl radicals have been reported, e.g., 1.11 and 1.12, and

display outstanding stability.®® More recently, it has been shown that trityl radicals with

chlorine atoms only at the ortho-positions 1.13 are also exceptionally stable.”””!

Cl Cl Cl Cl
C Cl C C
Cl Cl Cl Cl
3 3 3
1.11 1.12 1.13

1.3.2 Phenalenyl radicals
The first example of a phenalenyl radical was reported in the 1950s. Phenalenyl
1.14 was realized upon oxidation of phenalene.”” > Radical 1.14 exists in equilibrium

with o-dimer 1.15, bound through the a-carbons of two radicals.

2 ‘. ..
o
1.15

The unpaired electron is resonance delocalized (e.g., 1.14a-c) over the six a-carbons in
phenalenyl radicals, with very little spin density found on the central and f-carbons (see

7-SOMO 1.16).

comieelalvoae

1.14a 1.14b 1.14c

Introducing substituents at the P-carbon (1.17) renders phenalenyl radicals inert to o-

. . . . . 4-
dimerization, however such radicals have been shown to form zn-dimers (1.17),.”*"® n-
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Dimers are face-to-face associated radicals that result from bonding interactions between
n-SOMO orbitals (Figure 1.1). The resulting dimers contain contacts between monomers
shorter than associated van der Waals Radii, but longer than analogous c-bonds. The

perchlorinated derivative, 1.18, is monomeric in both solution and solid-state.”

——— (116)"

.
.
-,

.
4 ~
4 ~
s N
4 ~
’ ~
, .
. .
’ ) 1.16
1.16 . ) .
. .
. ,
. )
. ,
. ,
. .
. ,
. .
. ,
. .
. .
. ,
. ,
: " (1.16)

Figure 1.1. Orbital representation for t-Dimerization.
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1.3.3 Phenoxyl radicals

Phenoxyl radicals 1.19 have been studied extensively.® It is widely recognized
that ortho- and para-substituents must be present in order to prevent radical
decomposition. Peroxide dimers 1.20 of phenoxyl radicals are not commonly observed,
as a result of (i) lone pair repulsion between oxygen atoms, (ii) the presence of bulky

ortho-substituents, and (iii) delocalization of the radical onto the phenyl ring.
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R R
R R
R' OOQR'
R' R R
1.19 1.20

The unpaired electron is delocalized through resonance, such that the oxygen
atom contains only marginally more spin density than the ortho- and para-carbons

(1.19a-c) as shown in the t-SOMO 1.21.

Among phenoxyl radicals, the galvinoxyl radical 1.22a® has received much
interest due to its unusual magnetic properties and exceptional stability.** Like
conventional phenoxyl radicals, the galvinoxyl radical has been confirmed by
computational methods to delocalize onto the para-phenyl positions of the phenoxyl ring

through resonance (1.22b), implying that the radical has at least some allyl character.*

1.3.4 Thioaminyl radicals

84-93

Miura has studied thioaminyl radicals 1.23 extensively. Thioaminyl radicals

are generally persistent, reversibly forming hydrazine-like dimers 1.24 in solution.”

Incorporation of bulky N-substituents (e.g., triphenylmethyl,* * 2.4 6-trisubstituted
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henyl”**?) prevents dimerization, and allows for isolation of thioaminyl radicals stable
pheny p y

towards moisture and oxygen.

) . S .R
/N ./R'<—> /N /R| R N
RS RS N R
@ R™ 8~
1.23 1.24

1.3.5 Dithiadiazolyl radicals

Among the first major classes of heterocyclic thiazyl radicals discovered were the
1,2,3,5-dithiadiazolyl (DTDA) radicals 1.25. Considered as resonance delocalized
thioaminyls, 1,2,3,5-DTDA radicals are stable indefinitely in deoxygenated solutions, and
the solid-state (but see below). Furthermore, their thermal stability has been

demonstrated through their purification by high vacuum, high temperature sublimation.

1.25
n-Dimers of 1,2,3,5-DTDA radicals exist in equilibrium with 1,2,3,5-DTDA
monomers in solution. The mode of dimerization appears to be substituent dependent
(Figure 1.2a,”* Figure 1.2b,'%'% Figure 1.2¢,”° and Figure 1.2d'”). The closest
intermolecular contacts within such dimers are between sulfur atoms at distances between
3.0-3.1 A. These distances are between the van der Waals radii (~3.6 A) and
conventional S-S bonds (~2.1 A). The only monomeric 1,2,3,5-DTDA radicals bear

fluorinated phenyl substituents.'*'%®
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Figure 1.2. n-Dimerization modes of 1,2,3,5-Dithiadiazolyl radicals.

1,3,2,4-DTDA radicals 1.26 are isomers of 1,2,3,5-DTDA radicals. They display
decreased thermodynamic stability compared to 1,2,3,5-DTDA radicals as evidenced by
their conversion to the 1,2,3,5-isomer in solution and the solid-state.'”''>  The
conversion has been shown to occur via a bimolecular rearrangement pathway,

implicating n-dimers (1.26), and (1.25), as intermediates en route to monomers 1.26 and

1.25 (Scheme 1.3).

S
) SR
S—N NV N-s S-S
/ \ 1 554'P¢ F{444< N N / \
N\ S —_— : T : —_— N/S\S‘ —_— 2 N\ N_
2y N'-S =R Y
R LI N S~N R
s
1.26 R™ s (1.25), 1.25
(1.26),

Scheme 1.3. Rearrangement of 1,3,2,4-dithiadiazolyls to 1,2,3,5-dithiadizolyls.
1.3.6 Dithiazolyl radicals

There are two kinds of dithiazolyl (DTA) radicals based on the C,NS, framework.

1,3,2-DTA radicals 1.27 are stable in solution and the solid-state leading to extensive

113-116

studies of their solid-state structures and solution EPR spe:ctra.m'121 Most 1,2,3-
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DTA radicals 1.28 are only persistent in solution and can not be isolated. However in the

past decade Oakley has developed several stable derivatives shown to exist as a variety of
solid-state structures involving n-stacking modes similar to those shown in Figure 1.2.'**
126 An exceptionally stable family of resonance delocalized 1,2,3-DTA radicals known as

dithiazolodithiazolyl radicals 1.29, have also been developed by Oakley. With the

exception of one example,'?’ dithiazolodithiazolyl radicals are monomeric in solution and

solid-state. " 13°
R R
R8s RON N NN N NN
‘\\ I /N. L\ I /S S\ ‘ /S S\ ‘ /s
““R” S ““R” S STX 8 ST>F"8
1.27 1.28 R’ R’
1.29

1.3.7 Thiatriazinyl radicals

1,2,4,6-thiatriazinyl radicals 1.30 form cofacial dimers in the solid-state
(1.30),.”""1**  However, solid-state structures reveal appreciable o-bond character
between sulfur atoms (S-S ~2.66 A). The short S-S bond distance relative to all other
contacts in the cofacial dimers, as well as bowing of the thiatriazinyl rings relative to one

another does not allow for (1.30), to be classified as a true n-dimer.

R
RON_R - N=
T Y \N—/‘
N—
IN=
1.30 S.. N
N=¢
R
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1.3.8 Nitroxide and nitronyl-nitroxide radicals

By far the most common class of stable radicals are the nitroxides 1.31."3*'%¢

Fremy’s salt 1.32,"%7 an inorganic nitroxide, was the first discovered. The first organic

derivative 1.33 followed shortly after the discovery of trityl radicals.'*®

HN

R\’?‘/R R\'.‘\‘Eg KO3S.., -SOK fﬁ
0. o) 0. NN SNH
1.31 1.32 o-
1.33

Nitroxides have substantial spin density on both nitrogen and oxygen. o-Dimers
of nitroxides are unknown, demonstrating their inherent stability. The peroxide bond is
very weak as a result of lone pair repulsion associated with the N-O-O-N heteroatom
chain. The overall stability of nitroxides depends on the N-substituents and the tendency
of the radical to decompose via disproportionation. Nitroxide radicals with alkyl
substituents containing a-hydrogen atoms, e.g., 1.34, may decompose to nitrones 1.35 by
transferring He to another nitroxide radical giving hydroxylamine 1.36 as the second

byproduct.
L PRI
2 N E—— N ~ + N
| |
0. 00 OH
1.34 1.35 1.36
Nitroxide radicals bearing N-substituents that do not contain a-hydrogen atoms
are stable with respect to oxygen, water, and dimerization and can be stored indefinitely.

As a result, several derivatives are commercially available, e.g., tert-butyl nitroxide 1.37

and TEMPO 1.5.
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1.37 1.5
Nitronyl nitroxides 1.38 are considered as resonance delocalized nitroxide

. . . . . 139
radicals. In the time since their discovery,

they have been shown to exhibit many of
the stability characteristics common to nitroxide radicals, and their electronic structures
have been studied extensively.* The unpaired electron resides mainly on the oxygen and
nitrogen atoms and very little spin density is found on the R-substituent due to the
presence of a nodal plane in the n1-SOMO 1.39. However, studies of benzannelated
analogues 1.40 have indicated at least partial delocalization of the unpaired electron onto

the annelated ring."**'*!

N

/N N\ © ~
So Yo 0 Y/N d°
R R

1.38 1.39 1.

1.3.9 Hydrazyl radicals

N,N’-Diphenyl-N’-picrylhydrazyl (DPPH) 1.41, an indefinitely stable radical, has
been used as an EPR reference compound for decades.”** Other hydrazyl radicals 1.42
are only persistent in solution. The stability of DPPH relative to other hydrazyl radicals is
enhanced by the presence of electron-withdrawing groups on the divalent nitrogen, which

serve to enhance charge separated resonance contributions.
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1.3.10 Verdazyl radicals
Verdazyl radicals are the only class of radicals with stability rivaling that of the
nitroxides. The first examples of type I verdazyls 1.43'* were discovered during the

attempted alkylation of formazans 1.44, while the first type Il verdazyls 1.45 were

synthesized in the 1980s.'**'*
H\/R" H\/Rn J)L
R. R R. R R__.H .R )
NAN NAN N "‘\l R\N N R o
N ~ N. . N —= N N . N N - N = ,
R R’ R L
1.43 1.44 1.45
Type Type Il

Verdazyl radicals are, in essence, resonance stabilized hydrazyl radicals that can
be isolated, stored, and handled without decomposition. They do not associate, or
dimerize. However, a ferrocene bridged verdazyl diradical 1.46 has recently been
reported to exist as an intramolecular n-dimer in the solid-state.'* The n-dimer does not
exist in solution, suggesting that the solid-state structure may be due in part to

intermolecular packing effects.
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142 while

The N-substituents on type I verdazyls are limited to aromatics (R = Ar),

143, 144, 146-148 .y 149 151 150
P iPr, ™ Ph

type Il verdazyls bearing alkyl and aryl (R = Me, ) N-substituents

have been reported. Recently, it has been shown that verdazyls with N-isopropyl

149 151-156

substituents are more stable than their N-methyl counterparts. ™ EPR spectra and

. s 157-161
magnetic properties 7

of early examples have been studied extensively, while recent
efforts have focused on their use as ligands for transition metals,'*> and building blocks
for molecule-based magnetic materials.”

Efforts towards incorporation of inorganic elements into the verdazyl backbone
have resulted in the synthesis of phosphaverdazyls 1.47,'% 1°* 1.48,'% '* and 1.49.'%°
Phosphaverdazyls have similar electronic structure compared to parent organic systems.

However, the few derivatives which have been studied to date are only persistent in

solution and the solid-state, decaying to diamagnetic compounds over extended periods

TR N &

of time.

\ 4 O o
Me )k .Me Me._ :P\ .Me N N
W L @
N: N, N\‘VN. _ Me\NZPiN,Me
Ru/ \Rl , | |
1.47 R Ny N,
: 1.48 h
Ph
1.49

1.4 Thesis objectives

Although there are thousands of research papers highlighting their syntheses and
properties, relatively few reports of research aimed specifically at the design of new,

stable radicals exist. In fact, most families of stable radicals were discovered by accident.
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Research in the Hicks group has previously focused on the magnetochemistry of

146, 148, 162, 166-170

verdazyl-based systems, or the design and synthesis of new verdazyl

. 145, 147, 163-165
radicals.'*> 147

The goal of this thesis was to design and explore different aspects of
verdazyl radical chemistry towards development of a structure-property relationship in a
variety of verdazyl-based systems.

Chapter 2 describes the synthesis and characterization of a number of type I and
type II verdazyl radicals. The electrochemical properties of such verdazyls were
explored in detail, emphasizing substituent effects as well as the differences between type
I and type II verdazyls.'”!

Chapter 3 describes the synthesis, characterization, and properties of the first
main group complexes of formazans en route to borataverdazyl radical anions.'”” A
number of 3-cyano- and 3-nitroformazans were synthesized as second generation
formazan ligands and their properties explored.'”” The coordination chemistry of 3-
substituted formazans was also explored, establishing a correlation between steric bulk at
the N-substituents and the structure of resulting transition metal complexes.'”* The
ability of formazans to mimic B-diketimates as ligands was illustrated. The properties of
metal formazan complexes were also studied in detail to assess their utility as precursors
to metallaverdazyls.'”

Chapter 4 describes communication between unpaired electrons in which one (or
both) spins are verdazyl radicals. The properties of verdazyl diradicals were explored in
detail, focusing on the effects of radical communication through meta- and para-benzene

176

linkers on spectral and magnetic properties. ° Verdazyl radicals were also coordinated
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to copper (II) salts and the magnetostructural properties of the resulting complexes

explored.'”’
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Chapter 2 Synthesis and redox properties of verdazyl radicals

2.1 Electrochemical properties of stable radicals

As outlined in Chapter 1, stable radicals are used in many applications associated
with their unpaired electron(s). Many of the applications relate directly to the presence of
an unpaired electron, but others take advantage of the redox chemistry of stable radicals.
The redox properties of stable radicals are studied using a variety of electrochemical

178-180

techniques, and relate directly to their use in electron-transfer chemistry, their

130, 181, 182

efficacy as building blocks for single-component molecular conductors, and

their use in organic-based batteries.'™'*

The electrochemical properties of open shell molecules must be considered
differently than closed shell molecules. In closed shell molecules, oxidation involves loss
of an electron from the highest occupied molecular orbital (HOMO), while reduction
involve addition of an electron to the lowest unoccupied molecular orbital (LUMO). In
open shell molecules, oxidation and reduction involve loss or gain of an electron from the

singly occupied molecular orbital (SOMO) as depicted in Figure 2.1.

1 L reduction 1 oxidation

HOMO SOMO LUMO

Figure 2.1. Oxidation and reduction of a neutral radical.

There have been many reports on the electrochemical properties of organic
radicals.””*?" However, few systematic studies have been reported with the exception of
201

a limited series of nitroxide radicals; the limited number of derivatives available for

this study may relate to difficulties in derivitizing the nitroxide moiety. In contrast,
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verdazyl radicals are relatively easily derivatized, allowing for the systematic study of

substituent effects and changes in structure on electrochemical properties presented here.

2.2 Existing syntheses of verdazyl radicals

The first verdazyl radical was reported in 1964 by Kuhn and Trischmann.”*
Their serendipitous discovery occurred during the attempted alkylation of 1,3,5-
triarylformazans 2.1. The /leuco-verdazyls 2.2 generated were spontaneously air-
oxidized affording corresponding 1,3,5-triarylverdazyl (type 1) radicals 2.3
(Scheme 2.1). Since then, a number of modifications to this synthesis have been
203,204

reported, generally varying the base as well as the source of bridging carbon.

H R" H R"

R._H R R, X R R. ¥ R
NN Base N™ N O, IN" Ng
NQ(N R"CH5X NQ‘/N\H ZNQK.N4

3
R’ R' R'
21 2.2 2.3

Scheme 2.1. Synthesis of 1,3,5-triarylverdazyls.

The synthesis and properties of 1,3,5-triaryl-6-oxoverdazyls (type II) 2.4 have
also been reported.””® Their synthesis is based on the reaction of diarylhydrazones 2.5
with phosgene to afford diarylcarbamoyl chlorides 2.6, which can be subsequently
reacted with arylhydrazines to yield 1,3,5-triaryl-1,2,4,5-tetrazane-6-oxides (tetrazanes)
2.7. The tetrazanes are then oxidized to verdazyl radicals using PbO; (Scheme 2.2).

0
R. _H
N Cl)kCI R‘NJKCI RN

0
N
Nﬁ/H No H ~ HN__NH T NoN,
it Y T Y
R R
2.5 2.6 2.7 2.4

Scheme 2.2. Synthesis of 1,3,5,-triaryl-6-oxoverdazyls.
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The chemistry of 1,5-dialkyl-6-oxoverdazyls (type II) has been studied

- 143, 144, 149
extensively. ™

These verdazyls are prepared by reaction of carbonic acid bis(1-
alkylhydrazide)s 2.8 with aldehydes to afford the corresponding tetrazanes 2.7 which can

be oxidized to afford corresponding verdazyl radicals by a variety of oxidizing agents,

e.g., NalOy, para-benzoquinone, PbO,, or K;[FeCN¢](Scheme 2.3).

0 0 i
R\NXN/R R'CHO R\NXN/R _oxidation R\NkN/R
NH, NH, HN.__NH NS .
2.8aR=iPr \R’(' 1:'
2.8b R = Me 97 24

Scheme 2.3. Synthesis of 1,5-dialkyl-6-oxoverdazyls.

Similar methodologies have been employed in the synthesis of phosphaverdazyls.
Reaction of carbonic acid bis(l-methylhydrazide) 2.8b  with trichloro-
diphenylphosphorane afforded 1,2,3,5-tetraza-3-phosphorine 2.9, which was oxidized by
I, to yield phosphaverdazyl 2.10 (Scheme 2.4).'® Phosphorus has also been incorporated

into the bis-hydrazide moiety providing an alternative pathway to phosphaverdazyls.'®*

o4 Phenylphosphonic acid bis(1-methylhydrazide) 2.11 was reacted with trimethyl
orthobenzoate to yield 1,2,4,5-tetraza-6-phosphorine 2.12. Oxidation with

tetrabutylammonium periodate afforded phosphaverdazyl 2.13 (Scheme 2.5).

0 o) 0
Me.. Me PhPCl; Me. L Me Me.. Me
e NkN e 2 3 N N I NkN
NH, NH,  Es N:_NH Ns N,
/P\ /P\
2.8b Ph Ph Ph" “Ph
2.9 2.10

Scheme 2.4. Synthesis of phosphaverdazyls from carbonic acid bis(1-methylhdrazide).
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Ph._ O Ph O Ph_,O
MS\N/P\N/MS PhC(OMe)s Me\N/P\N/Me BusNIO,  Me. -PL -Me
NH, NH, Ny A NaH Ny
2.11 L L

2.12 2.13

Scheme 2.5. Synthesis of phosphaverdazyls from phenylphosphonic acid bis(1-methylhydrazide).

Results and discussion

2.3 Synthesis and characterization of triarylformazans

205, 206 .
=% were discovered over a

Triarylformazans 2.1, known for their use as dyes,
century ago and have been studied extensively since 1941.2°" The blood red compounds
exist as pseudo six-membered rings with a bridging proton acting to enhance
delocalization of the m-system through resonance. Although more than 1000 derivatives
have been reported, there are few reports of subsequent chemistry. Formazans have been
used sporadically as ligands, e.g., bis-formazan complexes of palladium 2.14a and nickel

2.14b,208’ 29 and the conversion of formazans to tetrazolium salts 2.15 has been studied

extensively, due to their utility as redox-based stains for cell biology.*"

R R
R'QNN\MNN%R' R\/NN,(% .
N-N N=N NN X
2148 M= P S
2.14b M = Ni '

The most common method used to produce triarylformazans is the action of
diazonium salts on diarylhydrazones 2.5 under basic conditions (Scheme 2.6)."
Diarylhydrazones are prepared via the reaction of ayrlhydrazines and arylaldehydes in

alcoholic solution. The diazonium salts are generated in situ via the reaction of the
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appropriate amine with nitrous acid. The utility of this route is limited by the availability

and stability of the specific arylhydrazine and aryldiazonium reagents.

©
R H X R._H R
L RNEN NN
~ N N
Y base ﬁ/
R' R'
2.5 21

Scheme 2.6. The action of diazonium salts on diarylhydrazones.

Alternative syntheses do not rely on the use of diazonium salts, for example, the
reaction of halogenated hydrazones 2.16 with arylhydrazines to afford formazans 2.1
(Scheme 2.7)*'*  Similarly the reaction of two equivalents of arylhydrazine with

benzotrichloride 2.17 has been reported to produce triarylformazans (Scheme 2.8).2'*2'

N X ——5> N~ _N
-HX h

R' R'
2.16 21

Scheme 2.7. The action of hydrazines on chlorinated hydrazones.

CcCly R
ORNHNH, N )

-3 HCI Nﬁ/

217

Scheme 2.8. The action of hydrazines on benzotrichloride.

Most reports on formazans originate in the early 1900s, preceding modern
characterization techniques. As a result, there is relatively little known about their
properties. However, the common feature of all formazans is their intense colour, which

allowed chemists to identify them over 100 years ago. The formazans reported here were
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studied primarily for their utility as precursors to type I verdazyl radicals, but also
provide an opportunity to update their characterization. The properties of type I verdazyl
radicals synthesized from formazans were studied in detail, and compared to a variety of
type II verdazyls. Particular emphasis was placed on their electrochemical properties and
electronic structure.

The triarylformazans described here (Scheme 2.9) were synthesized according to
literature procedures under biphasic conditions via the coupling reaction of an

1

aryldiazonium chloride salt with arylhydrazones in the presence of base.”'' Many of

these compounds have been reported previously, however their characterization was
often incomplete or incorrect.
aR=HR=H

b R =0OMe, R' = Me
cR=Me, R'=Me

R R
a & dR=H,R = Me
S H o KA H eR=ClR =Me

N NN ,_
- I @ SR !
CH,Cly / H,0 g hR - N?eF,Séi ~Ve
jR=Me,R'=H
; SR o
2.5a-n 2.1a-n )

m R = Me, R'=NO,
n R=Me, R =CF;
Scheme 2.9. Synthesis of triarylformazans 2.1a-n.
This method proved versatile in establishing a family of formazans 2.1a-n. However,

derivative 2.1g could not be isolated as a pure compound, perhaps due to reactivity

associated with the electron-withdrawing nature of the N-substituents.
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2.3.1 Solution properties of triarylformazans

Triarylformazans are easily identified in solution by their 'H NMR and electronic
spectra. The bridging proton has a characteristic chemical shift between 6 14.69 and
15.81 ppm for 2.1a-n. The delocalized nature of triarylformazans in solution renders the

two N-substituents equivalent (when they are the same). A representative 'H NMR

spectrum for 2.1j is shown in Figure 2.2.

15.46
8.15
8.12
7.63
7.61
7.47
7.45
7.42
7.37
7.35
7.30
7.28
2.41

I

— 18801
o | bL9*

5.0 12.5 10.0 . 5.0 2

Figure 2.2. 'H NMR of 2.1j in CD,CL.

The electronic spectra of formazans have absorption maxima in the region of 483-
538 nm for 2.1a-n corresponding to intramolecular charge transfer processes that likely
involve m-n* transitions between the formazan chromophore and aryl substituents. The

Amax values for 2.1a-n do not follow a predictable trend with the donor/acceptor ability
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through the entire range of aryl substituents. However, it is worth noting that electron
rich formazans such as 2.1b (Anax = 538 nm) are red shifted compared to electron poor
formazans such as 2.1h (Ay.x = 497 nm). The electronic spectrum for 2.1j is shown in

Figure 2.3 as a representative example.

-5000 T T T I I
250 350 450 550 650 750

Wavelength (nm)

Figure 2.3. Electronic spectrum of 2.1j in CH,Cl,.

2.3.2 Solid-state properties of triarylformazans

Few crystal structures of 1,3,5-triarylformazans have been reported. Existing

215217 o1 fixed orientation.>'® The

examples possess heteroatoms in their N-substituents,
molecular structures of 2.1d and 2.1j, presented in Figure 2.4, are the first
crystallographically characterized triphenylformazans. 2.1j exists as a pseudo six-
member ring with the N2-NI1-CI1-N3-N4 backbone significantly delocalized (N2-N1
1.318(4) A, N3-N4 1.311(4) A, N1-C1 1.350(4) A, and N3-C1 1.364(5) A), i.e., the bond
lengths are between those expected for N-N and C-N single and double bonds (N-N ~

140 A,N=N~1.24 A, C-N ~ 1.49 A, and C=N ~ 1.28 A).*"® The 1,3,5-aryl substituents
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are nearly coplanar with torsion angles of 6.61° (ring attached to N4), 2.64° (ring attached

to N2), and 2.81° (ring attached to C1). The structure of 2.1d has similar structural
features (see Table 2.1), however the proton attached to N2 was allowed to refine freely
in 2.1d, differing from the crystallographically located N-H in 2.1j. The crystallographic

properties observed here are consistent with those reported in other structurally

215-218

characterized 1,3,5-triarylformazans.

Figure 2.4. Molecular structure of 2.1d (left) and 2.1j (right). Thermal ellipsoids shown at 50%
probability level.

Table 2.1. Selected bond lengths (A) and bond angles (deg) for 2.1d and 2.1j.

Atoms 2.1d 2.] Atoms 2.1d 2.1j
N1-N2 1.3123(19) 1.318(4) C21-N2-N1 118.78(15) 118.1(3)
N3-N4 1.2859(19) 1.311(4) C31-N4-N3 116.09(15) 117.9(3)
C1-N1 1.338(2) 1.350(4) N2-N1-C1 118.65(15) 118.4(3)
C1-N3 1.373(2) 1.364(5 N4-N3-C1 118.36(14) 119.2(3)
N1-C1-N3 128.39(15) 127.0(3)

2.4 Synthesis and characterization of type | verdazyl radicals

The 1,3,5-triarylverdazyls reported here were prepared according to literature

procedures via the reaction of formazans with formaldehyde in the presence of base,
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followed by spontaneous air-oxidation of the leuco-verdazyl (Scheme 2.10).*** Although
this proved to be a versatile synthesis, there were some limitations. Verdazyl radicals
could not be made when electron withdrawing substituents (e.g., cyano, nitro, and
trifluoromethyl) were introduced. There are two possible reasons behind the failure to
make verdazyls with strong electron withdrawing substituents: either molecular oxygen
is not a strong enough to oxidize the leuco-verdazyl, or the leuco-verdazyl species is not
formed in the first place. Addition of oxidizing agents such as sodium periodate did not

result in the production of verdazyls, supporting the latter hypothesis.

| |
-H R=H,R'=H

v CH,0 N- N bR =OMe, R'= Me
Na N NaOH 0, N N, cR=Me,I'?=Me
DMF~  DMF dR=H,R =Me
eR=Cl, R = Me
iR = Me, R' = OMe
jR=Me, R =H
R iy kR=Me, R =C

2.1a-e, i-k 2.3a-e, i-k

Scheme 2.10. Synthesis of triarylverdazyls 2.3a-e, i-k.

2.4.1. Crystal structure of verdazyl 2.3j

The molecular structure of 2.3j is shown in Figure 2.5. 2.3j has a mirror plane
down the center of the molecule along the axis formed by C1-C2-C21. The alkyl bridge
(C1) lies 0.614 A above the plane of the verdazyl (N1-N2-C2-N2*-N1%*) causing the N-
substituents to bend out of the plane of the verdazyl by 33.43°. These structural features

are consistent with other reports on the structure of type I verdazyls.****
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Figure 2.5. Molecular structure of 2.3j. Top view (left) and side view (right). Thermal
ellipsoids shown at 50% probability level.

Table 2.2. Selected bond lengths (A) and angles (deg) for 2.3j.

Atoms 2.3 Atoms 2.3
C2-N2 1.3351(19) N2-C2-N2° 127.0(3)
N2-N1 1.355(2) C2-N2-N1 114.71(17)
N1-C1 1453(2) N2-N1-Cl1 117.93(17)
N2-N1-C11 117.08(15)
C1-N1-C11 121.89(17)

2.4.2 Magnetic properties of verdazyl 2.3j

The magnetic properties of 2.3j were investigated from 2-300 K on several
independent samples, confirming the reproducibility of the data. Inspection of Figure 2.6
reveals a room temperature magnetic moment of 0.398 emueKemol™, slightly higher than
the spin only value of 0.375 emusKemol™'. As the temperature is lowered, the T product
gradually decreases near room temperature, before increasing to a value of 0.392
emueKemol™ at 182 K. This behavior may be indicative of structural changes, although a
room temperature crystal structure (from the same batch of crystals) of 2.3j was

1sostructural to that determined at 193 K.
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When the use of a specific magnetic model cannot be justified—dimers, chains, or
other obvious repeating patterns are not present—the Curie-Weiss law (Equation 2.1) is
employed in order to describe structurally unspecified intermolecular interactions

. 224
between radicals.

The Curie-Weiss law (and all other magnetic models from this point
forward) incorporates Avagadro’s number (N), the g factor (g), the Bohr magneton (J3),
the Boltzmann constant (k), temperature (T), and spin quantum number (S).
N 2 n2
P g p
3k(T -0)

The constants are combined to yield Equation 2.2 where C is the Curie constant

(S(S+1) (2.1)

(Ng”B?/3k) and 6 is the Weiss constant used to account for intermolecular interactions.

C
(T-9)
The straight line obtained yielded C = 0.392 emu*Kemol, § = -0.58 K and R* =

x= (2.2)
0.9998. The small negative Weiss constant is consistent with weak antiferromagnetic
coupling between radicals, common to organic radicals with no appreciable mechanism

for magnetic coupling.”**
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Figure 2.6. Magnetic data of 2.3j. xT vs T (left) and 5! (right). Experimental data (o) and data
fit (black line).

2.5 Electrochemistry of triarylverdazyls (type I) verdazyl radicals

The electrochemical properties of verdazyl radicals 2.3a-e, i-k were studied using
cyclic voltammetry; data is summarized in Table 2.3. The oxidation (E.°) and reduction
(Ered®) half potentials are the average of the related anodic and cathodic peaks for a given
redox process, and the cell potential (Ec.) is the difference between the oxidation and
reduction half potentials. The cyclic voltammograms (CVs) of verdazyl radicals are
generally comprised of two reversible waves, the higher potential wave corresponding to
the oxidation of the verdazyl radical, and the lower potential wave the reduction. The
reversibility of the waves is a testament to the stability of the cationic species (6 e-)

present at more positive potentials and the anionic species (8m e-) present at more

negative potentials (Figure 2.7).
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Table 2.3. Electrochemical properties of verdazyl radicals reported in V vs Fc/Fc'.
“Irreversible process, cathodic peak potential reported.

Compound E.° FEe® Ecal
2.3a -0.22 -1.23 1.01
2.3b -0.39 -1.33 094
2.3 -031 -1.29 0.99
2.3d -0.24 -1.26 1.02
2.3e -0.15 -1.14 0.98
2.3i -0.30 -1.26* na
2.3 -0.29 -1.27 0.98
2.3k -0.26 -1.26 1.00

p-toI\N/\N,p-toI p-toI\N/\N,p-tol P't°|\N/\G3,P-t°|
| | oxidation | | oxidation ! |
N NS r‘b ~ NPT N J N . —XI N S N
Y reduction \r reduction Y
Ph Ph Ph
8x anion 7rradical 67 cation

\

-2000 -1500 -1000 -500 0 500
Potential (mV vs Fc/Fc")

Figure 2.7. Cyclic voltammogram of 2.3j in CH;CN containing 0.1 M Buy;N'BF, (electrolyte).
Scan rate 100 mV/s.
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The reversibility of electrochemical processes was confirmed by the following

observations: (i) the anodic:cathodic peak current ratios were approximately 1; (i1) peak
potentials were independent of scan rate (Figure 2.8); and (iii) the peak separations were
consistent with the ferrocene/ferrocenium redox couple under analogous conditions. The
processes were also confirmed to involve single electron transfer by comparison of peak

heights with those of equimolar quantities of ferrocene.
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Figure 2.8. Cyclic voltammograms of 2.3a in CH;CN containing 0.1 M Bu,N 'BF,” (electrolyte):
reduction (left) and oxidation (right). Scan rate 1000 mV/s (black), 500 mV/s (red), 250 mV/s
(blue), 100 mV/s (green), 50 mV/s (orange).

2.5.1 Substituent effects
The oxidation potentials of type I verdazyls 2.3a-e, i-k occur between -0.39 and -
0.15 V vs Fc/Fc'. Their relatively low oxidation potentials make these compounds good

. . . . 225
electron donors, as evidenced by their use in charge transfer chemistry.

Substituent
effects are qualitatively predictable. For example, the series 2.3b—>2.3¢>2.3d->2.3e
consists of verdazyls containing the same substituent at the 3 position (R’ = Me) and
progressively more electron withdrawing substituents at the 1,5-positions (R = OMe, Me,

H, ClI). The oxidation potentials rise from -0.39 V for 2.3b to -0.15 V for 2.3e, a range

spanning nearly 0.25 V. This can be compared to a range of nearly 0.10 V for a wider
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range of electron donating/withdrawing substituents in 4-substituted phenyl-1,2,3,5-
dithiadiazolyl radicals 2.18."*> *** The reduction potentials of 2.3b>2.3¢>2.3d>2.3¢
follow the same trend, and are effected qualitatively by roughly the same magnitude, with

alow of -1.33 V for 2.3b and a high of -1.14 V for 2.3e.

Substituent effects arising from changes in R’ are smaller than those observed
from changing R. The series 2.3i22.3¢>2.3j—2>2.3k have fixed 1,5-substituents (R =
Me) with the substituent at the 3-position following the same substituent progression (R’
= OMe, Me, H, Cl). The oxidation potentials rise from -0.30 V for 2.3i to -0.26 V for
2.3k, a range spanning only 0.04 V. The trend in reduction potentials is similar to that
observed above, ranging from -1.29 V for 2.3¢ to -1.26 V for 2.3k. However, the range is
much smaller spanning only 0.02 V. The reduction potential for compound 2.3i was not
included in this range as its reduction wave was irreversible.

The smaller substituent effects observed at the 3-position may simply reflect the
fact that there are two 1,5-substituents (vs. one subsituent at the 3-position) that may
effect the redox properties. Furthermore, the 1,5-substituents are attached directly to a
site of primary spin density, whereas the 3-substituents are attached at a site of negligible
spin density due to a nodal plane in the verdazyl n-SOMO (see Figure 2.15 and 2.16).
The “per-substituent” effects can be deduced for the series 2.3a->2.3d—>2.3j—>2.3c,
where each verdazyl has an additional para-methyl substituent ranging from

triphenylformazan 2.3a to tri-para-tolylformazan 2.3¢. Inspection of the CVs reveals that
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both the oxidation and reduction processes are lowered by ~0.02 V with the addition of

each para-methyl substituent.

2.6 Synthesis and characterization of type Il verdazyl radicals

Several 6-oxoverdazyls were synthesized according to literature procedures

150, 155

(Figure 2.9). 1,3,5-Triphenyl-6-oxoverdazyl 2.4a has been reported previously, and

was prepared with modification of Milcent’s method'® using Fetison’s reagent as an

227-230

oxidant (see Scheme 2.2). 1,5-Dialkyl-6-oxoverdazyls 2.4b-h were prepared by

modification of literature procedures, using para-benzoquinone or sodium periodate as

oxidants (see Scheme 2.3).'* %!

It has recently been reported that verdazyl radicals
bearing iso-propyl N-substituents have increased stability relative to their methyl

analogues, thus they were chosen for the electrochemical studies reported here.'*

a R =phenyl, R' = phenyl
R\NkN/R b R = iPr, R' = phenyl
| | ¢ R =iPr, R' = pyridyl
Ns N

d R =iPr, R' = 2-imidazolyl

R’ e R =iPr, R' = 2'-methylimidazol-5'-yl
f R =Me, R' = phenyl

g R = Me, R' = pyridyl

h R = Me, R' = 2'-methylimidazol-5'-yl

Figure 2.9. 1,5-Dialkyl-6-oxoverdazyls 2.4a-h.
2.6.1 Crystal structure of verdazyl 2.4c
The crystal structure of 2.4¢ is shown in Figure 2.10. Internally, the bonds within
the verdazyl skeleton are consistent with other 1,5-dialkyl-6-oxoverdazyls structures of
1,5-dimethyl-6-oxoverdazyls.'** '°> %2 The iso-propyl groups are oriented such that the
methine protons on C3 and C6 are syn to the carbonyl moiety. The pyridine ring attached
at CI is twisted by 26.8° with respect to the plane of the verdazyl, contrasting the

coplanar structure observed in the N,N-dimethyl analogue.'*®



38

Figure 2.10. Molecular structure of 2.4c. Thermal ellipsoids shown at 50% probability level.

Table 2.4. Selected bond lengths (A) and angles (deg) for 2.4¢.

Atoms

2.4c¢

Atoms

2.4c

C2-01
N1-N2
N3-N4
N1-C2
N3-C2
N2-C1
N4-C1

1.216(2)
1.365(2)
1.365(2)
1.373(2)
1.374(3)
1.324(2)
1.322(2)

N2-C1-N4
CI1-N4-N3
CI-N2-N1
N2-N1-C2
N4-N3-C2
N3-C2-N1

127.81(18)
114.95(16)
114.33(15)
124.62(16)
123.99(16)
114.30(18)

Inspection of the crystal packing of 2.4¢ reveals one-dimensional slipped stacks

parallel to a in which the verdazyl ring of one molecule is partially superimposed over

the pyridine of neighboring molecules (Figure 2.11). The distances between radicals

within the stack are outside the van der Waals radii (3.3-3.4 A), and vary from 3.6-3.9 A.

There are no significant intermolecular contacts between the slipped stacks.
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Figure 2.11. Intermolecular interactions for 2.4c. Hydrogen atoms omitted for clarity.

2.6.2 Magnetic properties of verdazyl 2.4¢c

The Bonner-Fisher model (H = -J'S;.gStd+1) has been developed for 1-
dimensional antiferromagnetically coupled chains where x = |J|/kT (Equation 2.3).** In
this equation (and all other magnetic models from this point forward) p is used as a purity
factor. This factor does not necessarily represent the purity of the compound, but rather
the purity with respect to the number of magnetic spins within the sample that obey the

magnetic model employed.

Ng’p’ 0.25+0.074975x +0.075235x>
kT 1.0+0.9931x+0.172135x% + 0.757825x°

x=p (2.3)

The magnetic data for 2.4¢ is presented in Figure 2.12 as both y vs T and ¥ T vs T
plots. The value of y increases with decreasing temperature, reaching a maximum value
of 0.021 emuemol™ at 6 K. The data was fit using the Bonner-Fisher model with g =2.00
fixed, yielding J = -6.66 + 0.06 cm™, and p = 0.95 with a goodness of fit value R = 0.001
(R = [Z(xobs-xcalc)Z/Zxobsz]]/ 2). These values are indicative of weak intermolecular
antiferromagnetic coupling, consistent with the lack of close contacts between

neighboring radicals.
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Figure 2.12. Magnetic properties of 2.4¢. yT vs T (left) and i vs T (right). Experimental data
(o) and data fit (black line).

2.6.3 Electrochemical properties of type Il verdazyls

The electrochemical data for type Il verdazyls 2.4a-f is summarized in Table 2.5.
Type II verdazyls 2.4a-f have similar electrochemical properties to type I verdazyls 2.3a-
e, i-k described above, i.e., reversible oxidation and reduction waves. Within the type 11
verdazyls, replacement of the N-substituents has the expected effects, i.e., they become
easier to oxidize and harder to reduce as the donating nature of the N-substituents is
varied from phenyl (2.4a) to methyl (2.4f), and iso-propyl (2.4b). Within the limited
series of derivatives of 2.4, it is clear that the effects of the C3-substituent are similar to
those previously described for type I verdazyls. Verdazyls bearing electron-withdrawing
groups are slightly more easily reduced and slightly more difficult to oxidize (e.g., 2.4b

> 2.4c¢ S 2.44).
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Table 2.5. Electrochemical properties of verdazyl radicals reported in V vs Fc/Fc'.
“Irreversible process, cathodic peak potential reported.

Compound Ex° Eed® Ecal
2.4a +0.44 -0.94 1.38
2.4b +0.18 -1.38 1.56
2.4c +0.20 -1.36 1.55
2.4d +0.24 -1.25° na
2.4e +0.23 -131 154
2.4f +0.27 -1.28 155

2.7 Comparison of type | and type Il verdazyls

The CVs of verdazyls 2.3a and 2.4a, which vary only by the presence of a
carbonyl group, are presented in Figure 2.13. Verdazyl radical 2.3a is easier to oxidize (-
0.22 V vs. 0.44 V) and harder to reduce (-1.23 V vs. -0.94 V) than 2.4a, due to the

addition of an electron withdrawing carbonyl group in 2.4a.

40 pA
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Figure 2.13. Cyclic voltammogram of 2.3a (top) and 2.4a (bottom) in CH;CN containing 0.1 M
Bu,N'BF, (electrolyte). Scan rate 100 mV/s.
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The cell potentials are of interest because they are believed to correlate with gas
phase IP-EA and/or disproportionation energies (the energy associated with 2Re — R" +
R) and are important in the design of neutral radical-based conductors.'*® '8! 182
Kaszynski has noted that “larger” (more delocalized) radicals have lower
disproportionation energy and smaller cell potentials,234 thus delocalization in verdazyl
radicals will play an important role in understanding their properties.

The cell potentials vary predictably in the series of 6-oxoverdazyls, as the
introduction of 1,5-alkyl substituents decreases delocalization compared to 1,5-aromatic
substituents, causing the cell potentials to increase from 1.38 V in 2.4a to 1.56 and 1.55
V in 2.4b and 2.4f. The cell potentials for 2.3a and 2.4a are, at first glance, more
difficult to rationalize. The cell potential for 2.4a might be expected to be smaller than
that of 2.3a due to the presence of an additional double bond in the verdazyl backbone,
implying a relative increase in the extent of delocalization. However, the cell potential of

2.3a (1.01 V) is significantly lower than that of 2.4a (1.38 V), prompting further

investigation into the electronic structure of these radicals.

2.7.1 DFT calculations and crystal structures of 2.3a and 2.4a

The crystal structures of 2.3a**" #*! and 2.4a'> (Figure 2.14) have been
determined previously and may offer some insight into the differences in cell potentials.
Verdazyl 2.3a has a methylene bridge 0.62 A above the verdazyl plane (N1-N2-C3-N4-
N5). The non-planar structure is due to the lack of m-conjugation at sp> carbon (C6), and
accommodation of the relatively small N1-C6-N5 angle (106.12°) at tetrahedral carbon
compared to that expected in a planar six-membered ring (120°). The N-aryl substituents

are twisted by 28.2° with respect to the verdazyl plane (N1-N2-C3-N4-N5), and by 13.1°
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relative to the plane of the 1,5-nitrogen atoms (e.g., N2-N1-C6-C7) illustrating near

coplanarity with the p orbital on the 1,5-nitrogen atoms. The crystal structure of 2.4a
reveals the carbonyl group to be coplanar with the verdazyl backbone, with an N1-C6-N5
angle of 114.38°. The N-substituents are twisted by 38.1° with respect to the verdazyl

(N1-N2-C3-N4-N5) and nitrogen (e.g., N2-N1-C6-C7) planes due to steric interaction

between the ortho-protons of the N-substituents and the carbonyl moiety.

Figure 2.14. Crystal structures of 2.3a (left) and 2.4a (right).
Hydrogen atoms removed for clarity.

DFT calculations (UB3LYP 6-31G (d,p)) have been used to establish the -
SOMO and spin density plots for 2.3a (Figure 2.15) and 2.4a (Figure 2.16) in order to

further understand their properties.

Figure 2.15. Calculated singly occupied orbital (left), spin density plot (middle), and atom
labeling scheme (right) for 2.3a.
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Figure 2.16. Calculated singly occupied orbital (left), spin density plot (middle), and atom
labeling scheme (right) for 2.4a.

Table 2.6. Atomic Spin Densities for 2.3a and 2.4a.

Atom 2.3a 2.4a
N5, N1 0.167 0.180
N2, N4 0.350 0.384

C3 -0.144 -0.149
C6 -0.011 -0.030
C9 0.0317 0.030
C7,C8 -0.049 -0.034
C10, C19 0.061 0.038
Cl11, C18 -0.035 -0.020
C12, C17 0.066 0.039
C13,C16 -0.034 -0.020
Cl14, C15 0.064 0.039
C20, C24 -0.028 -0.027
C21, C23 0.018 0.017
c22 -0.028 -0.025
025 - -0.011

The n-SOMO for both verdazyl radicals are consistent with other calculations on

.. . 235
similar Species,

with the largest spin densities found on the nitrogen atoms. The
optimized structures are in close agreement with the crystal structures previously
discussed, i.e., the N-phenyl substituents are twisted by 21.4° with respect to N1-N2-C3-
N4-N5 and 13.8° with respect to N2-N1-C6-C7 in 2.3a, and by 39.6° with respect to N1-

N2-C3-N4-N5 in 2.4a.
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There are significant differences in the calculated spin densities in 2.3a and 2.4a.
The differences are found primarily on the N-phenyl substituents, where the spin density
coefficients in 2.3a are roughly double those found in 2.4a (see Table 2.6). The
increased spin density in 2.3a compared to 2.4a relates directly to the overlap between
the m-orbitals on the N-aryl substituents with the p-orbital on the 1,5-nitrogen atoms,
which is greater in 2.3a compared to 2.4a. These computational results are consistent
with EPR and ENDOR studies of these radicals, showing hyperfine coupling to aryl
protons (ay) to be roughly double in magnitude for 2.3a compared to 2.4a.'> The
decreased delocalization observed in 2.4a compared to 2.3a accounts for the difference in
cell potentials, and is in agreement with Kaszynski’s hypothesis that increased

delocalization leads to lower disproportionation energies and cell potentials.”*

2.8 Summary

This work represents the first systematic study of the electrochemical properties
of verdazyl radicals. The ease of derivatization of triarylformazans allowed for the
synthesis of a number of type I verdazyls, which were used to study substituent effects on
electrochemical properties. The reversible one-electron oxidation and reduction of such
radicals were shifted to higher potential in the presence of electron withdrawing groups
and lower potential in the presence of electron donating groups. The relationship
between electronic structure and cell potential was explored by comparing type I and type
IT verdazyls. The type Il verdazyls studied displayed similar substituent-based properties
to type I verdazyls, and had larger cell potentials than type I analogues. The relatively

low cell potentials of type I verdazyl radicals was explained on the basis of crystal
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structure and computational data, which illustrated that increased delocalization leads to

smaller cell potentials.
2.9 Experimental

2.9.1 Synthesis and characterization
Previously reported compounds:

Formazans 2.1a,211 2.1c,236 2.1d,237 2.1i,238 2.1j237 and verdazyl radicals 2.321,202
2.3¢,%° 2.3i,> 2.3j”7 have been reported previously, however, their characterization
was incomplete or they were produced via different synthetic routes. Carbonic acid
bis(1-alkylhydrazide)s 2.8a'*’ and 2.8b,'* tetrazane 2.7a,'° and verdazyls 2.4c,'”
2.4d,'*° 2.4f,'* and 2.4g,'*® were prepared using literature procedures. Their identity and
purity were confirmed using appropriate spectroscopic methods (i.e., '"H NMR, IR, UV-
vis) through comparison with literature values.
3C NMR Spectra

In several cases, quaternary carbon atoms were not observed in °C NMR due to
lack of Nuclear Overhauser Enhancement (NOE) from surrounding nuclei.

General procedure for the synthesis of triarylformazans 2.1a-f, h-l, n : 1,3,5-
triphenylformazan (2.1a). In a typical procedure, phenylhydrazine (3.54 g, 33 mmol)
was combined with ethanol (50 mL) and benzaldehyde (3.50 g, 33 mmol). After stirring
for 2 h a yellow crystalline precipitate formed. The reaction mixture was treated with
sodium carbonate hydrate (16.5 g, 133 mmol), tetrabutylammonium bromide (1.25 g, 4
mmol), water (60 mL), and dichloromethane (100 mL) before being stirred at 0°C for 1 h.

A solution of diazonium salt made from stirring aniline (3.52 g, 38 mmol ), sodium nitrite
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(3.15 g, 46 mmol), water (10 mL), and hydrochloric acid (10 mL) for 30 min at 0°C was

then added dropwise. Upon addition, the organic phase in the biphasic reaction mixture
turned blood red. After stirring for 2 h at RT the organic layer was collected, washed
with water (3 x 100 mL) and taken to dryness in vacuo. Column chromatography
(neutral alumina, dichloromethane) followed by trituration of the solid with methanol
afforded 2.1a as a dark purple microcrystalline solid, yield 6.50 g (65.6 %). Mp. 148-
150°C. "H NMR (300 MHz, CD,Cl,): & 15.36 (s, 1H), 8.16 (d, 2H, *J = 8 Hz), 7.73 (d,
4H, °J = 8 Hz), 7.60-7.25 (m, 9H) ppm. *C NMR (75 MHz, CD,Cl,): & 148.5, 141.7,
138.0, 130.0, 129.0, 128.2, 128.1, 126.4, 119.3 ppm. FT-IR (KBr): 1597 (s), 1510 (s),
1492 (s), 1232 (s), 1017 (s), 752 (s) cm™. UV-vis (CH2CL): Amsx 270 nm (¢ = 17250
Lemol'scm™), 300 nm (¢ = 22000 Lemol'ecm™), 488 nm (& = 14250 Lemol'«cm™). MS
(ED): m/z 300 (M", 35 %). Anal. Caled for CjoH;¢Ng: C, 75.98; H, 5.37; N, 18.65.
Found: C, 76.16; H, 5.54; N, 18.36.

1,5-di-para-methoxyphenyl-3-para-tolylformazan (2.1b). Yield 26.2 %. Mp. 131-
133°C. "H NMR (300 MHz, CD,Cl,): & 15.40 (s, 1H), 8.01 (d, 2H, *J = 8 Hz), 7.66 (d,
4H, °J = 9 Hz), 7.25 (d, 2H, *T = 8 Hz), 7.00 (d, 4H, *J = 9 Hz), 3.86 (s, 6H), 2.41 (s, 3H)
ppm. *C NMR (75 MHz, CD,CL): & 159.8, 142.5, 141.2, 137.7, 135.6, 129.6, 126.1,
120.5, 115.2, 56.2, 21.5 ppm. FT-IR (KBr): 1599 (s), 1507 (s), 1255 (s), 1230 (s), 1033
(s), 819 (s) cm™. UV-vis (CHCLy): Amax 314 nm (€ = 20750 Lemol'ecm™), 538 nm (¢ =
17000 Lemol'scm™). MS (EI): m/z 374 (M", 30 %). Anal. Calcd for C,,H,N4O,: C,
70.57; H, 5.92; N, 14.96. Found: C, 70.19; H, 6.16; N, 15.08.
1,3,5-tri-para-tolylformazan (2.1c). Yield 56.7 %. Mp. 170-172°C. 'H NMR (300

MHz, CD,CL): & 15.35 (s, 1H), 8.02 (d, 2H, *J = 8 Hz), 7.61 (d, 4H, ] = 8 Hz), 7.35-7.25
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(m, 6H, *J = 8 Hz), 2.40 (s, 9H) ppm. *C NMR (75 MHz, CD,CL,): & 146.4, 141.5,

138.3, 138.2, 137.9, 135.4, 130.6, 129.6, 126.2, 119.1, 21.5 ppm. FT-IR (KBr): 1598 (m),
1508 (s), 1226 (s), 816 (s) cm™. UV-vis (CH2CL): Amax 279 nm (¢ = 19000 Lemol ' scm’
1, 307 nm (g = 26750 Lemol'ecm™), 498 nm (17000 Lemol's«cm™). MS (EI): m/z 342
(M", 100 %). Anal. Calcd for C2,H2Ny: C, 77.16; H, 6.48; N, 16.36. Found: C, 76.66;
H, 6.51; N, 16.04.

1,5-diphenyl-3-para-tolylformazan (2.1d). Yield 47.8 %. Mp. 154-156°C. 'H NMR
(300 MHz, CD,Cl,): & 15.24 (s, 1H), 8.03 (d, 2H, *J = 8 Hz), 7.72 (d, 4H, *J = 8 Hz), 7.49
(t, 4H, °J = 8 Hz), 7.33-7.27 (m, 4H), 2.42 (s, 3H) ppm. "*C NMR (75 MHz, CD,CL,): &
148.6, 141.9, 138.2, 135.1, 130.0, 129.7, 128.0, 126.3, 119.2, 21.5 ppm. FT-IR (KBr):
1597 (s), 1511 (s), 1497 (s), 1453 (s), 1353 (m), 1232 (s), 1035 (s), 1014 (s), 821 (s), 502
(m) cm™. UV-vis (CHyCL): Amax 274 nm (g = 20000 Lemol'ecm™), 301 nm (g = 26250
Lemolecm™), 491 nm (e = 15000 Lemol'scm™). MS (LSIMS): m/z 315 (M+17, 75 %).
Anal. Calcd for CyoHgNy4: C, 76.40; H, 5.77; N, 17.82. Found: C, 76.71; H, 5.64; N,
17.97.

1,5-di-para-chlorophenyl-3-para-tolylformazan (2.1e). Yield 61.5 %. Mp. 198-
200°C. "H NMR (300 MHz, CD,Cl,): & 15.07 (s, 1H), 7.98 (d, 2H, *J = 8 Hz), 7.65 (d,
4H, T = 9 Hz), 7.45 (d, 4H, T = 9 Hz), 7.26 (d, 2H, °J = 8 Hz), 2.41 (s, 3H) ppm. “C
NMR (75 MHz, CD,CL,): & 147.1, 142.2, 138.5, 134.7, 133.3, 130.1, 129.7, 126.4, 120.5,
21.5 ppm. FT-IR (KBr): 1509 (s), 1488 (s), 1479 (s), 1406 (s), 818 (s) cm™. UV-vis
(CH,CLy): Amax 303 nm (e = 28250 Lemol'scm™), 503 nm (g = 17000 Lemol'ecm™). MS
(ED): m/z 382 (M, 10 %). Anal. Calcd for C,0H;CLLNy: C, 62.67; H, 4.21; N, 14.62.

Found: C, 62.67; H, 4.29; N, 14.65.
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1,5-di-para-cyanophenyl-3-para-tolylformazan (2.1f). Yield 43.3 %. Mp. 214-216°C.

'H NMR (300 MHz, CD,CL): & 14.69 (s, 1H), 7.97 (d, 2H, T = 8 Hz), 7.78 (s (br), 8H),
7.29 (d, 2H, T = 8 Hz), 2.42 (s, 3H) ppm. *C NMR (75 MHz, CD,CL): & 151.1, 143.8,
139.5, 134.2, 133.8, 129.8, 126.8, 119.4, 114.6, 21.6 ppm. FT-IR (KBr): 2223 (s), 1509
(s), 1223 (s) cm™. UV-vis (CH,CLy): Amax 297 nm (€ = 46250 Lemol'ecm™), 513 nm (¢ =
17250 Lemol'scm™). MS (EI): m/z 364 (M", 15 %). Anal. Calcd for C,H¢Ne: C, 72.51;
H, 4.43; N, 23.06. Found: C, 72.49; H, 4.49; N, 23.19.
3-para-tolyl-1,5-di-para-trifluoromethylphenylformazan (2.1h). Yield 44.6 %. Mp.
164-166°C. "H NMR (300 MHz, CD,Cl,): & 14.87 (s, 1H), 7.96 (d, 2H, *J =8 Hz ), 7.76
(d, 4H, *J =9 Hz), 7.72 (d, 4H, *T = 9 Hz), 7.26 (d, 2H, °J = 8 Hz), 2.41 (s, 3H) ppm. “C
NMR (75 MHz, CD,Cl,): § 150.8, 142.9, 139.0, 134.1, 130.8, 129.8, 129.5, 129.1, 127.3,
127.2, 126.6, 123.4, 123.0, 119.4, 114.6, 21.6 ppm. FT-IR (KBr): 1613 (s), 1511 (m),
1418 (m), 1322 (s), 1061 (s) cm™. UV-vis (CH2CL): Amax 273 nm (g = 21500 Lemol
leem™), 297 nm (¢ = 27500 Lemol'ecm™), 497 nm (¢ = 14500 Lemol'scm™). MS (EI):
m/z 450 (M, 10 %). Anal. Calcd for C,H6FsN4: C, 58.67; H, 3.58; N, 12.44. Found: C,
58.73; H, 3.37; N, 12.41.

3-para-methoxyphenyl-1,5-di-para-tolylformazan (2.1i). Yield 59.5 %. Mp. 162-
164°C. "H NMR (300 MHz, CD,Cl,): & 15.24 (s, 1H), 8.06 (d, 2H, *J = 9 Hz), 7.60 (d,
4H, °J = 8 Hz), 7.28 (d, 4H, °J = 8 Hz), 6.98 (d, 2H, *J = 9 Hz), 3.87 (s, 3H), 2.40 (s, 6H)
ppm. "*C NMR (75 MHz, CD,CL): & 166.1, 160.0, 146.5, 138.1, 130.9, 130.6, 127.6,
119.1, 114.2, 55.8, 21.5 ppm. FT-IR (KBr): 1605 (m), 1508 (s), 1250 (s), 1222 (s), 1025
(s), 810 (m) cm™. UV-vis (CH,CL): Amax 279 nm (g = 20750 Lemol'ecm™), 308 nm (g =

27500 Lemol'ecm™), 522 nm (¢ = 16000 Lemol'scm™). MS (EI): m/z 358 (M", 20 %).
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Anal. Calcd for CoH»N4O: C, 73.72; H, 6.19; N, 15.63. Found: C, 73.77; H, 6.22; N,

15.71.

1,5-di-para-tolyl-3-phenylformazan (2.1j). Yield 30.8 %. Mp. 140-142°C. '"H NMR
(300 MHz, CD,Cl,): & 15.46 (s, 1H), 8.14 (d, 2H, *J = 8 Hz), 7.62 (d, 4H, °J = 8 Hz), 7.45
(t, 2H, *J = 8 Hz), 7.36 (t, 1H, *J = 8 Hz), 7.29 (d, 4H, *J = 8 Hz), 2.41 (s, 6H) ppm. "“C
NMR (75 MHz, CD,Cl,): & 146.4, 141.3, 138.4, 138.2, 130.6, 128.9, 128.0, 126.2, 119.2,
21.5 ppm. FT-IR (KBr): 1596 (s), 1515 (s), 1495 (s), 1240 (s), 1044 (s), 767 (s) cm™".
UV-vis (CH,CL): Amax 278 nm (g = 17500 Lemol'ecm™), 308 nm (& = 23500 Lemol ' ecm™
1, 493 (e = 16250 Lemol'scm™). MS (LSIMS): m/z 329 (MH", 100 %). Anal. Calcd for
Ca1HaoNy: C, 76.80; H, 6.14; N, 17.06. Found: C, 76.97; H, 6.12; N, 16.69.
3-para-chlorophenyl-1,5-di-para-tolylformazan (2.1k). Yield 43.7 %. Mp. 188-
190°C. '"H NMR (300 MHz, CD,Cl,): & 15.40 (s, 1H), 8.00 (d, 2H, °J = 9 Hz), 7.51 (d,
4H, T = 8 Hz), 7.31 (d, 2H, *J = 9 Hz), 7.19 (d, 4H, °J = 8 Hz), 2.31 (s, 6H) ppm. “C
NMR (75 MHz, CD,Cl,): § 146.2, 140.3, 138.6, 136.9, 133.6, 130.6, 129.0, 127.5, 119.2,
21.5 ppm. FT-IR (KBr): 1488 (s), 1396 (m), 1238 (s) cm”. UV-vis (CHyCL): Amax 235
nm (¢ = 16750 Lemol'ecm™), 274 nm (¢ = 18000 Lemol'scm™), 313nm (¢ = 31250
Lemol'scm™), 496 nm (¢ = 20000 Lemol'ecm™). MS (EI): m/z 362 (M", 10 %). Anal.
Calcd for C;1H19CINg: C, 69.51; H, 5.28; N, 15.44. Found: C, 69.63; H, 5.25; N, 15.63.
3-para-cyanophenyl-1,5-di-para-tolylformazan (2.11). Yield 30.1 %. Mp. 204-206°C.
'H NMR (300 MHz, CD,Cl,): & 15.60 (s (br), 1H), 8.16 (d, 2H, *J =9 Hz ), 7.61 (d, 2H,
3 =9 Hz), 7.51 (d, 2H, *J = 8 Hz), 7.20 (d, 2H, *J = 8 Hz), 2.32 (s, 6H) ppm. “C NMR
(75 MHz, CD,Cl,): & 145.9, 142.7, 139.5, 139.1, 132.8, 130.7, 126.2, 119.9, 119.4, 110.8,

21.6 ppm. FT-IR (KBr): 2221 (s), 1601 (s), 1498 (s), 1249 (s) cm™. UV-vis (CH,CL):
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Amax 272 nm (g = 49250 Lemol'scm™), 339 nm (& = 34000 Lemol'scm™), 488 nm (¢ =

23000 Lemol'scm™). MS (EI): m/z 353 (M, 20 %). Anal. Calcd for C5,HoNs: C, 74.77;
H, 5.42; N, 19.82. Found: C, 74.59; H, 5.51; N, 19.65.
3-para-nitrophenyl-1,5-di-para-tolylformazan (2.1m). A solution of para-
tolylhydrazine hydrochloride (1.60 g, 10 mmol) was combined with triethylamine (1.4
mL, 10 mmol) and methanol (20 mL). After 30 min of stirring 4-nitrobenzaldehyde (1.50
g, 10 mmol) was added and the mixture was stirred for 30 min at which time an orange
ppt formed. The solution was then treated with sodium acetate (1.75 g, 21 mmol),
sodium hydroxide (1.25 g, 31 mmol), and methanol (80 mL). After 30 min of stirring, a
solution of diazonium salt prepared by stirring para-toluidine (1.07 g, 10 mmol ), sodium
nitrite (0.75 g, 11 mmol ), water (10 mL), and hydrochloric acid (5 mL) at 0°C for 30 min
was added. The solution immediately turned blood red and after 5 h was taken to dryness
in vacuo. Column chromatography (neutral alumina, dichloromethane) followed by
trituration with methanol afforded 2.1m as a brick red microcrystalline solid, yield 2.1 g
(56.3 %). Mp. 216-218°C. "H NMR (300 MHz, CD,Cl,): & 15.81 (s, 1H), 8.31 (d, 2H, *J
=9 Hz), 8.25 (d, 2H, T = 9 Hz), 7.62 (d, 4H, *J = 8 Hz), 7.31 (d, 4H, *J = 8 Hz), 2.42 (s,
6H) ppm. “C NMR (75 MHz, CD,Cl,): & 147.3, 145.8, 144.7, 139.3, 130.7, 126.2,
124.3, 119.5, 21.6 ppm. FT-IR (KBr): 1592 (s), 1494 (s), 1334 (s), 1250 (s) cm™'. UV-vis
(CH,Cly): Amax 267 nm (€ = 20000 Lemol'ecm™), 420 nm (¢ = 16500 Lemol'scm™), 483
nm (¢ = 20750 Lemol'scm™). MS (EI): m/z 373 (M", 10 %). Anal. Calcd for
C,1H19NsO,: C, 67.55; H, 5.13; N, 18.76. Found: C, 67.12; H, 5.25; N, 18.23.
1,5-di-para-tolyl-3-para-trifluoromethylphenylformazan (2.1n). Yield 59.9 %. Mp.

188-190°C. "H NMR (300 MHz, CD,CL): § 15.63 (s, 1H), 8.24 (d, 2H, *J = 8Hz ), 7.67
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(d, 2H, °J = 8 Hz), 7.59 (d, 4H, *T = 8 Hz), 7.28 (d, 4H, *J = 8 Hz), 2.40 (s, 6H) ppm. “C

NMR (75 MHz, CD,Cl,): 6 146.0, 141.9, 139.8, 138.8, 130.6, 126.1, 125.8, 125.7, 119.3,
21.6 ppm. FT-IR (KBr): 1613 (m), 1506 (m), 1497 (m), 1322 (s), 1105 (s), 1067 (s) cm™.
UV-vis (CH,CLy): Amax 268 nm (g = 15250 Lemol'ecm™), 320 nm (¢ = 27500 Lemol ' scm’
1, 488 nm (¢ = 21000 Lemol'ecm™). MS (EI): m/z 396 (M", 10 %). Anal. Calcd for
CxnHi9F3N4: C, 66.66; H, 4.83; N, 14.13. Found: C, 66.57; H, 4.82; N, 14.14.

General procedure for verdazyls 2.3a-e, i-k: 1,3,5-triphenylverdazyl (2.3a). In a
typical procedure 2.3a (0.46 g, 1.5 mmol) was combined with formaldehyde solution (1.7
mL, 23 mmol), 2 M sodium hydroxide (3.5 mL, 7 mmol), and dimethylformamide (25
mL) and allowed to stir in air for 3 hours at which time the color of the solution had
changed from red to green. The mixture was then treated with diethyl ether (100 mL)
and the organic layer collected, washed with water (5 x 100 mL) to remove
dimethylformamide, dried with MgSO,4, and concentrated in vacuo. Recrystallization
from a saturated methanolic solution afforded 2.3a as a green microcrystalline solid, yield
0.26 g (54.2 %). Mp. 128-130°C. FT-IR (KBr): 1586 (s), 1490 (s), 1264 (m), 1145 (m),
752 (s) em™. UV-vis (CH,Cly): Amax 273 nm (g = 62250 Lemol's«cm™), 405 nm (g = 7250
Lemolecm™), 716 nm (g = 3500 Lemol'scm™). MS (EI): m/z 313 (M", 70 %). Anal.
Calcd for C,0H17N4: C, 76.65; H, 5.47; N, 17.88. Found: C, 76.25; H, 5.10; N, 17.37.
1,5-di-para-methoxyphenyl-3-para-tolylverdazyl (2.3b). Yield 75.6 %. Mp. 120-
122°C. FT-IR (KBr): 1504 (s), 1248 (s), 1033 (m), 821 (m) cm™". UV-vis (CH,Cl,): Amax
287 nm (¢ = 27500 Lemol'scm™), 327 nm (¢ = 11750 Lemol'scm™), 414 nm (¢ = 8250
Lemol'scm™), 736 nm (¢ = 4250 Lemol'scm™). MS (EI): m/z 387 (M, 100 %). Anal.

Calcd for C»3H3N4O,: C, 71.30; H, 5.98; N, 14.46. Found: C, 71.23; H, 5.97; N, 14.20.
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1,3,5-tri-para-tolylverdazyl (2.3¢). Yield 57.7%. Mp. 136-138°C. FT-IR (KBr): 1508

(s), 1397 (m), 1260 (m), 1143 (s), 825 (m), 798 (m) cm™. UV-vis (CH2CL): Amax 248 nm
(e = 12500 Lemol'ecm™), 284 nm (& = 22000 Lemol'scm™), 325 nm (¢ = 10000 Lemol
leem™), 403 nm (¢ = 6750 Lemol'scm™), 727 nm (¢ = 3250 Lemol'scm™). MS (EI): m/z
354 (M-17, 100 %). Anal. Calcd for Co3H,3N4: C, 77.72; H, 6.52; N, 15.76. Found: C,
77.13; H, 6.69; N, 15.12.

1,5-diphenyl-3-para-tolylverdazyl (2.3d). Yield 27.2%. Mp. 138-140°C. FT-IR
(KBr): 1590 (s), 1494 (s), 1397 (m), 1143 (s), 746 (s) cm™. UV-vis (CHyCL): Amax 246
nm (¢ = 10000 Lemol'scm™), 280 nm (¢ = 23000 Lemol'scm™), 320 nm (¢ = 12000
Lemol'scm™), 398 nm (¢ = 7500 Lemol'scm™), 721 nm (¢ = 3500 Lemol'scm™). MS
(ED): m/z 327 (M', 80 %). Anal. Caled for C,;H;oNg: C, 77.04; H, 5.85; N, 17.11.
Found: C, 76.43; H, 5.57; N, 16.64.

1,5-di-para-chlorophenyl-3-para-tolylverdazyl (2.3e). Yield 83.7%. Mp. 122-124°C.
FT-IR (KBr): 1584 (m), 1488 (s), 1091 (s), 818 (s) cm™. UV-vis (CH,CL): Amax 283 nm
(e = 25000 Lemol'ecm™), 327 nm (& = 13250 Lemol'scm™), 395 nm (¢ = 9000 Lemol
fecm™), 730 nm (g = 4050 Lemol'ecm™) . MS (EI): m/z 396 (M, 40 %). Anal. Calcd for
C,1H17CIhNy: C, 63.65; H, 4.32; N, 14.14. Found: C, 63.73; H, 4.41; N, 14.17.
3-para-methoxyphenyl-1,5-di-para-tolylverdazyl (2.3i). Yield 74.3 %. Mp. 56-58°C
(dec). FT-IR (KBr): 1709 (m), 1610 (m), 1507 (s), 1249 (s) cm™. UV-vis (CH2CL): Amax
283 nm (g = 26000 Lemol'ecm™), 323 nm (¢ = 11500 Lemol'scm™), 391 nm (¢ = 7000

Lemol'ecm™), 738 nm (¢ = 3250 Lemol'scm™). MS (EI): m/z 370 (M-H', 10 %).
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Elemental Analysis was not attempted as 2.6i was observed to decompose over a period
of several hours.

3-phenyl-1,5-di-para-tolylverdazyl (2.3j). Yield 50.2 %. Mp. 122-124°C. FT-IR
(KBr): 1599 (m), 1504 (s), 1262 (s), 1143 (s) cm™. UV-vis (CH,Cly): Amax 247 nm (€ =
13750 Lemol'ecm™), 286 nm (& = 24000 Lemol'scm™), 323 nm (¢ = 13000 Lemol'scm
1, 410 nm (¢ = 8500 Lemol'scm™), 725 nm (g = 4500 Lemol'ecm™). MS (EI): m/z 341
(M", 65 %). Anal. Calcd for Co,Hy Ny: C, 77.39; H, 6.20; N, 16.41. Found: C, 77.49; H,
6.43; N, 16.60.

3-para-chlorophenyl-1,5-di-para-tolylverdazyl (2.3k). Yield 68.1 %. Mp. 117-119°C.
FT-IR (KBr): 1599 (s), 1563 (s), 1509 (s), 1088 (s) cm™. UV-vis (CH2CL): Amax 256 nm
(e = 28000 Lemol'ecm™), 438 nm (¢ = 2500 Lemol'ecm™), 740 nm (¢ = 1250 Lemol
feem™). MS (EI): m/z 374 (M-H", 100 %). Anal. Calcd for CyHaoCINg: C, 70.30; H,
5.36; N, 14.91. Found: C, 69.93; H, 5.10; N, 14.94.
1,5-di-iso-propyl-3-phenyl-1,2,4,5-tetrazane-6-oxide (2.7b). 2.8a (2.39 g, 9.63 mmol),
sodium acetate (1.58 g, 19.3 mmol), and benzaldehyde (0.99 ml, 9.6 mmol) were
combined in ethanol (200 mL) and refluxed for 16 h. The solution was filtered and the
solvent removed under reduced pressure. The crude product was recrystallized from
heptane to give 2.7b as a white microcrystalline solid, yield (1.7 g, 67 %) . Mp.126 - 128
°C. '"HNMR (300 MHz, CDCls): & 7.57 (d, 2H, °J =7 Hz), 7.38 (m, 3H), 4.66 (septet,
2H,°J=7Hz),4.58 (t, 1H, °J =12 Hz), 3.75 (d, 2H, *J = 12 Hz), 1.14 (d, 6H, °>J = 7 Hz),
1.12 (d, 6H, *J =7 Hz) ppm. "*C NMR (75 MHz, CDCls): & 154.5, 135.9, 129.0, 128.9,
126.4,71.2, 48.0, 19.8, 18.6 ppm. FT-IR (KBr): 3216 (m), 2974 (m), v(CO) 1587 (s),

1427 (m), 1143 (w), 1071 (w), 900 (w), 767 (w)em’". MS (EI): m/z 262 (M, 23 %).
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Anal. Calcd. for C14H,,N4O: C, 64.09; H, 8.45; N, 21.36. Found: C, 64.22; H, 8.24; N,

21.24.

1,5-di-iso-propyl-3-(2°-methylimidazol-5’-yl)-1,2,4,5-tetrazane-6-oxide (2.7¢). 2.8a
(1.66 g, 6.71 mmol), sodium acetate (1.289 g, 13.42 mmol), and 2-
methylimidazolecarboxaldehyde (0.74 g, 6.71 mmol) were combined in ethanol (200 mL)
and stirred overnight. The solvent was removed under reduced pressure and the crude
product recrystallized from heptane to give 2.7e as a white crystalline solid, yield 0.892 g
(50 %) . '"H NMR (300 MHz, CDCl3): & 6.96 (s, 1H), 6.89 (d, 1H, J = 1 Hz), 4.65 (septet,
2H,J=17Hz),4.53 (t, 1H,J=12 Hz), 4.39 (d, 2H, J= 12 Hz), 3.71 (s, 3H,), 1.08 (d, 6H,
J=17Hz), 1.06 (d, 6H, J=7 Hz) ppm. *C NMR (75 MHz, CDCl;): & 153.6, 142.5,
128.0, 122.3, 64.6,47.7,32.9, 19.6, 18.8 ppm. FT-IR (KBr): 3220 (m), 2983 (m), v(CO)
1615 (s), 1495 (m), 1459 (m), 1416 (s), 1124 (m), 1102 (w), 1067 (m), 922 (m), 896 (w),
773 (w) em™. MS (EI): m/z 266 (M", 21 %). Anal. Calcd. for C1,H,,NgO: C, 54.11; H,
8.33; N, 31.55. Found: C, 54.02; H, 8.38; N, 31.55.
1,5-dimethyl-3-(2’-methylimidazol-5’-yl)-1,2,4,5-tetrazane-6-oxide (2.7h). A solution
of 1-methyl-2-imidazole carboxaldehyde (2.0 g, 18.2 mmol) in 200 mL of methanol was
added dropwise to a refluxing solution of 2.8b (2.146 g, 18.2 mmol) in 10 mL of
methanol. After complete addition the mixture was allowed to reflux for 10 h. Pure
samples of 2.7h were obtained via repeated trituration with ethyl acetate. Washings were
treated with ether to recover 2.7h as a colourless microcrystalline solid, yield 2.96 g (77.5
%). Mp. 176°C (dec). '"H NMR (300 MHz, d6-DMSO): & 7.14 (s, 1H), 6.83 (s, 1H), 5.58
(d, 2H, J-11Hz), 5.07 (t,1H, J=11Hz), 3.68 (s, 3H), 2.95 (s, 6H) ppm. *C NMR (75 MHz,

CDCl): 6 154.6, 141.7, 128.0, 122.3, 63.0, 38.1, 32.9 ppm. FT-IR (KBr): 3259 (m), 3246
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(m), v (CO) 1599 (s) 1554 (s), 1432 (m), 1056 (m), 972 (s), 862 (m), 739 (m) 678 (m)

cm’. MS (ED): m/z 210 (M", 50%). Anal.Calcd for CsH4NsO: C, 45.70; H, 6.71; N,
39.97. Found: C, 45.75; H, 6.74; N, 40.41.

1,3,5-triphenyl-6-oxoverdazyl (2.4a). 2.7a (0.600 g, 1.8 mmol), silver carbonate (0.750
g, 2.7 mmol), and celite (0.500 g) were combined in methanol (25 mL) and allowed to
stir for 15 hours. The celite, now plated with silver metal, was filtered off and the solvent
removed in vacuo to afford a dark red powder. Recrystallization from a saturated
methanolic solution afforded 2.7a as red needles, yield 0.420 g (71.3 %). Mp. 206-
208°C. FT-IR (KBr): v(CO) 1695 (s), 1484 (w), 1121 (w), 691 (w), 601 (w) cm™. UV-
vis (CH2CL): Amax 255 nm (g = 21250 Lemol'ecm™), 291 nm (¢ = 8000 Lemol'ecm™),
320 nm (¢ = 12750 Lemol'scm™), 422 nm (¢ = 1250 Lemol'ecm™), 537 nm (g = 2500
Lemol'ecm™), 561 nm (g = 2500 Lemol'scm™). MS (EI): m/z 328 (M+H", 60 %). Anal.
Calcd. for C,0H 1sN4O: C, 73.38; H, 4.62; N, 17.11. Found: C, 73.28; H, 4.54; N, 17.26.
1,5-di-iso-propyl-3-phenyl-6-oxoverdazyl (2.4b). Para-benzoquinone (0.66g, 6.1
mmol) was added to a solution of 2.7b (1.07 g, 4.08 mmol) in toluene (50 mL) and the
mixture was refluxed for 1 h. The solution was filtered to remove crystallized
hydroquinone before the solvent was removed under reduced pressure. The oily red
product was purified by flash chromatography (CH,Cl,, alumina) to give 2.4b as a red oil
that solidified upon sitting, yield (0.79 g, 75 %). Mp. 50 — 52 °C. FT-IR (KBr): 3034
(W), 2979 (w), 2934 (w), v(CO) 1680 (s), 1455 (w), 1385 (m), 1371 (m), 1312 (w), 1231
(m), 1128 (w), 1024 (w), 776 (m), 722 (w), 695 (m), 660 (w) cm”. UV-vis (CH,Cl,):

Amax 249 nm (e = 32375 Lemol'scm™), 414 nm (e = 1925 Lemol'scm™). MS (EI) m/z
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259 (M, 16 %). Anal. Calcd. for Ci4HoN4O: C, 64.84; H, 7.38; N, 21.60. Found: C,

64.02; H, 7.21; N, 21.87.

1,5-di-iso-propyl-3-(2’-methylimidazol-5’-yl)-6-oxoverdazyl (2.4e). para-
benzoquinone (0.35 g, 3.2 mmol) was added to a solution of 2.7e (0.57 g, 2.1 mmol) in
toluene (50 mL) and the mixture was refluxed for 1.5 h. Solvent was removed under
reduced pressure to give an oily red product that was purified by flash chromatography
(CH,Cl,, alumina) to give 2.4e as a red solid, yield 0.46 g (83 %). Mp. 112 - 114°C. FT-
IR (KBr): 3106 (m), 2976 (m), v(CO) 1689 (s), 1467 (m), 1418 (w), 1242 (m), 1221 (w),
1166 (m), 1143 (m), 915 (w), 778 (m), 642 (w) cm™'. UV-vis (CH,Cly): Amax 261 nm (g
= 18000 Lemol'scm™), 412 nm (¢ = 1200 Lemol'scm™). MS (EI): m/z 263 (M", 5 %).
Anal. Calcd. for C;oH19NgO: C, 54.74; H, 7.27; N, 31.92. Found: C, 54.80; H, 7.55; N,
31.89.

1,5-dimethyl-3-(2’-methylimidazol-5’-yl)-6-oxoverdazyl (2.4h). A solution of sodium
periodate (0.229 g, 1.07 mmol) in 10 mL of distilled water was added to a vigorously
stirred slurry of 2.7h (0.15 g, 0.71 mmol) in 20 mL of distilled water resulting in a cherry
red solution. After 10 min of stirring the solution was placed in an ice bath for 30 min
resulting in the precipitation of 2.4h as a microcrystalline red solid, yield 0.103 g (68%).
Mp. 165°C (dec). FT-IR (KBr): 3131 (m), 3115 (m), v(CO) 1674 (s), 1489 (m), 1464
(m), 1382 (m), 1147 (m), 914 (m), 728 (m), 643 (m) cm™. UV-vis (CH2CL): Amax 415
nm (¢ = 1100 Lemol'«cm™), 493 nm (¢ = 410 Lemol'scm™). MS (LSIMS): m/z 207
(MH", 100%), 107 (80%). Anal.Calcd for CgH;NsO: C, 46.37; H, 5.35; N, 40.56.

Found: C, 46.20; H, 5.38; N, 40.68.
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Chapter 3 Formazans as ancillary ligands

3.1 Common ancillary ligands

Many popular ancillary ligands are chelating, anionic, mn-conjugated N- or O-

donors. Perhaps the most common family of such ligands are the acetylacetonates 3.1,**""

% which have also been derivatized to produce B-ketiminates 3.2,°*2* and p-

250
3.

diketiminates 3. The latter have emerged from the many classes of polyamido

251, 252
4.0

ligands (e.g., amidinates 3.4, 52

aminotroponiminates 3.5,”” and diazabutadienes

3.6°"®) as the most versatile due to their ease of derivitization. The ability to tune
steric and electronic properties of transition metal complexes of B-diketiminates through
changes in R; and Rs (as well as R;, R3, and Ry4) substituents contributes greatly to their
utility. The utility of B-diketiminates as ligands has also prompted the development of

analogous ligand families such as triazapentadienes 3.7,”°% bearing an additional

nitrogen in the ligand backbone.

Ry~ SN R\ H R
M 1 1 5 1 I‘\j‘ 5
CRs RZM& Rz)ﬁ/k Ry™ °N” R,
H

H —N  N-Rg
R1fN\foR3 Ri—N_ N-R,

Rz R, Rj

3.4 35 3.6

Formazans 3.8 are close structural analogues of B-diketiminates, possessing two
additional nitrogen atoms in their backbone. Inorganic complexes of formazans 3.9 are

ideal candidates for conversion to inorganic verdazyl radicals 3.10. The synthesis and
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conversion of such complexes to verdazyl radicals represents an alternative strategy to

those used to afford phosphaverdazyls (see Chapter 1).

Ri<.-H .R Ry....E. R -~ .
R R R Y
Nﬁ/N NY Nﬁ/N.
Rs R3 R3
3.8 3.9 3.10

The coordination chemistry of formazans has been sporadically explored over the

past 60 years, but remains an undeveloped field. Examples of systematic studies of

formazan complexes are rare, and include bis formazan complexes of palladium 2.14a°"

and nickel 2.14b*"" *® (see section 2.2), cyclometallated ruthenium complexes 3.11,%%*

and nickel complexes of sulfur containing macrocyclic formazans 3.12.29°2¢

PPh,
TN Q
N\ SN Ph 4
/ PAN
Ri_ | N© N
N N« N

/

oc N—
| X
Ph R R
PPh,
3.12
3.11

Several reports of crystallographic studies of transition metal complexes of

formazans exist. However, in most cases these reports are not accompanied by

268

appropriate characterization data.”™ The majority of the complexes involve asymmetric

formazan ligands (e.g., 3.13) coordinated by a similar bonding mode to that observed in

3.11, i.e., 5 membered chelate rings are formed, and the ligand is coordinated through the

1,4-nitrogen atoms as well as the benzothiazolyl N-substituent.”®’

H. R
Oy
SJ\NCN _N

R
3.13
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The remaining reports on transition metal complexes of formazans focus on their
physical properties in the absence of structural characterization. Kawamura has reported
the EPR and magnetic properties of a number of bis formazan complexes of copper (II)
3.14a,”"%%" nickel (II) 3.14b,”” and cobalt (II) 3.14¢.””* Given the novelty of formazans
as ligands, and their potential to coordinate via a number of coordination modes, the
importance of structural characterization cannot be overlooked. This chapter describes
the synthesis and characterization of formazan ligands and their inorganic complexes,
with emphasis placed on their potential utility as precursors to inorganic verdazyl

radicals.

N=N N-N
R—( M =R
N=N NN

R R
3.14a M = Cu
3.14b M = Ni
3.14¢ M = Co

R R
N N-

Results and discussion
3.2 Synthesis and characterization of boratatetrazines and borataverdazyls

3.2.1 Synthesis of boratatetrazines

Existing synthetic pathways to inorganic verdazyl radicals are limited to the

163-165

incorporation of phosphorus. Group 13 complexes of formazans were attractive

targets as they have potential to act as precursors to inorganic verdazyls, and to illustrate
similarities between formazans and closely related B-diketiminate ligands. The known
main group chemistry of formazans is limited to sporadic and incomplete reports in the

275, 276

Russian literature. Preliminary efforts to coordinate formazans to boron and
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aluminum using reagents such as trimethylaluminum, trifluoroaluminum, borane, and
boron trifluoride failed. The focus then turned to boron triacetate, a reagent which finds
sporadic use in organic chemistry as a Lewis acid,”’" " generated in situ by heating a
mixture of boric acid, acetic acid, and acetic anhydride. Triarylformazans 2.1d and 2.1j
were reacted with boron triacetate at reflux, yielding boratatetrazines 3.15d and 3.15j
containing a four coordinate, formally anionic boron center stable to air and moisture
(Scheme 3.1). The 'H and >C NMR spectra of 3.15d and 3.15j are consistent with a

delocalized boratatetrazine backbone. The ''B NMR spectra consist of singlets at 8 1.32

ppm for 3.15d, and 6 1.31 ppm for 3.15j, consistent with examples of four coordinate,

anionic boron complexes of p-diketiminates.**

The electronic spectra of 3.15d and 3.15j
are similar to those observed in formazans 2.1d (Apax = 491 nm) and 2.1j (Amax = 493

nm), but are redshifted in 3.15d (Ayax = 558 nm) and 3.15j (Amax = 560 nm) (Figure 3.1).

ACO‘ /OAc
R.._H _R R.. _.B_. _R
’\\l \’\\l B(OAc)3 ’\\l I
NoN AcOH/Ac,0 N N
| he
R' R'
2.1d,j 3.15d,

Scheme 3.1. Synthesis of boratatetrazines 3.15d, and 3.15j.



62

30000 -
25000 -
"= 20000 |
< 15000 -
[
2 10000 -
= 5000 -
w
0 _
-5000 | ‘ | | |

250 350 450 550 650 750
Wavelength (nm)

Figure 3.1. Electronic spectra of formazan 2.1j (black line) and
boratatetrazine 3.15j (red line) in CH,Cl,.

3.2.2 Crystal structures of boratatetrazines 3.15d and 3.15j

The first examples of crystal structures of main group-formazan complexes
(3.15d and 3.15j) are shown in Figure 3.2. The structure of 3.15j will be discussed here
in detail; the structure of 3.15d is very similar (see table 3.1). The formazan ligand is
bound to tetrahedral boron in a n* fashion in 3.15j. The near equivalence of the bond
length pairs related by a pseudo mirror plane down the B1, C1, C11 axis is consistent
with delocalization within the CN4 formazan backbone (N2-N1 1.1.2976(14) A, N4-N3
1.3025(14) A, C1-N1 1.3376(16) A, and C1-N3 1.3361(16) A). The atoms making up
the BCN, ring are nearly coplanar with the B1 atom residing 0.14 A above the plane of
the formazan. The average BN bond length is 1.561 A, comparable to other four

coordinate boron complexes of p-diketiminates ligands.****
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Figure 3.2. Molecular Structure of 3.15d (molecule A, left) and 3.15j (right). Thermal ellipsoids
shown at 50% probability level. Hydrogen atoms omitted for clarity.

Table 3.1. Selected bond lengths (A) and angles (deg) for 3.15d and 3.15j.

3.150° . 31508 .
Mol.A Mo.B 18 AOmMsS v AT Mo S

Atoms

NI-N2 1.303(2) 1.303(2) 12976(14) N3-CI-NI  126.52)  126.02) 126.47(11)
N3-N4 1.305(2) 1.304(2) 1.3025(14) CI-NI-N2 118.11(19) 117.85(18) 119.60(10)
CI-N1 1.344(3) 1.344(3) 13376(16) CI-N3-N4 118.61(18) 118.92(18) 118.33(10)
CI-N3  1.332(3) 1.341(3) 1.3361(16) NI-N2-B1 124.82(18) 125.44(18) 123.87(10)
N2-B1 1.555(3) 1.547(3) 1.5623(16) N3-N4-B1 124.42(18) 124.37(18) 125.03(10)
N4-Bl 1.553(3) 1.548(3) 1.5601(17) N2-B1-N4 105.51(18) 105.76(18) 105.80(9)
BI-O1 1.457(3) 1.456(3) 1.4556(16) N2-B1-O03 113.07(19) 113.06(19) 111.00(10)
B1-03 1.463(3) 1.464(3) 1.4683(16) N4-B1-03 111.34(19) 111.52(18) 112.63(10)

N2-B1-O1 110.14(19) 110.92(19) 112.69(10)

N4-B1-O1 111.61(19) 111.80(19) 111.12(10)

O1-B1-03 105.29(18) 103.94(18) 103.77(9)

#Two crystallographically inequivalent molecules were detected in the unit cell.
3.2.3 Electrochemistry of boratatetrazines
In order to produce stable verdazyl radicals based on boratatetrazines, their
similarities to well known organic radicals must be considered. The one-electron
reduction of boratatetrazines should produce borataverdazyl radical anions, isolobal to

parent systems (Figure 3.3).

H R" "R ,R"
R\N><N/R R\N/C%\N/R
| | | |
Nﬁ/N. NYN-
R R

Figure 3.3. Isolobal relationship between type I verdazyls and borataverdazyl radical anions.
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The cyclic voltammograms of 3.15d and 3.15j have reversible one-electron
reduction waves at -0.86 V and -0.91 V against the ferrocene/ferrocenium redox couple
(Figure 3.4). The reversible nature of the redox wave implies stability of the radical
anion on the timescale of the electrochemical experiment. When the potential is
decreased beyond -1.5 V, a second irreversible multielectron process is observed. The
reversibility of the first reduction in the cyclic voltammograms, and the isolobal
relationship between type I verdazyl radicals and borataverdazyl radical anions make

3.15d and 3.15i attractive precursors to borataverdazyls.

15 pA

-3000 -2000 -1000 0 1000
Potential (mV vs Fc/Fc®)

Figure 3.4. Cyclic Voltammogram of boratatetrazine 3.15j in CH;CN containing 0.1 M
BuyN'BF, (electrolyte). Scan rate 100 mV/s.

3.2.4 Synthesis and characterization of borataverdazyls
The low reduction potential of boratatetrazines left few choices for reducing
284

agents strong enough to transfer an electron to boratatetrazines irreversibly.

Cobaltocene was chosen as it is one of few commercially available molecules with an
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oxidation potential low enough to permit electron transfer to boratatetrazines 3.15d and
3.15j.

Green radical anion salts 3.16d and 3.16i precipitate from hexanes solutions upon
addition of cobaltocene to a solution of boratatetrazine (Scheme 3.2). These salts were
not stable when dissolved in organic solvents—they decompose to the parent
boratatetrazines—including those that had been degassed via multiple freeze-pump-thaw
cycles. However, radical anions 3.16d and 3.16i were sufficiently stable in the solid-state

to allow for their characterization.

AcO, OAc B AcO, OAc 19
R. B. R B .
NN cocp, | T N
Nﬁ/N toluene NYN' g
R' R’ -
3.15d,j ~ 3.16d,j

Scheme 3.2. Synthesis of borataverdazyl radical anions 3.16d and 3.16j.

The solid-state electronic spectrum (diffuse reflectance) of radical anion 3.16j is
shown, along with precursor compounds 2.1j and 3.15j in Figure 3.5. The spectrum has a
low energy absorption at 744 nm, close to the longest wavelength absorption maxima in
the analogous organic verdazyl (2.3j; Amax = 725 nm). The solid-state electronic spectrum
of 3.16d is similar to that of 3.16j, and has a low energy absorption at 743 nm. The
similarity of the electronic spectra with those of isolobal type I verdazyls (see Figure 3.3)

provides support for the formulation of 3.16d and 3.16j as borataverdazyl radical anions.
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Figure 3.5. Diffuse reflectance spectra of 1.1% 2.1j (black line), 3.15j (red line),
and 3.16j (blue line) in BaSO,.

The solid-state EPR spectra of 3.16d and 3.16j consist of strong featureless
signals near g = 2.00, exemplified in Figure 3.6. Although little information can be
gained from the shape of the spectra, the observed g-factors rule out the possibility of

cobaltocene contamination as the solid-state EPR spectrum of cobaltocene is asymmetric

with gj=1.67 and g, = 1.74.*%

3480 3500 3520 3540 3560
Field (Gauss)

Figure 3.6. Solid-state EPR spectrum of 3.16j at room temperature.
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3.3 3-Substituted formazans

The coordination chemistry of p-diketiminates is dominated by derivatives
containing bulky N-substituents (e.g., 2,6-dimethylphenyl, mesityl, and 2,6-di-iso-

20 The synthetic pathways to most formazans do not readily allow for

propylphenyl).
analogous ligands to be prepared. For example, the triarylformazans described in
Chapter 2 were synthesized via coupling reactions between hydrazones and
aryldiazonium salts. ~ The hydrazones were synthesized upon condensation of aryl-
aldehydes with aryl-hydrazines. However, tryiarylformazans bearing ‘bulky’ substituents
cannot be produced via this pathway as the corresponding hydrazines and diazonium salts
are often unstable.

3-Substituted formazans are not as common as triarylformazans,’ but can be
synthesized by alternative syntheses that do not rely on the synthesis of hydrazones. The
3-cyanoformazans 3.17 and 3-nitroformazans 3.18 described here were synthesized via
reaction of two equivalents of aryldiazonium salts with cyanoacetic acid or nitromethane
under basic conditions, avoiding the use of arylhydrazines. Although most common
examples of B-diketiminates do not possess strong electron-withdrawing substituents, the

286-291
d,

chemistry of cyano- and nitro-substituted derivatives has been explore and their

electron-withdrawing nature shown to significantly alter the catalytic activity of resulting

complexes.**?%
R..H R
\"\l ‘l‘\l R\N/H N/R
I
CN NO,
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3.4 Structures of formazans

Triarylformazans exist exclusively as pseudo 6-membered rings in solution and
the solid-state. However, other formazans with relatively small 3-substituents have been
observed to adopt different structures. The conventional nomenclature used to describe

27 The orientation of

the structure of formazans was established in the 1950s.
substituents about the N=N bond is described using cis/trans nomenclature while the
orientation about the C=N bond is described using syn/anti nomenclature. Finally,

substitution of the C-N bond is described as s-cis or s-trans. To date crystal structures of

three different structures have been reported (Figure 3.7), each of which can be described

215, 217, 218, 296-298 299-301

as closed (trans-syn, s-cis), open (trans-syn, s-trans), or linear
. 296, 301-303 o .
(trans-anti, s-trans). From this point forward the structures of formazans will be
described using the short forms described previously, i.e., closed, open, or linear.
Formazans existing as the closed structure are generally red while the open and linear
formazans are orange and yellow respectively.”’’ The orientation adopted is substrate
dependent, and in some cases mixtures are observed. The situation is further complicated
by solvatochromism of some formazans®® and the tendency of other derivatives to

. . 2 1
interconvert photochemically.?® 30130306

R.,_H _R
NN ot
|
No N N~ N< _R Roy-No No R
T N WL
R3 R3 H R3
‘closed’ ‘open’ ‘linear'
(trans-syn, s-cis) (trans-syn, s-trans) (trans-anti, s-trans)

Figure 3.7. Common structures of formazans.



69
3.5 Synthesis and characterization of 3-cyanoformazans

3.5.1 Synthesis of 3-cyanoformazans

3-Cyanoformazans were synthesized via reaction of two equivalents of the
appropriate aryldiazonium chloride salt with deprotonated cyanoacetic acid (Scheme 3.3).
The reaction proceeded upon attack of the diazonium cation by the in sifu generated
carbanion of cyanoacetic acid. The hydrazone-type intermediates are then deprotonated
(by hydroxide or initial carbanion) and the resulting carbanion attacks a second
equivalent of aryl-diazonium cation. The carboxyl group associated with cyanoacetic
acid must also be lost during the reaction (probably as CO,), although it is not clear at

which stage this occurs.

Ry 3.17a R = pheny|
No N. R 317bR=p-tolyl
c® ﬁ/ NT 3.17¢ R = 2,6-dimethylphenyl
3.17d R = mesityl
CNCH,COOH -NaOH, R—N=N CN
’ H20 H20 or
RN N 3476 R = 2-hydroxyphenyl
NN eT T ETYEORPIEYE T ) NaHiTHE
T 347§ R = 2-methoxyphenyl | 2) Mel/THF
CN ~

Scheme 3.3. Synthesis of 3-cyanoformazans 3.17a-f.

This method was used to prepare 3-cyanoformazans 3.17a-f, some of which have
been reported previously.”*>'° However, the characterization of these compounds was
either incomplete or incorrect. Formazan 3.17f was also prepared by the selective
methylation of 3.17e through reaction of the corresponding trianion with an excess of
methyliodide. Attempts to synthesize 3-cyanoformazans with ‘bulky’ aryl substituents

larger than mesityl (i.e., 2,6-di-iso-propylphenyl or 3,5-di-tert-butylphenyl) were not
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successful, yielding a variety of highly coloured compounds. The instability of the

aryldiazonium salts involved may play a role in the failure of such reactions.

3.5.2 Solid-state properties of 3-cyanoformazans

The crystal structure of formazan 3.17d is presented in Figure 3.8. Formazan
3.17d adopts the open structure in the solid-state. The formazan backbone (N2-N1-C1-
N3-N4) has greater bond alternation than triarylformazans (see section 2.3.2). However,
the bond lengths observed would not be considered typical of N-N (N-N ~ 1.40 A, N=N
~1.24 A) and C-N (C-N ~ 1.49 A, C=N ~ 1.28 A) single and double bonds*"® (N2-N1
1.325(2) A, N3-N4 1.269 (2) A, N1-C1 1.304(2) A, N3-C1 1.392(2) A). The mesityl
substituent attached to N2 is twisted with respect to the plane defined by the formazan

backbone by 29.8°, while the mesityl ring attached to N4 is twisted by 7.3".

Figure 3.8. Molecular structure of 3.17d. Thermal ellipsoids shown at the 50% probability level.

Table 3.2. Selected bond lengths (A) and angles (deg) for 3.17d.

Atoms  3.17d Atoms 3.17d
N2-N1 1.325(2) N2-N1-C1 116.38(15)
N3-N4 1.269(2) CI1-N3-N4 112.45(14)
N1-Cl1 1.304(2)

CI-N3 1.392(2)
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Single crystals of 3.17a-¢ were significantly disordered, precluding structural
determination. Diffuse reflectance spectroscopy was employed in order to compare the
solid-state structures of 3.17a-c with that of 3.17d (Figure 3.9). The spectrum of 3.17d
has a maximum at 453 nm, with a shoulder on the low energy side at ~530 nm. The
para-tolyl and 2,6-dimethylphenyl derivatives 3.17b and 3.17¢ have similar spectral
features that suggest all three compounds exist as the open structure in the solid-state.
The spectrum of the phenyl derivative 3.17a consists of a broad maximum at 407 nm and
a small shoulder above 500 nm. It is not clear whether the spectral differences in 3.17a
are due to structure, or if the phenyl substituent (slightly withdrawing) plays a role as the

aryl substituents in 3.17b-d are all electron donating.

Reflectance (a.u.)

200 300 400 500 600 700 800
Wavelength (nm)

Figure 3.9. Diffuse reflectance spectra of 1.1% 3.17a (black line), 3.17b (red line), 3.17¢ (blue
line), and 3.17d (green line) in BaSOj,.

The solid-state structures of 3.17e and 3.17f are presented in Figure 3.10. In
contrast to the structure observed in 3.17d, they exist in the closed orientation. In 3.17e
the formazan backbone has minimal bond alternation (N2-N1 1.3101(15) A, N3-N4

1.2904(15) A, N1-C1 1.3180(18) A, C1-N3 1.3798(18) A) while in 3.17f no bond
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alternation is observed within experimental error (N2-N1 1.292(3) A, N3-N4 1.296(3) A,

N1-C1 1.355(4) A, C1-N3 1.353(4) A). Both compounds possess NH proton bridges
between N2 and N4. However, their structures appear to be influenced by the presence
of hydrogen bonds. Formazan 3.17e has both intramolecular (OH2-N3) and
intermolecular hydrogen bonds (OH1-N5"). The N-substituents are nearly coplanar with
respect to the formazan backbone; the ring attached to N2 twisted by 3.8°, and the ring
attached to N4 twisted by 3.9°. Formazan 3.17f may also benefit from additional
hydrogen bonding between O1 and O2 with H2N. However, these interactions are likely
weak due to their relatively long OH bond distances (O-H > 2.3 A). The N-substituents
in 3.17f are twisted with respect to the formazan backbone. The 2-methoxyphenyl
attached to N2 is twisted by 27.0°, and the ring attached to N4 by 4.7°. The non-planarity
of 3.17f compared to 3.17e results from steric interactions associated with the close

proximity of the methoxy substituents.
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Figure 3.10. Molecular structure of 3.17e (left) and 3.17f (right).
Thermal ellipsoids shown at 50% probability level.

Table 3.3. Selected bond lengths (A) and angles (deg) for 3.17e and 3.17f.

Atoms 3.17e¢ 3.17f Atoms 3.17¢ 3.17f
N2-N1 1.3101(15) 1.292(3) N2-N1-C1 118.13(11) 117.3(3)
N3-N4 1.2904(15) 1.296(3) CI1-N3-N4 115.11(11) 115.5(2)
NI1-C1 1.3180(18) 1.355(4)

C1-N3 1.3798(18) 1.353(4)

3.5.3 Solution properties of 3-cyanoformazans

Many previously reported 3-cyanoformazans adopt the closed structure as
evidenced by (i) their "H NMR shifts of the NH proton at approximately 15 ppm; (ii) the
absence of NH stretches in their IR spectra due to strong intramolecular N-H bonds
(exclusive to the closed structure); and (iii) their electronic spectra, which possess

maxima near 500 nm. The closed structure of 3-cyanoformazans can be unequivocally
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assigned by comparison of their properties with 3-cyanoformazans which are built into a

238, 311-314

macrocyclic structure, forcing the closed form to exist exclusively. However,

other 3-cyanoformazans have been reported, and based on their 'H NMR spectra (SNH
10-12 ppm), must adopt either the open or linear conformation.’*”-"

Table 3.4 summarizes the '"H NMR data for cyanoformazans 3.17a-d. The 'H
NMR spectra of 3.17a-d have two distinct resonances assigned to NH protons. The
dominant resonance falls between & 11.2 and 12.5 ppm, and the minor peak appears

between 6 8.8 and 9.2 ppm. Both peaks are upfield relative to the NH resonance in

formazans existing in the closed conformation.

Table 3.4. Ratio of formazan structures in solution for 3.17a-f.

compound  solvent  closed open linear
3.17a CD,Cl, 0 0.78 0.22
3.17b CD,Cl, 0 0.85 0.15
3.17¢ CD,Cl, 0 0.85 0.15
3.17d CD,Cl, 0 0.87 0.13
3.17¢  d6-DMSO 1.00 0 0
317f  d6-DMSO 0.88 0.12 0

The similarities in the "H NMR spectra of 3.17a-d, i.e., the relative positions of the major
and minor species, suggest that the identity of the major and minor species are also
similar. A representative 'H NMR spectrum for 3.17d is shown in Figure 3.11. The 'H
NMR of the minor species clearly reveal the presence of inequivalent N-substituents,
while in the major species the aryl substituents are equivalent. The 'H NMR of other
families of formazans have been studied extensively, and the open structure has been
assigned to the symmetric set of peaks.’*®*'®3'7 The equivalence of the aryl substituents
arises from rapid tautomerization (Figure 3.12), perhaps via the corresponding closed

form. In contrast, the /inear isomer does not tautomerize rapidly, rendering the N-
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substituents inequivalent. On the basis of this argument, the major species for 3.17a-d is

assigned as the open structure and the minor species as the linear structure.
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Figure 3.11. 'H NMR spectrum of 3.17d in CD,Cl,.

R.-H R. .H. _R H. R
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Ny - N:-N R. _N__N
CN CN CN

Figure 3.12. Tautomerization of open formazans.

3-Cyanoformazans 3.17e and 3.17f exist predominantly as the closed structure in
solution with minor components of the open form. The NMR spectra of these
compounds were obtained in d6-DMSO (low solubility in CD,Cl,), precluding direct
comparison with other 3-cyanoformazans. However, it is worth noting that related ortho-

functionalized 3-cyanoformazans appear to be closed in other solvents.>*3!!-14
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The solution electronic spectra of 3-cyanoformazans 3.17a-f are presented in
Figure 3.13. Their absorptions in the visible region are highly substrate dependent. The
visible bands—spanning a range of nearly 200 nm—are believed to be charge transfer in
nature due to their extremely high extinction coefficients and solvatochromism.’** The
para-tolyl derivative 3.17b has its lowest energy absorption at 453 nm, red shifted by 40
nm relative to the phenyl-substituted derivative 3.17a due to its increased electron
donating ability. The 2,6-dimethylphenyl groups in 3.17¢ lead to a strong blue shift (Anax
= 381 nm) compared to 3.17a or 3.17b, however, the introduction of an additional para-
methyl substituent in 3.17d causes a red shift compared to 3.17¢ (Amax = 423 nm).
Compounds 3.17e and 3.17f exist mainly in the closed structure and have multiple
absorptions above 450 nm, redshifted substantially from other 3-cyanoformazans. The
ortho-hydroxyphenyl derivative 3.17e has the lowest energy absorption of all of the 3-
cyanoformazans, perhaps due to increased delocalization associated with a fixed
conformation resulting from multiple hydrogen bonding interactions within the closed

(coplanar) structure.



77

27500 -
22500 -

F'g 17500 -
F';o 12500 -
7500 QA
2500

-2500 - | | | | |
250 350 450 550 650 750
Wavelength (nm)

Figure 3.13. Electronic spectra of 3.17a (black line), 3.17b (red line), 3.17¢ (blue line), 3.17d
(green line), 3.17e (purple line), and 3.17f (orange line) in CH,Cl,.
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3.6 Synthesis and characterization of 3-nitroformazans

3.6.1 Synthesis of nitroformazans

3-Nitroformazans were synthesized using similar methodologies to the synthesis
of 3-cyanoformazans, using nitromethane instead of cyanoacetic acid (Scheme 3.4). This
route was employed for 3.18a, and 3.18b which conveniently precipitate from aqueous
solution. However, attempts to synthesize 3-nitroformazans bearing bulky N-subsituents
this way were not successful. In the nitromethane systems even the presence of ortho-
methyl groups causes the reaction to fail; the 2,6-dimethylphenyl derivative 3.18¢ has
been made previously in 1 % yield.””’

CI@@ R._.H R

S "N”NT
MeNO, NaOH_~ N=N"R Ne N 3.18a R = phenyl
H,O H.0 ﬁ/ 3.18b R = p-tolyl
NO,

Scheme 3.4. Synthesis of 3-nitroformazans 3.18a and 3.18b under aqueous conditions.
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In order to produce 3-nitroformazans with bulky aryl substituents (3.18c-f)

anhydrous synthetic routes were developed. The tetrafluoroborate salts of the
aryldiazonium cations’'® were stable enough under such conditions to couple with
deprotonated nitromethane producing 3-nitroformazans in reasonable yields (Scheme
3.5).
nBuli N=N-R o R 3.48c R = 2,6-dimethyiphenyl
MeNO, 4F> —_— ,‘\l ‘l‘\l 3.18d R = mesityl

TH THF ﬁ/ 3.18e R = 2,6-di-iso-propylphenyl
NO, 3.18f R = 3,5-di-tert-butylphenyl

Scheme 3.5. Synthesis of 3-nitroformazans 3.18c¢-f under anhydrous conditions.

3.6.2 Solid-state properties of 3-nitroformazans

The crystal structures of 3.18b and 3.18d are shown in Figure 3.14. Formazan
3.18d exists as the closed structure in the solid-state. As is the case for other structurally
characterized formazans existing as the closed structure, the formazan backbone is highly
delocalized with minimal bond alternation observed (N1-N2 1.299(2) A, N4-N3 1.282(2)
A, N1-C1 1.322(2) A, N3-C1 1.357(2) A). The mesityl substituents in 3.18d are twisted
significantly with torsion angles of 26.8" (ring attached to N2) and 47.2° (ring attached to
N4) relative to the formazan backbone. The nitro group is also twisted by 14.7° with
respect to the formazan plane. The structure of 3.18b is similar to 3.18d (see Table 3.5),
confirming the closed structure. The N-substituents are twisted (17.3" and 3.6°) and the

nitro group is twisted by 23.4° with respect to the formazan plane.



Figure 3.14. Molecular structure of 3.18b (left) and 3.18d (right). Thermal Ellipsoids
shown at 50% probability level.

Table 3.5. Selected bond lengths (A) and angles (deg) for 3.18b and 3.18d.

Atoms _ 3.18b 3184  Atoms 3.18b 3.18d
N2-NI  1.305(2) 1.299(2) N2-NI-C1 117.19(15) 117.81(15)
N3-N4 1.2877(19) 1.282(2) CI1-N3-N4 114.59(15) 114.44(15)
NI-Cl 1.320Q2) 1.322(2)
CI-N3 1357(2) 1357(2)

3.6.3 Solution properties of 3-nitroformazans

A representative 'H NMR spectrum of 3.18d is presented in Figure 3.15. The 'H
NMR spectra of 3-nitroformazans are similar to those of triarylformazans (see section
2.3.1), i.e., the N-substituents are equivalent, and the bridging N-H proton is deshielded

(5 14.42-15.43 ppm for 3.18a-f).
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Figure 3.15. 'H NMR spectrum of 3.18d in CD,Cl,.

The electronic spectra of 3.18a-f are presented in Figure 3.16. Within the series,
there is little substrate dependence observed for the high energy absorption (Amax = 325-
342 nm). The primary visible absorption maxima fall between 398-464 nm, with
additional shoulders observed on the low energy size of the maxima in most cases. In
contrast to 3-cyanoformazans, direct comparison of substituent effects in 3-
nitroformazans is possible as they all adopt the closed conformation. For 3-
nitroformazans that do no possess ortho-substituted phenyl substituents, the Amax of the
visible maxima increases with electron donating ability of the aromatic group (3.18a, Amax
= 452; 3.18b, Apax = 464; 3.18f, hnax = 470 nm). The formazans with ortho-methyl
substituents are considerably blue-shifted (3.18¢, Amax = 425; 3.18d, Apax = 432 nm) while

the 2,6-di-iso-propylphenyl derivative 3.18e is further blue shifted (Amax = 398 nm),
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suggesting that the N-substituents in 3.18¢, 3.18d, and 3.18e are twisted relative to the

formazan backbone, with twisting in 3.18e having the greatest effect due to increased

steric bulk on the N-substituents.

-2500 | |

250 350 450 550 650 750
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Figure 3.16. Electronic spectra of 3.18a (black line), 3.18b (red line), 3.18¢ (blue line), 3.18d
(green line), 3.18e (purple line), and 3.18f (orange line) in CH,Cl,.

3.7 Transition metal complexes of formazans

3.7.1 Synthesis and characterization of a copper(ll) complex of 3.10f

Copper (II) complex 3.19 was synthesized via deprotonation of cyanoformazan
3.17f with NaH to afford the sodium salt, followed by addition of CuCl, (Scheme 3.6).
After several hours the solution changed from red-brown to dark purple, and a small

amount of NaCl was present as a precipitate.
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Scheme 3.6. Synthesis of copper (II) complex 3.19.

The room temperature EPR spectrum of 3.19, collected from a microcrystalline
sample, is consistent with the unpaired electron occupying the d,2.,2 orbital’"® with g =
2.174, and g,= 2.064. The room temperature magnetic moment of 2.08 x5 1s consistent
with a copper (II) ion with g > 2. The IR spectrum of 3.19 has v(CN) = 2225 cm™ which

is unchanged relative to free ligand 3.17f (2224 cm™).

___J\/\

2750 3000 3250 3500 3750 4000
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Figure 3.17. Solid-state EPR spectrum of copper (II) complex 3.19 at room temperature.

X-ray quality crystals of 3.19 were grown via diffusion of hexanes into a
dichloromethane solution. The molecular structure of 3.19 is shown in Figure 3.18. The

formazan ligand backbone is delocalized (N2-N1 1.297(4) A, N4-N3 1.286(4) A, N1-C1
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1.340(5) A, N3-C1 1.354(5) A). The 2-methoxyphenyl substituents are twisted with

respect to the N1, N2, N3, N4 formazan plane by 23.76° (ring attached to N2) and 25.61°
(ring attached to N3). The geometry around the copper ion is unusual, and can only be
described as pseudo five coordinate (Cu-O2 2.479(2) A). The copper atom lies above the
plane of the formazan ring by 0.487 A, while O1 and O2 lay 0.188 A and 1.237 A out of
the plane of the formazan. CI1 points away from the formazan ligand, rather than

perpendicular to the formazan ligand as in conventional geometries.

Figure 3.18. Molecular structure of 3.19. Thermal ellipsoids shown at 50% probability level.
Hydrogen atoms removed for clarity.

Table 3.6. Selected bond lengths (A) and angles (deg) for 3.19.

Atoms 3.19 Atoms 3.19
N2-N1  1.297(4) N2-N1-C1 118.9(3)
N3-N4  1.286(4) N4-N3-C1 118.5(3)
N1-C1  1.340(5) NI-N2-M  127.8(3)
N3-C1  1.354(5) N3-N4-M  127.8(3)
N2-M  1.928(3) N2-M-O1 80.10(12)
N4-M  1.946(3) N4-M-02 71.26(10)
M-O1  2.068(3) N2-M-N4 87.62(13)
M-02 2479(2) 02-M-O1  97.47(9)
M-CI1 2.2147(10) N2-M-CI1  155.37(9)
N4-M-CI1 103.61(10)

The electronic spectra of 3.17f and 3.19 are presented in Figure 3.19. Compound
3.19 has a large ligand-based absorption at Ay.x = 547 nm. Comparison with free ligand

3.17f reveals a red shift from Apax = 464 nm.
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Figure 3.19. Electronic spectra of 3.17f (black line) and 3.19 (red line) in CH,Cl,.
3.7.2 Synthesis and characterization of metal complexes of 3.17e.

3-Cyano-1,5-(2-hydroxyphenyl)formazan 3.17e and two equivalents of pyridine
were complexed to iron (III) and cobalt (III) to afford complexes 3.20a and 3.20b
respectively (Scheme 3.7). 3.20a was prepared via deprotonation of ligand 3.17e with 3
equivalents of NaH to afford the trisodium salt, followed by the addition of FeCl; and an
excess of pyridine producing three equivalents of NaCl and complex 3.20a. Complex
3.20b was prepared similarly, however, upon treatment with CoCl, and pyridine the
reaction flask was exposed to air, allowing oxidation from cobalt (II) to cobalt (III)

affording complex 3.20b.
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Scheme 3.7. Synthesis of iron (III) and cobalt (III) complexes 3.20a and 3.20b.

At room temperature, 3.20a did not yield an EPR signal in solution or the solid-
state. The room temperature magnetic moment was 1.82 g, indicating the iron (III) ion
is low-spin. The IR spectrum of 3.20a has v(CN) = 2225 cm™', lower than that of the free
ligand (2236 cm™). The IR spectrum of 3.20b has v(CN) = 2219 cm’™, once again shifted
to lower energy than the free ligand. It is not immediately obvious why the nitrile stretch
decreases in energy for 3.20a and 3.20b, although it does illustrate that a lower nitrile
stretching frequency confirms the coordination of a metal to 3.17e. The 'H NMR
spectrum of 3.20b is consistent with a single pyridine environment, as well as a single
aromatic environment for ligand 3.17e. The equivalent pyridine rings give rise to a triplet
at 7.41 ppm, a doublet at 7.37 ppm, and a triplet at 6.91 ppm. The aromatic environment
of the phenol rings of the ligand gives rise to a doublet of doublets at 7.99 ppm, a doublet

of doublets at 7.14 ppm, a triplet of doublets at 6.98 ppm, and a triplet of doublets at 6.53

ppm.
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X-ray quality crystals of 3.20a and 3.20b were grown via solvent diffusion of

hexanes into dichloromethane solutions. Both complexes crystallize as dichloromethane
solvates. Compounds 3.20a and 3.20b were isostructural, and as such only 3.20a
(Figure 3.20) will be discussed in detail here. Within experimental error, the formazan
ligand backbone has no bond alternation (N2-N1 1.310(3) A, N4-N3 1.310(3) A, N1-C1
1.352(4) A, N3-C1 1.347(4) A), and the N-substituents are coplanar with the N1, N2, N3,
N4 formazan plane (ring attached to N2 twisted by 1.45°, and ring attached to N4 twisted
by 3.65°). The iron (III) center lies within a nearly perfect octahedral field, slightly
above the plane of the formazan (0.007 A above). The two pyridine substituents are

nearly coplanar (twisted by 4.87°) and are perpendicular to the plane of the formazan

(89.61° and 89.84°).

Figure 3.20. Molecular structure of 3.20a and 3.20b. Thermal ellipsoids shown at 50%
probability level. Hydrogen atoms removed for clarity.
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Table 3.7. Selected bond lengths (A) and angles (deg) for 3.20a and 3.20b.

Atoms _ 3.20a 3.20b Atoms 3.20a 3.20b

(M=Fe) (M=Co) (M=Fe¢) (M= Co)
N2-N1  13103) 1.288(3) N2-NI-CI  117.6(2)  117.5Q2)
N3-N4 13103) 1.286(3) N4-N3-Cl  118.02) 117.8Q2)
NI-Cl  1352(4) 1357(4) NI-N2-M  128.83(17) 128.17(17)
N3-Cl  1.347(4)  1.3584) N3-N4-M  128.45(18) 127.79(19)
N2-M  1.846(2)  1.856(2) N2-M-Ol  86.29(8)  86.42(9)
N4-M  1.849(2) 1.860(2) N4-M-02  86.08(8)  85.97(9)
M-O1 19121(17) 1.8979(17) N2-M-N4  93.49(9)  94.22(10)
M-02 1.9218(18) 1.9075(18) 02-M-O1  94.17(7)  93.41(8)
M-N30  2.0102)  1.966(2) N30-M-N40 175.96(8)  177.26(8)
M-N40  1.997(2)  1.954(2)

The electronic spectra of 3.17e, 3.20a, and 3.20b are presented in Figure 3.21.
Complexes 3.20a and 3.20b have ligand-based transitions at Ay.x = 484 nm for 3.20a and
Amax = 483 and 503 nm for 3.20b. Complexes 3.20a and 3.20b also have multiple charge
transfer bands in their electronic spectra. For 3.20a, these bands occur at Ayax = 592 nm
and 631 nm, and for 3.20b the charge transfer bands occur at A, = 608 nm and 658 nm.
Comparison to the UV-vis spectrum of 3.17e confirms that these bands must be
associated with the transition metal (d-d, LMCT or MLCT) as similar transitions are not

observed in the spectrum of the free ligand 3.17e.
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Figure 3.21. Electronic spectra of 3.17e (black line), 3.20a (red line),
and 3.20b (blue line) in CH,Cl,.

3.7.3 Synthesis and characterization of nickel (ll) complexes of formazans.
Hydroxide-bridged nickel (IT) complex 3.21 was the major product when one or
two equivalents of 3.17¢ were reacted with Ni(OAc),4H,O at gentle reflux in EtOH
(Scheme 3.8). The structure of the complex confirms ligand isomerization in solution to
form a 6-membered ring upon coordination as opposed to coordinating directly from the

open form of the free ligand to form a 5-membered ring.

R 4 R
R. _H ‘ ‘
N Ni(OAC), 4H,0 NC%!\‘"N\N(QN{N--"\‘) N
Nﬁ/N\N/R EtAOH N;N \O/ \N:N
CN | R H R
3.17c R = 2,6-dimethylphenyl 3.21

Scheme 3.8. Synthesis of nickel (II) complex 3.21.

The IR spectrum of 3.21 has v(CN) = 2229 cm™' (shifted from 2219 cm™ in the

free ligand) as well as a sharp stretch at 3603 cm™ due to bridging hydroxide ligands.
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The bridged structure is formed as the ligand is too bulky to form a square planar
homoleptic complex. Analysis of the 'H NMR spectrum of 3.21 reveals high symmetry
with only one resonance for methyl groups at 2.41 ppm, a doublet at 6.73 ppm and a
triplet at 6.87 ppm for the aromatic protons of the equivalent aromatic rings, as well as a
singlet at -6.94 ppm due to bridging hydroxides in a shielded environment. Similar
chemical shifts have been observed in hydroxide bridged nickel complexes, even those in
which flanking aryl substituents are not present.”*” **!  The '*C NMR spectrum also
supports the presence of equivalent aromatic rings.

Well formed, large crystals of 3.21 were grown via solvent diffusion of pentane
into a dichloromethane solution. The crystals contain 1.25 dichloromethane molecules
per complex, and are disordered with respect to the bridging oxygen atoms (O1l). The
asymmetric unit (Figure 3.22) consists of one quarter of the complex with the other three
quarters generated by rotation about a two fold axis along b, an inversion center, and a
mirror plane perpendicular to . The formazan ligand backbone is delocalized, and has a
mirror plane perpendicular to the formazan plane down the axis formed by N3-C2-C1-Ni.
The Ni-Ni* bond distance of 2.898 A is consistent with other bimetallic, hydroxide
bridged square planar nickel complexes.””**** The N2-N1-C1-N1*-N2* plane tilts away
from the Ni-O1-Ni*-O1* plane at an angle of 11.05°. The nickel atoms lic 0.211 A
above the N2-N1-CI-NI1*-N2* plane of the formazan, and the 2,6-dimethylphenyl
substituents attached to N2 are twisted perpendicular (85.39°) with respect to the plane of
the formazan ligand. This twisting behavior is similar to that observed in complexes of

291, 325-327

B-diketiminates with 2,6-dimethylphenyl substituents. This behavior has not
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been reported previously in formazans as very few with ortho-substituted N-aromatic

substituents exist, and no examples of their complexes have been reported.

Figure 3.22. Molecular structure of 3.21. Thermal ellipsoids shown at 50% probability level.
Hydrogen atoms (excluding hydroxide protons) removed for clarity.

Table 3.8. Selected bond lengths (A) and angles (deg) for 3.21.

Atoms 3.21 Atoms 3.21
N2-N1  1.288(2) N2-N1-C1 119.32(17)
NI1-C1 1.3449(19) NI-N2-Ni 128.60°
N2-Ni 1.8270(15) Ni-O1-Ni* 102.81(18)
Ni-Ni* 2.898

Ni-O1 1.854(2)

Nickel (IT) complex 3.22 was the major product when one or two equivalents of
ligand 3.18b were reacted with Ni(OAc), 4H,0 at gentle reflux in ethanol (Scheme 3.9).
The lack of steric bulk on the ortho-positions of the N-substituents allows for two
formazans to bind to the same metal ion. The IR spectrum of 3.22 was simplified
compared to that of the free ligand. The 'H NMR spectrum is consistent with a high
symmetry species as all of the N-substituents are equivalent. Two doublets at 7.42 and
7.00 ppm as well as a single methyl resonance at 2.34 ppm were observed in the 'H

NMR, consistent with the para-tolyl substituted ligand. The *C NMR spectrum also
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revealed a high symmetry species in solution, confirming the equivalence of the N-

substituents.

R R R

N—N : N=N N=N

v Ni(OAc),4H,0 G 4 X

20N H (T()DZHZ» ON—( N —NO,

N=N A N=N" 'N=N
R R =p-tolyl R R
3.18b 3.22

Scheme 3.9. Synthesis of nickel(Il) complex 3.22.

X-ray quality crystals were grown via the slow diffusion of pentane into a
dichloromethane solution of 3.22. The molecular structure (Figure 3.23) contains
disordered methyl substituents (C27) on the para-tolyl ring attached to N2, and has an
inversion center at the nickel (II) ion. Inspection of the formazan backbone (N2-N1
1.293(3) A, N4-N3 1.295(3) A, N1-C1 1.337(3) A, N3-C1 1.330(3) A) reveals a highly
delocalized structure in the solid-state. The nickel atom lies 0.833 A above the N2, N1,
N3, N4 plane of the formazan ligands, and the ligand planes are separated by 1.666 A.
The N2, N4, Ni, N2*, N4* plane lies at an angle of 37.34° with respect to the N2, N1,
N3, N4 plane of the formazan ligands. Each of the para-tolyl rings are significantly bent
away from the metal center by 33.38° for the ring attached to N4, and 21.38° for the ring
attached to N2 differing from the twisting observed in 3.21. The side view of 3.22 reveals
a metallacyclic ring in a boat conformation, with evidence of the pyramidalization of C1
(20 = 356.7°). These features are consistent with those reported for similar nickel

263, 328
complexes.”
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Figure 3.23. Molecular structure of 3.22. Thermal ellipsoids shown at 50% probability level.
Hydrogen atoms removed for clarity.

Table 3.9. Selected bond lengths (A) and angles (deg) for 3.22.

Atoms 3.22 Atoms 3.22
N2-N1 1.293(3) N2-N1-C1 116.8(2)
N3-N4 1.295(3) N4-N3-C1 116.8(2)
N1-C1 1.337(3) NI-N2-Ni 122.97(18)
N3-C1 1.330(3) N3-N4-Ni 122.79(18)
N2-Ni 1.867(2) N2-Ni-N4 85.66(10)
N4-Ni 1.880(2)

A palladium complex 3.23 has been reported to have similar structure.”” In 3.23,

the palladium center lies 1.057 A above the N2, N1, N3, N4 plane and the N2, N4, Ni,

N2*, N4* plane lies at an angle of 43.16° with respect to the plane of the formazan

ligand. The para-tolyl substituents attached to N2 and N4 are twisted by 36.34° and

21.90° respectively, similar to the structure of 3.22. An analogous complex to 3.22 was

not isolated with a cyano-substituent at the 3-position of the formazan ring as the

products were not soluble in common organic solvents, perhaps indicating that an

extended (polymeric) structure was generated through metal coordination of the nitrile

groups.
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The reaction of one or two equivalents of nitroformazan 3.18d with
Ni(OAc),4H,0 in refluxing methanol yields complex 3.24 (Scheme 3.10). The bridging
hydroxide ligands in 3.24 are confirmed by a sharp alcohol stretch at 3601 cm™ in the IR

spectrum, and by a singlet at -6.61 ppm in the "H NMR spectrum.

R 4 R
R R - N=N O N=N
NN Ni(OAc)4H0 - | N—é’u N(‘N{__E%—No
N MeOH TONEN GO
A . | H |
NO, R = mesityl R R
3.18d 3.24

Scheme 3.10. Synthesis of nickel (IT) complex 3.24.

Well formed crystals of 3.24 were grown via vapor diffusion of pentane into a
dichloromethane solution. The crystals contain one n-pentane molecule for every two
complex molecules, and the bridging oxygen atoms (O1) are disordered. The formazan
ligand backbone is delocalized (N2-N1 1.2882(18) A, N4-N3 1.2860(18) A, N1-C1
1.332(2) A, N3-C1 1.338(2) A), and the complex possesses an inversion center (Figure
3.24). The Ni-Ni* bond distance of 2.891 A is consistent with that observed in 3.21. The
N2-N1-C1-N3-N4 plane is twisted at an angle of 20.19° with respect to the Ni-O1-Ni*-
O1* plane, differing from 3.21 where a mirror plane runs through the molecule. This
twisting causes the N-bound mesityl rings to be unique in the solid-state. The nickel (II)
ion lies 0.302 A above the N2-N1-C1-N3-N4 plane, and the mesityl groups are nearly

perpendicular to it with twisting of the N2-bound mesityl ring by 77.36°, and the N4-
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bound mesityl ring by 83.26°. The twisting behavior, although not as pronounced, is
consistent with that observed in 3.21, and serves as further evidence that the N-

substituents of formazans readily twist when ortho-substituents are introduced.

Figure 3.24. Molecular structure of 3.24. Thermal ellipsoids shown at 50% probability level.
Hydrogen atoms (excluding hydroxides) removed for clarity.

Table 3.10. Selected bond lengths (A) and angles (deg) for 3.24.

Atoms 3.24 Atoms 3.24
N2-N1 1.2882(18) N2-N1-C1 118.36(13)
N3-N4 1.2860(18) N4-N3-C1 118.22(13)
N1-Cl1 1.332(2)  NI1-N2-Ni  127.91(11)
N3-Cl1 1.338(2)  N3-N4-Ni  128.20(11)
N2-Ni  1.8304(13) N2-Ni-N4  92.54(6)
N4-Ni  1.8305(13) Ni-O1-Ni*  100.0(2)
Ni-Ni* 2.891%

Ni-Ol 1.891(5)

Ni-O1*  1.884(5)

The electronic spectra of 3.21, 3.22, and 3.24 absorb in the low energy region of
the visible spectrum between 620-673 nm (Figure 3.25). The origin of these absorptions
is not fully understood, but is believed to involve the nickel (II) ion. The extinction

coefficients between 1950-10000 Lemol'ecm™ would be considered high for d-d
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transitions, and thus can be assigned to either ligand-metal (LMCT) or metal-ligand
charge transfer (MLCT). The contribution from ligand-based transitions to the electronic
spectra differs significantly in complexes 3.21, 3.22, and 3.24. Complex 3.21 does not
have any significant absorptions due to ligand-based transitions in its electronic spectrum.
However, this behavior cannot be compared directly to the free ligand as it is known to
exist in the open configuration. In contrast, for complex 3.22 absorption maxima exist at
Amax = 409 nm (g = 27500 L°m01'1°cm'l) and in 3.24 at Apax = 392 nm (g = 14750 Lemol
'ecm™). In 3.22, the N-substituents are not twisted with respect to the plane of the
formazan backbone, while in 3.24 the substituents are twisted. This twisting decreases
the extent of electron delocalization as observed in the extinction coefficients of each
complex, i.e., the larger extinction coefficient observed in 3.22 is directly related to

increased delocalization of the n-system compared to 3.24.
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Figure 3.25. Electronic spectra of 3.21 (black line), 3.22 (red line),
and 3.24 (blue line) in CH,Cl,.
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3.8 Synthesis and characterization of palladium-formazan complexes

3.8.1 Synthesis of palladium-formazan complexes

In order to further study the coordination chemistry of formazans, a series of
monometallic complexes containing redox inactive metals and one formazan ligand were
targeted. The complexes described were prepared by refluxing one equivalent of the
appropriate  formazan with bis(1,1,1,5,5,5-hexafluoroacetylacetonato)palladium in
methanol for two hours (Scheme 3.11). Similar triarylformazan complexes have been
reported, but were isolated in low yields as side products during the preparation of
bis(formazanato)palladium complexes.”® Complex 3.25e is the first formazan complex

where the N-substituents of the formazan are 2,6-di-iso-propylphenyl groups.

o)

Pd(hfac), + |
\YN MeOH TN °N
A ’\\l ]

N02 Y

3.18a,d,e NO,

3.25b R = p-tolyl
3.25d R = mesityl
3.25e R = 2,6-di-isopropylphenyl

Scheme 3.11. Synthesis of palladium complexes 3.25b, 3.25d, and 3.25e.

3.8.2 Solid-state properties of palladium-formazan complexes

X-ray quality crystals of 3.25b were obtained via slow cooling of a saturated
methanolic solution. The molecular structure of 3.25b is shown in Figure 3.26. The
bond lengths within the formazan backbone indicate that it is delocalized (N2-N1
1.279(2) A, N4-N3 1.277(2) A, N1-C1 1.333(3) A, N3-C1 1.327(3) A), similar to

complexes of 3-nitroformazans discussed previously. The para-tolyl substituents are
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twisted with respect to the formazan plane (N2-N1-N3-N4) at torsion angles of 21.00°

(ring attached to N2) and 23.46° (ring attached to N4). The geometry around the
palladium center is square planar, however, the square plane (PdN,O,) lies at an angle of
27.71° relative to the formazan ligand backbone and the palladium ion lies 0.699 A out of
the plane of the formazan as a result of steric repulsion between the hfac ligand and the
1,5-para-tolyl substituents of the formazan. The meso carbon (C1) is also displaced from
the formazan ligand plane by 0.171 A, as observed in other metal complexes of

208, 263
formazans.”™"

Figure 3.26. Molecular structure of 3.25b top view (left) and side view (right). Thermal
ellipsoids shown at 50% probability level.

Table 3.11. Selected bond distances (A) and bond angles (deg) for 3.25b.

Atoms 3.25b" Atoms 3.25b"
Molecule A Molecule B Molecule A Molecule B
N2-N1  1.279(2) 1.284(2)  NI-N2-Pd 122.91(13) 123.86(12)
N4-N3  1.277(2) 1.276(2) N3-N4-Pd 123.80(13) 124.10(12)
NI-C1  1.333(3) 1.327(2) N2-Pd-N4  86.71(6) 88.15(6)
N3-C1  1.327(3) 1.332(2) N2-Pd-O3  93.75(6) 90.57(6)
N2-Pd 1.9859(15) 1.9912(14) N4-Pd-O4  89.88(6) 91.12(5)
N4-Pd  1.9811(15) 1.9866(15) O3-Pd-O4  89.42(5) 89.99(5)
O3-Pd  2.0464(13) 2.0394(12) C4-C3-03 129.58(18) 129.62(17)
04-Pd  2.0310(13) 2.0460(12) C4-C5-04 128.78(17) 129.23(17)
“Two crystallographically inequivalent molecules were detected in the unit cell.
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X-ray quality crystals of 3.25d were obtained by slow evaporation of a

dichloromethane solution in a NMR tube. The molecular structure of 3.25d (Figure
3.27) is similar to 3.25a, including (i) a delocalized ligand backbone (N2-N1 1.280(4) A,
N4-N3 1.277(4) A, N1-C1 1.329(4) A, N3-C1 1.339(4) A), (ii) the palladium ion is
displaced from the formazan plane (0.452 A), (iii) the square plane of the palladium is
not coplanar with the formazan ligand backbone (27.17°), and (iv) the formazan adopts a
pseudo boat conformation (C1 displaced by 0.127 A). However, the the aryl rings are
twisted with respect to the formazan plane by 62.55° (ring attached to N2) and 56.40°
(ring attached to N4) in 3.25d. The twisting behavior of the N-substituents in 3.25d is
consistent with other transition metal complexes of formazans where the N-substituents

are ortho-substituted.

Figure 3.27. Molecular structure of 3.25d top view (left) and side view (right). Thermal
ellipsoids shown at 50% probability level.
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Table 3.12. Selected bond distances (A) and bond angles (deg) for 3.25d.

Atoms  3.25d Atoms 3.25d

N2-N1 1.280(4) NI1-N2-Pd 125.2(2)
N4-N3 1.277(4) N3-N4-Pd 125.4(2)
N1-C1 1.329(4) N2-Pd-N4 89.48(11)
N3-Cl1 1.339(4) N2-Pd-O3 89.51(11)
N2-Pd 1.959(3) N4-Pd-O4 90.46(10)
N4-Pd 1.963(3) 0O3-Pd-O4 90.48(9)
03-Pd 2.030(2) C4-C3-O3 128.4(3)
04-Pd 2.042(2) C4-C5-04 129.1(3)

3.8.3 Solution properties of palladium-formazan complexes

The NMR spectra of 3.25b, 3.25d, and 3.25e all have resonances due to equivalent
N-substituents. Complexes 3.25b, 3.25d, and 3.25e do not isomerize in solution, as
observed in a similar B-diketiminate complex 3.26, which rapidly ring opens to form a
four membered metallacycle 3.26° at room temperature.’” It is not clear whether the lack
of isomerisation is due to increased ligand strength of the formazan compared to the -
diketiminate, or whether the introduction of the fluorine atoms into the acetyl acetonate
backbone increases the electron affinity of the palladium center, thereby increasing the

strength of the Pd-N bonds.

o . o. 0O
R, Pd R — Pd

N R-N_ \

3.26 3.26'

The electronic spectra of 3.25b, 3.25d, and 3.25e are presented in Figure 3.28.
The primary electronic transition giving rise to the colour of formazans and their
complexes has previously been assigned to a ligand-ligand charge transfer between the
formazan chromophore and its N-substituents. The major absorption in the electronic

spectra of complexes 3.25b, 3.25d, and 3.25e are redshifted relative to the corresponding
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free ligands due to the fixed conformation of the formazanato anion. The electronic
spectrum of 3.25b is further red shifted relative to 3.25d and 3.25e due to the near-
planarity of the formazanato ligand and the para-tolyl N-substituents. The delocalization
in 3.25d and 3.25e is thus disrupted by twisting of the ortho-substituted N-substituents,

which is corroborated by the solid-state structures.
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Figure 3.28. Electronic spectra of 3.25b (black line), 3.25d (red line),
and 3.25e (blue line) in CH,Cl,.

3.8.4 Electrochemical properties of palladium-formazan complexes

The CVs of 3.25b, 3.25d, and 3.25e (Figure 3.29) consist of irreversible reduction
waves. Complex 3.25b is irreversibly reduced at a cathodic peak potential of -0.92 V,
while 3.25d and 3.25e are reduced at -1.16 V and -1.18 V respectively. The
irreversibility is indicative of the instability of the “palladaverdazyl” radical anions
generated.  Previously studied borataverdazyl radical anions exhibited reversible

reduction waves under similar conditions, indicating their stability on the time scale of
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the experiment. Complexes 3.25b, 3.25d, and 3.25e are more difficult to reduce than

borataverdazyl analogues.

40 pA
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Figure 3.29. Cyclic voltammograms of 3.25b (top), 3.25d (middle), and 3.25e (bottom) in
CH;CN containing 0.1 M BuyN'BF, (electrolyte). Scan rate 100 mV/s.

The lower reduction potential for 3.25b is consistent with the hypothesis made
from the electronic spectra, whereby increased planarity leads to increased delocalization
lowering the energy of the LUMO. In all three complexes instability of the reduced
species precludes further investigation of electrochemical properties.

The difficulty in reduction of complexes 3.25b, 3.25d, and 3.25e¢ may seem
curious given the presence of strong electron-withdrawing groups both on the formazan
as well as the ancillary (hfac) ligand on the palladium ion. Boratatetrazines 3.15 do not
possess strong electron-withdrawing substituents but are easier to reduce. The

differences in electrochemical properties between the boratetrazines and 3.25b, 3.25d,
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and 3.25e may actually relate to the nature of the formazan interaction with boron or
palladium. The BN bonds in 3.15 are likely to be relatively more covalent than the PAN
bonds in 3.25b, 3.25d, and 3.25e. As such the radical anions of 3.15 are isolobal to Type
I verdazyls, and the electron deficiency of the boron center serves to accommodate the
negative charge associated with chemical reduction. In contrast, the reduction of 3.25 to
give a radical anion would require the additional charge to be accomodated substantially
by the formazan ligand, rendering it a radical dianion. As suggested by the
electrochemical data, the high negative charge associated with the reduced species does

not lend itself to chemical stability despite the presence of strong electron withdrawing

groups.
F3C.__a.__CF3 FsC.__a. _CFj
{ {
. O o 0
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R\N/ \N/R w» R\N/ \N/R
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3.9 Summary

This chapter highlights significant advances in the coordination chemistry of
formazans. Boratatetrazines, the first main group complexes of formazans were
synthesized and structurally characterized revealing highly delocalized ligand backbones.
Their electrochemistry and conversion to borataverdazyl radical anions was studied, and
although the stability of the resulting radicals did not rival organic analogues, the isolobal

relationship with organic verdazyls was discussed, and their properties explored. After
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encountering significant challenges in the purification and crystallization of complexes of
triarylformazans, 3-substituted formazans were synthesized as alternatives.

3-Substituted formazans have been shown to exist as closed and open conformers.
The structural preference of each formazan appears to be governed by steric bulk
associated with the 1,3,5-substituents. When the atom directly attached to C3 is small,
formazans generally exist as the open structure, while formazans bearing relatively larger
C3-substituents exist in the closed form. The structural preferences of 3-cyanoformazans
appear to be more complex than simple steric arguments. The linear nature of the cyano-
substituent allows for the open structure to be readily accessible, consistent with alkyl

296, 297, 301 .
4.2 27 However, in cases where heteroatoms are

formazans previously studie
incorporated hydrogen bonding interactions appear to influence the structure allowing the
closed structure to exist. 3-Nitroformazans exist exclusively in the closed form due to the
relative bulk of the nitro-substituent. The structural properties discussed lead to the
conclusion that the 3-substituent alone does not govern the preferred orientation adopted
by each formazan.

The coordination chemistry of 3-cyano- and 3-nitroformazan was also described.
Previous examples of metal-formazan complexes have not been well characterized, and
no structurally characterized complexes of 3-cyano- or 3-nitroformazans have been
reported prior to this work. All of the coordination chemistry explored produced six-
membered metallacycles. This is of particular interest for 3-cyanoformazans adopting an
open conformation as they were shown to isomerize in solution. In a broader context,

this may suggest that the preferred structure of formazans may not have a significant role

in its preferred mode of coordination.
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Electron poor palladium complexes of 3-nitroformazans were synthesized with
emphasis placed on their utility as precursors to metallaverdazyl radical anions. Such
complexes were irreversibly reduced electrochemically, and palladaverdazyls were not
isolated. In order to achieve metallaverdazyls, it is now apparent that the covalent nature
of the metal-nitrogen bonds must be increased, perhaps through the choice of metal, or

through variation of the ancillary ligand.
3.10 Experimental

3.10.1 Synthesis and characterization

General procedure for the synthesis of 3.15d and 3.15j: 1,1-diacetato-2,6-diphenyl-3-
para-tolylboratatetrazine (3.15d). Boric acid (0.8 g, 13 mmol) was combined with
acetic acid (3.5 mL) and acetic anhydride (3.5 mL) and stirred at 80°C for 15 minutes
until dissolution was observed. 2.1d (1.0 g, 3.2 mmol) was then added as a solution in
acetic acid (2.1 mL) and acetic anhydride (7.5 mL). The mixture was left to stir at 80°C
for 16 h at which time the mixture was extracted with hexanes (5 x 100 mL). The
hexanes was combined and washed with water (5 x 100 mL), dried with anhydrous
magnesium sulfate and concentrated in vacuo. Compound 3.15d was isolated as a dark
purple solid, yield 0.420 g (29.7 %). X-ray quality crystals were grown via slow
evaporation of concentrated hexanes solutions of 3.15d. Mp. 178-180°C. 'H NMR (300
MHz, CD,Cl,): 8 8.01 (d, 2H, °J = 8 Hz), 7.95 (d of d, 4H, *J = 8 Hz), 7.48 (m, 6H), 7.32
(d, 2H, *J = 8 Hz), 2.43 (s, 3H), 1.82 (s, 6H) ppm. *C NMR (75 MHz, CD,Cl,): § 171.7,
145.3, 139.4, 138.8, 132.3, 130.0, 129.5, 125.6, 123.4, 22.7, 21.6 ppm. ''B NMR (115

MHz, CD,CL): § 1.32 ppm. FT-IR (KBr): 1724 (s), 1715 (s), 1305 (s), 1250 (s), 1054 (s),
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966 (s), 764 (s), 688 (s), 506 (m) cm™. UV-vis (CH,CL): Amax 256 nm (g = 20000 Lemol

leem™), 311 nm (¢ = 11500 Lemol'scm™), 558 (¢ = 6500 Lemol'scm™). MS (EI): m/z
442 (MH', 65 %). Anal. Calcld for Co4H,3N4O4B: C, 65.18; H, 5.24; N, 12.67. Found:
C, 65.31; H, 5.56; N, 12.46.

1,1-diacetato-2,6-di-para-tolyl-3-phenylboratatetrazine (3.15j). Yield 28.1 %. Mp.
170-172°C. '"H NMR (CD,Cl,): 8.11 (d, 2H, *J = 8 Hz), 7.85 (d, 4H, °J = 8 Hz), 7.51-
7.42 (m, 3H), 7.27 (d, 4H, °J = 8 Hz), 2.42 (s, 6H), 1.82 (s, 6H) ppm. *C NMR
(CDyClL): 6 171.7, 143.1, 140.6, 135.3, 130.2, 129.2, 129.1, 125.6, 123.2, 22.7, 21.6 ppm.
"B NMR (115 MHz, CD,CL): 8 1.31 ppm. FT-IR (KBr): 1717 (s), 1602 (m), 1371 (s),
1303 (s), 1251 (s), 1176 (m), 1042 (s), 971 (s), 817 (s), 504 (s) cm™. UV-vis (CH,CL):
Amax 260 nm (€ = 15750 Lemol'ecm™), 320 nm (g = 14250 Lemol'ecm™), 560 (¢ = 19750
Lemolecm™). MS (EI): m/z 456 (MH', 100 %). Anal. Calcld for CysH,sN4O4B: C,
65.80; H, 5.52; N, 12.28. Found: C, 65.41; H, 5.66; N, 11.87.

General procedure for the synthesis of borataverdazyl radical anions 3.16d and
3.16j: 1,1-diacetato-2,6-diphenyl-3-para-tolylborataverdazyl radical anion (3.16d).
Under argon, 3.15d (0.085 g, 0.2 mmol ) was dissolved in hexanes (50 mL) and stirred
for 30 min at which time cobaltocene (0.039 mg, 0.2 mmol) in hexanes (50 mL) was
added via cannula. Upon addition a green precipitate formed and after 10 min of stirring
the mixture was filtered in vacuo, washed with hexanes (2 x 50 mL) and dried in vacuo
for 1 hour. Compound 3.16d was isolated as a dark green solid and was handled in the
glovebox, yield 0.040 g (31.6 %). Mp. 96-98°C (dec). FT-IR (KBr): 1707 (s), 1690 (s),

1587 (s), 1485 (s), 1267 (s), 1172 (m), 1104 (m), 1014 (m), 755 (m), 692 (m) cm™. Anal.
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Calcld for C34H33N4O4BCo: C, 64.68; H, 5.27; N, 8.87. Found: C, 64.51; H, 5.23; N,

8.24.

1,1-diacetato-2,6-di-para-tolyl-3-phenylborataverdazyl radical anion (3.16j). Yield
(38.8 %) Mp. 100-102°C (dec). FT-IR (KBr): 1707 (s), 1690 (s), 1606 (m), 1505 (s),
1414 (m), 1367 (m), 1279 (m), 1172 (m), 823 (s), 698 (m), 646 (m) cm™. Anal. Calcld
for C35H35N404BCo: C, 65.13; H, 5.47; N, 8.68. Found: C, 64.28; H, 5.67; N, 8.08.
Synthesis of 3-cyano-1,5-phenylformazan (3.17a). To a solution of aniline (3.72 g, 40
mmol), 12 M concentrated hydrochloric acid (10 mL), and water (10 mL) at -5° C was
added sodium nitrite (3.00 g, 43 mmol) in small portions over a 10 min period. After 15
min of stirring, the mixture was added to a second solution containing cyanoacetic acid
(1.70 g, 20 mmol), sodium hydroxide (8.00 g , 200 mmol), and water (100 mL) at 0° C
over a 30 min period. The resulting solution was filtered to remove a black solid, and the
organics extracted into dichloromethane (3 x 250 mL). After removal of the solvent the
resulting dark orange solid was purified via column chromatography (neutral alumina,
dichloromethane). The eluate was concentrated in vacuo to afford 3.17a as an orange
microcrystalline solid, yield (2.45 g, 49.1 %). Mp. 134-136°C (dec). 'H NMR (300
MHz, CD,Cl): open & 12.47 (s, 1H, NH), 7.68 (d, 4H, J = 7 Hz), 7.51 (t, 4H, J = 7 Hz),
7.45-7.30 (m, 2H, J = 7 Hz). linear 6 9.22 (s, 0.3H, NH), 7.95-7.85 (m, 0.5H), 7.35-7.15
(m, 0.4H). >C NMR (75 MHz, CD,CL): & 152.6, 147.0, 141.5, 132.5, 130.4, 130.2,
129.9, 129.7, 126.2, 125.6, 123.6, 120.0, 116.1, 114.5 ppm. FT-IR (KBr): 2226 (m)
(CN), 1527 (s), 1272 (m) cm™". UV-vis (CH,CLy): Amax 257 nm (¢ = 5250 Lemol'scm™),

291 nm (g = 5750 Lemol'scm™), 413 nm (¢ = 15500 Lemol'ecm™). MS (EI): m/z 249
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(M", 25 %). Anal. Calcd for Ci4H,Ns: C, 67.46; H, 4.45; N, 28.10. Found C, 67.46; H,

4.44; N, 28.11.

General procedure for the synthesis of formazans 3.17b-f: 3-cyano-1,5-para-
tolylformazan (3.17b). To a solution of para-toluidine (4.30 g, 40 mmol), 12 M
concentrated hydrochloric acid (10 mL), and water (10 mL) at -5° C was added sodium
nitrite (3.00 g, 43 mmol) in small portions over a 10 min period. After 15 min of stirring,
the mixture was added to a second solution containing cyanoacetic acid (1.70 g, 20
mmol), sodium hydroxide (8.00 g, 200 mmol) and water (100 mL) at 0° C over a 30 min
period. The resulting orange solid was isolated via filtration and purified via column
chromatography (neutral alumina, dichloromethane). The eluate was concentrated in
vacuo to afford 3.17b as a dark orange solid, yield (2.70 g, 48.7 %). Mp. 198-200°C
(dec). "'H NMR (300 MHz, CD,Cl,): open & 12.60 (s, 1H, NH), 7.58 (d, 4H, J = 7 Hz),
7.22 (d, 4H, J = 7 Hz), 2.32 (s, 6H). linear & 9.04 (s, 0.2H, NH), 7.69 (s, 0.5H), 2.35 (s,
0.8H), 2.28 (s, 0.9H). *C NMR (125 MHz, CD,Cl,): & 150.8, 145.0, 143.5, 140.4, 139.3,
135.5, 130.9, 130.8, 130.6, 130.4, 130.4, 125.8, 123.5, 119.9, 115.9, 114.9, 21.9, 21.6,
21.2 ppm. FT-IR (KBr): 2224 (CN), 1530, 1264 cm™. UV-vis (CH,Cl): Amax 265 nm (g
= 9250 Lemol'ecm™), 299 nm (& = 9500 Lemol'ecm™), 453 nm (¢ = 19000 Lemol'ecm’
1). MS (El): m/z 277 (M+, 35 %). Anal. Calcd for C;sH;sNs: C, 69.29; H, 5.45; N, 25.25.
Found C, 69.31; H, 5.40; N, 24.25.

3-cyano-1,5-(2,6-dimethylphenyl)formazan (3.17¢). Yield 81.9 %. Mp. 118-120°C.
'H NMR (500 MHz, CD,Cl,): open & 11.41 (s, 1H, NH), 7.18 (s, 6H), 2.48 (s, 12H), 2.33
(s, 6H). linear & 8.87 (s, 0.2H, NH), 7.15 (s, 0.9H), 2.45 (s, 1H), 2.43 (s, 1H). °C NMR

(125 MHz, CD,Cly): & 150.1, 144.0, 138.1, 133.0, 132.6, 131.7, 131.3, 130.3, 130.1,
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129.9, 129.2, 127.9, 127.4, 125.4, 124.8, 122.5, 118.5, 114, 108.3 ppm. FT-IR (KBr):

2219 (m) (CN), 1525 (s), 1281 (m) cm™. UV-vis (CH2Cl,): Amax 260 nm (g = 7500 Lemol
fecm™), 381 nm (g = 17000 Lemol'scm™). MS (EI): m/z 305 (M, 20 %). Anal. Calcd for
CisHi9Ns: C, 70.80; H, 6.27; N, 22.93. Found C, 70.53; H, 6.19; N, 22.47.
3-cyano-1,5-mesitylformazan (3.17d). Yield 60.1 %. X-ray quality crystals were
grown by slow evaporation of a dichloromethane solution in an NMR tube. Mp. 180-
182°C. '"H NMR (500 MHz, CD,Cl,): open & 11.21 (s, 1H, NH), 6.99 (s, 4H), 2.45 (s,
12H), 2.33 (s, 6H). linear & 8.75 (s, 0.2H, NH), 6.94 (s, 0.5H), 2.43 (s, 1H), 2.39 (s, 1H).
C NMR (125 MHz, CD,CL): & 147.7, 141.8, 140.8, 139.7, 133.6, 132.9, 130.9, 130.8,
130.4, 127.4, 114.2, 21.5,21.4, 21.2, 20.2, 18.8 ppm. FT-IR (KBr): 2224 (m) (CN), 1524
(s), 1273 (m) cm™. UV-vis (CH2CL): Amax 265 nm (€ = 7500 Lemol'ecm™), 423 nm (¢ =
13500 Lemol'scm™). MS (EI): m/z 333 (M", 25 %). Anal. Calcd for CoHa;3Ns: C, 72.04;
H, 6.95; N, 21.00. Found C, 71.90; H, 7.05; N, 21.08.
3-cyano-1,5-dihydroxyphenylformazan (3.17e). Purified via column chromatography
(silica gel, ethyl acetate). Yield 77.0 %. X-ray quality crystals were grown via slow
evaporation of a toluene/hexanes solution in glass tubes (5 mm diameter). Mp. 182-
184°C. 'H NMR (300 MHz, ds-DMSO): & 13.12 (s, 1H, NH), 10.45 (s, 2H, OH), 7.61 (d
of d, 2H, J = 8 Hz, 2 Hz), 7.24 (t of d, 2H, J = 8 Hz, 2 Hz), 7.02 (d, 2H, 8 Hz), 6.94 (4,
2H, 8 Hz) ppm. *C NMR (125 MHz, ds;-DMSO): & 151.0, 134.3, 130.3, 125.0, 120.1,
117.2, 117.1, 115.2 ppm. FT-IR (KBr): 3309 (m, br) (OH), 2240 (m) (CN), 1611 (m),
1512 (s), 1475 (s), 1230 (s), 742 (s) cm™. UV-vis (CH2CL): Amax 258 nm (e = 6750

Lemol'scm™), 296 nm (g = 7750 Lemol'ecm™), 484 nm (¢ = 17250 Lemol'scm™). Anal.
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Caled for Ci4sHisNsO»: C, 59.78; H, 3.94; N, 24.90. MS (EI): m/z 281 (M*, 40 %).

Found C, 59.74; H, 4.11; N, 24.55.

3-cyano-1,5-dimethoxyphenylformazan (3.17f). Yield 66.6 %. X-ray quality crystals
were grown via slow evaporation of a dichloromethane solution in glass tubes (5 mm
diameter). Mp. 140-142°C. 'H NMR (300 MHz, de-DMSO): closed & 13.68 (s, 1H, NH),
7.68 (dofd,2H,J=8 Hz, 1 Hz ), 7.43 (t of d , 2H, J = 8 Hz, 2Hz), 7.24 (d, 2H, 8Hz),
7.07 (t, 2H, J = 8 Hz), 3.97 (s, 6H) ppm. open & 10.24 (s, 0.1 H, NH), 7.53 (d, 0.4H, 8
Hz), 3.95 (s, 1H) ppm. °C NMR (75 MHz, d-DMSO): § 152.4, 135.3, 131.1, 130.7,
125.0, 121.2, 116.2, 115.6, 112.8, 56.3, 56.1 ppm. FT-IR (KBr): 2224 (m) (CN), 1506
(s), 1485 (s) cm™. UV-vis (CH,CL): Amax 250 nm (¢ = 9000 Lemol'scm™), 293 nm (¢ =
9750 Lemol'ecm™), 464 nm (¢ = 25000 Lemol'ecm™). MS (EI): m/z 309 (M", 70 %).
Anal. Calcd for CigH;5NsO,: C, 62.13; H, 4.89; N, 22.64. Found C, 62.28 H, 4.86; N,
22.32.

Method (b). Sodium hydride (0.50 g, 20 mmol) was added to a blood-red solution of
3.17e (1.405 g, 5 mmol) in dry tetrahydrofuran (200 mL) at —78°C. The mixture was
allowed to warm slowly to room temperature with stirring under argon overnight
resulting in a purple solution. The mixture was once again cooled to —78°C and treated
with methyl iodide (17.1 g, 7.5 mL, 120 mmol) before it was allowed to warm slowly to
room temperature with stirring under argon overnight resulting in a dark-violet solution.
The solvent was removed in vacuo yielding a dark-violet solid. Treatment with water
(150 mL) at room temperature for 2 h produced red solid. The solid was filtered, before
being rinsed with water and pentane. Recrystallization from a saturated methanolic

solution afforded 3.10f as a microcrystalline red solid, yield (1.42 g, 91 %).
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General procedure for the synthesis of formazans 3.18a,b: 3-nitro-1,5-
phenylformazan (3.18a). To a solution of aniline (8.61 g, 92 mmol), 12 M concentrated
hydrochloric acid (25 mL), and water (50 mL) at 0° C was added sodium nitrite (7.52 g,
109 mmol) in small portions over a 10 min period. After 30 min of stirring, the mixture
was added to a second solution containing nitromethane (2.82 g, 46 mmol), sodium
hydroxide (8.00 g , 100 mmol) and water (100 mL) at 0° C over a 60 min period. The
resulting solution was filtered, and the solid triturated with methanol. The solid was then
purified via recrystallization from hot methanolic solution affording 3.18a as a poppy red
microcrystalline solid, yield (6.20 g, 50.1 %). It should be noted that rapid addition of
the diazonium salt to the nitromethane solution results in the production of a brown oil.
Purification of 3.18a was complicated by the presence of this oil, and repeated
crystallizations were often necessary to obtain pure samples of 3.18a, decreasing the
isolated yield. Mp. 138-140°C. 'H NMR (500 MHz, CD,Cl,): 8 15.16 (s, 1H, NH), 7.66
(d, 4H, J = 8 Hz), 7.45 (t, 4H, ] = 7 Hz), 7.35 (t, 2H, J = 7 Hz). >C NMR (125 MHz,
CD,Cly): o 146.8, 146.1, 130.6, 130.4, 120.4 ppm. FT-IR (KBr): 1551 (s), 1354 (s),
1281 (s), 754 (s) cm™. UV-vis (CH,Cly): Amax 325 nm (€ = 11500 Lemol'ecm™), 452 nm
(e = 23750 Lemol'scm™). MS (EI): m/z 269 (M", 25 %). Anal. Calcd for C;3H;;NsO»: C,
57.99; H, 4.12; N, 26.01. Found C, 58.02; H, 3.85; N, 26.16.

3-nitro-1,5-para-tolylformazan (3.18b). Yield 47.5 %. It should be noted that rapid
addition of the diazonium salt to the nitromethane solution results in the production of a
brown oil. Purification of 3.18b was complicated by the presence of this oil, and
repeated crystallizations were often necessary to obtain pure samples of 3.18b,

decreasing the isolated yield. X-ray quality crystals were grown via slow cooling of a
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saturated methanolic solution of 3.18b. Mp. 124-126°C (dec). 'H NMR (500 MHz,

CD,Cl,): 6 15.34 (s, 1H, NH), 7.64 (d, 4H, J = 8 Hz), 7.33 (d, 4H, J = 8 Hz), 2.43 (s, 6H).
BC NMR (125 MHz, CD,CL): & 146.1, 144.7, 141.4, 131.0, 120.3, 21.7 ppm. FT-IR
(KBr): 1547 (s), 1351 (m), 1282 (s), 816 (m) cm™. UV-vis (CH,Cly): Amax 265 nm (g =
8250 Lemol'scm™), 340 nm (g = 14000 Lemol'scm™), 464 nm (¢ = 27500 Lemol'scm™).
MS (EI): m/z 297 (M, 15 %). Anal. Calcd for C;sH;sNsO,: C, 60.60; H, 5.09; N, 23.56.
Found C, 60.61; H, 5.06; N, 23.43.

General procedure for the synthesis of formazans 3.18c-f: Synthesis of 1,5-(2,6-
dimethylphenyl)-3-nitroformazan (3.18c). To a solution of nitromethane (1.4 mL, 26
mmol) in tetrahydrofuran (25 mL) at -78°C was added 1.6 M n-BuLi in hexanes (9.6 mL,
15 mmol) over a 5 min period. The resulting slurry was allowed to stir at -78°C for 1 h
before a slurry of 2,6-dimethylphenyldiazonium tetrafluoroborate®® (2.82 g, 13 mmol) in
tetrahydrofuran (100 mL) was added causing the appearance of a red colour. The cold
bath was then removed, and the mixture left to stir overnight slowly darkening to a blood
red colour as it warmed. The mixture was filtered, concentrated, and purified via flash
chromatography (alumina, dichloromethane). The dark solid was then recrystallized
from a saturated methanolic solution to afford 3.18¢ as large red needles, yield 1.17 g
(55.2 %). Mp. 122-124°C. '"H NMR (500 MHz, CD,Cl,): & 14.51 (s, 1H, NH), 7.26-7.14
(multiplet, 6H), 2.48 (s, 6H). °C NMR (125 MHz, CD,Cl,): & 146.3, 144.1, 132.4, 130.4,
129.6, 20.1 ppm. FT-IR (KBr): 1544 (s), 1474 (m), 1356 (m), 1334 (m), 778 (m) cm™".
UV-vis (CH2CL): Amax 330 nm (¢ = 11750 Lemol'ecm™), 425 nm (¢ = 21250 Lemol 'ecr”
1). MS (EI): m/z 325 (M+, 10 %). Anal. Calcd for C17H9NsO,: C, 62.75; H, 5.89; N,

21.52. Found C, 62.74; H, 5.86; N, 21.72.
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1,5-mesityl-3-nitroformazan (3.18d). X-ray quality crystals were grown via slow

cooling of a saturated methanolic solution. Yield 60.0 %. Mp. 136-138°C. 'H NMR (500
MHz, CD,CL): & 14.42 (s, 1H, NH), 7.00 (s, 4H), 2.44 (s, 12H), 2.34 (s, 6H). °C NMR
(125 MHz, CD,Cl,): & 146.4, 142.2, 140.1, 132.6, 131.1, 21.4, 20.2 ppm. FT-IR (KBr):
1607 (m), 1533 (s), 1354 (m), 1334 (m), 1271 (m), 845 (m), 744 (m) cm’'. UV-vis
(CH,CL): Amax 342 nm (g = 12000 Lemol'ecm™, 432 nm (g = 20750 Lemol'ecm™). MS
(EI): m/z 353 (M+, 10 %). Anal. Calcd for C;9H,3NsO;: C, 64.57; H, 6.56; N, 19.82.
Found C, 64.10; H, 6.53; N, 19.84.

1,5-(2,6-di-iso-propylphenyl)-3-nitroformazan (3.18¢). Yield 36.5 %. Mp. 96-98°C.
"H NMR (500 MHz, CD,Cl,): & 14.53 (s, 1H, NH), 7.35-7.18 (m, 6H), 3.07 (septet, 4H, J
=7 Hz), 1.15 (d, 24H, J = 7 Hz). ®C NMR (125 MHz, CD,CL,): & 146.9, 142.9, 142.7,
130.1, 124.7, 29.2, 24.1 ppm. FT-IR (KBr): 2962 (s), 1547 (s), 1503 (m), 1470 (m),
1327 (m), 1283 (m), 746 (m) cm™. UV-vis (CH,CL): Amax 334 nm (e = 11000 Lemol
leem™), 398 nm (e = 17500 Lemol'scm™), 532 nm (¢ = 1250 Lemol'scm™). MS (EI):
m/z 437 (M, 5 %). Anal. Calcd for CysH35N50,: C, 68.62; H, 8.06; N, 16.00. Found C,
67.83; H, 8.21; N, 15.84.

1,5-(3,5-di-tert-butylphenyl)-3-nitroformazan (3.18f). Yield 17.2 %. Mp. 178-180°C.
'H NMR (500 MHz, CD,CL): & 15.43 (s, |H, NH), 7.48 (d, 4H, J = 2 Hz), 7.44 (t, 2H, J
= 2 Hz), 1.30 (s, 36H). °C NMR (125 MHz, CD,Cl,): & 153.5, 146.6, 146.4, 125.2,
114.8, 35.6, 31.6 ppm. FT-IR (KBr): 2967 (s), 1604 (w), 1544 (s), 1363 (m), 1355 (m),
1299 (m), 1280 (m), 878 (w), 800 (W), 695 (w) cm™'. UV-vis (CH2CL): Amax 340 nm (g =

12250 Lemol'ecm™), 432 nm (¢ = 24000 Lemol'scm™). MS (EI): m/z 493 (M", 15 %).
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Anal. Calcd for Coo0H43N50,: C, 70.55; H, 8.78; N, 14.19. Found C, 70.42; H, 8.88; N,

13.69.

copper(3-cyano-1,5-(2-methoxyphenylformazanato)chloride (3.19). 3.17f (1.00 g, 3.2
mmol) was combined with freshly distilled tetrahydrofuran (100 mL) under argon and
treated with sodium hydride (0.080 g, 3.3 mmol) before it was allowed to stir for 16 h
changing colour from red to brown-red. Copper (II) chloride (0.432 g, 3.3 mmol) was
added and the reaction was once again left to stir for 16 h. The solvent was then removed
and the solid triturated with hexanes (100 mL). The solid was then dissolved in
dichloromethane (3 x 150 mL) leaving behind a small amount of brown solid byproduct.
The solution was filtered before being concentrated in vacuo affording 3.19 as a dark
purple solid (green reflex), yield 1.00 g (75.9 %). X-ray quality crystals were grown
from solvent diffusion of hexanes into a dichloromethane solution of 3.19. Mp. 180-
182°C (dec., brown). FT-IR (KBr): 2225 (m) (CN), 1587 (m), 1483 (m), 1344 (s), 752
(s) cm™. UV-vis (CH2CL): Amax 256 nm (g = 13750 Lemol'ecm™), 288 nm (e = 14750
Lemol'scm™), 371 nm (g = 6250 Lemol'scm™), 547 nm (¢ = 19250 Lemol'scm™). Anal.
Calcld for C19HgN4: C, 47.18; H, 3.46; N, 17.19. Found: C, 47.21; H, 3.81; N, 16.87.
iron(3-cyano-1,5-(2-hydroxyphenylformazanato)-bis-pyridine (3.20a). 3.17e (0.250 g,
0.88 mmol) was combined with freshly distilled tetrahydrofuran (100 mL) under argon
and treated with sodium hydride (0.064 g, 2.7 mmol) before being left to stir for 16 h
changing color from red to dark blue. Iron (III) chloride (0.144 g, 0.88 mmol) and
pyridine (0.36 mL, 4.5 mmol) were added and the reaction was left to stir for 16 h at
which time the solution was a dark blue color. The mixture was then filtered and the

solvent was removed in vacuo. Trituration with hexanes allowed for 3.20a to be isolated
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as a dark blue solid (bronze reflex), yield 0.317 g (72.9 %). X-ray quality crystals were

grown from solvent diffusion of hexanes into a dichloromethane solution of 3.20a. Mp.
270-272°C. FT-IR (KBr): 2225 (m) (CN), 1577 (m), 1459 (s), 1448 (s), 1300 (s) cm™.
UV-vis (CH,CLy): Amax 234 nm (g = 32500 Lemol'ecm™), 320 nm (¢ = 14000 Lemol'scm’
", 484 nm (¢ = 9250 Lemol'ecm™), 592 nm (¢ = 13750 Lemol'ecm™), 631 nm (¢ =
17250 Lemol'scm™). Anal. Calcld for FeCosHisN;O»: C, 58.55; H, 3.69; N, 19.92.
Found: C, 57.63; H, 3.82; N, 19.36.

cobalt(3-cyano-1,5-(2-hydroxyphenylformazanato)-bis-pyridine (3.20b). 3.17¢ (0.250
g, 0.88 mmol) was combined with freshly distilled tetrahydrofuran (100 mL) under argon
and treated with sodium hydride (0.064 g, 2.7 mmol) before being left to stir for 16 h
changing color from red to dark blue. Cobalt (IT) chloride (0.115 g, 0.88 mmol) and
pyridine (0.36 mL, 4.5 mmol) were added and the reaction was left to stir for 16 h at
which time the solution had changed to a red-brown color. The mixture was then allowed
to stir open to air changing color to dark blue before the solution was filtered and the
solvent removed in vacuo. Trituration with hexanes allowed for 3.20b to be isolated as a
dark blue solid (bronze reflex), yield 0.325 g (74.3 %). X-ray quality crystals were
grown from solvent diffusion of hexanes into a dichloromethane solution of 3.20b. Mp.
262-264°C . "H NMR (300 MHz, CD,CL,): 8 7.99 (d of d, 2H, *J = 7 Hz, *J = | Hz), 7.41
(t, 2H, *J = 7 Hz), 7.37 (d, 4H, *J = 7 Hz), 7.14 (d of d, 2H, *J = 8 Hz, *J = 1 Hz), 6.98 (t
of d, 2H, °J =7 Hz, *Y = 1 Hz), 6.91 (t, 4H, °J = 7 Hz), 6.53 (t of d, 2H, *J = 7 Hz, ‘T = 1
Hz). C NMR (75 MHz, CD,Cl,): & 168.4, 151.6, 147.5, 139.2, 130.4, 125.1, 119.4,
116.4, 116.2 ppm. FT-IR (KBr): 2219 (m) (CN), 1462 (s), 1448 (s), 1234 (s) cm™. UV-

vis (CH,CL): Amax 242 nm (e = 42500 Lemol'ecm™), 325 nm (¢ = 10000 Lemol'ecm™),
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483 nm (g = 4250 Lemol'ecm™), 509 nm (g = 4250 Lemol'scm™), 608 nm (¢ = 14500

L-mol'l-cm'l), 658 nm (¢ = 24750 L°m01'1°cm'1). Anal. Calcd for CoCysHisN7O,: C,
58.19; H, 3.66; N, 19.79. Found C, 57.78; H, 3.79; N, 19.39.
bis-(3-cyano-1,5-(2,6-dimethylphenyl)formazanato)-bis-p-hydroxonickel 3.21).
3.17c (0.540 g, 1.8 mmol), nickel acetate tetrahydrate (0.440 g, 1.8 mmol), and 95 %
ethanol (100 mL) were combined and allowed to reflux open to air for 16 h. After
cooling to room temperature the mixture was filtered and the solid washed with 95 %
ethanol (3 x 10 mL) affording 3.21 as a dark green microcrystalline solid, yield 0.440 g
(32.2 %). X-ray quality crystals were grown via diffusion of pentane into a solution of
3.21 in dichloromethane. Mp. 266-268°C (dec). "H NMR (300 MHz, CD,CL): & 6.87 (t,
4H, *J =7 Hz), 6.73 (d, 8H, *J = 8 Hz), 2.41 (s, 24H), -6.94 (s, 2H, u-OH). *C NMR (75
MHz, CD,ClL,): 6 145.2, 130.9, 129.2, 129.1, 18.3 ppm. FT-IR (KBr): 3603 (m) (OH),
2229 (m) (CN), 1358 (s) cm™. UV-vis (CH2CL): Amax 271 nm (¢ = 27500 Lemol'ecm™),
307 nm (¢ = 21500 Lemol'scm™), 620 nm (¢ = 1950 Lemol'ecm™). Anal. Calcd for
NixCseH3sN19Oa2: C, 56.88; H, 5.04; N, 18.43. Found C, 56.99; H, 5.13; N, 18.32.
bis(3-nitro-1,5-para-tolylformazanato)nickel (3.22). 3.18b (0.400 g, 1.3 mmol), nickel
acetate tetrahydrate (0.167 g, 0.67 mmol), and 95 % ethanol (50 mL) were combined and
allowed to reflux open to air for 16 h. After cooling to room temperature the mixture was
filtered and the solid washed with 95 % ethanol (3 x 10 mL) affording 3.22 as a dark
green microcrystalline solid, yield 0.362 g (85.5 %). X-ray quality crystals were grown
via diffusion of pentane into a solution of 3.22 in dichloromethane. Mp. 358-360°C. 'H
NMR (300 MHz, CD,Cl,): & 7.42 (d, 4H, °J = 8 Hz), 7.00 (d, 4H, °J = 8 Hz), 2.34 (s, 6H).

13C NMR (75 MHz, CD,CL): & 148.7, 140.5, 129.9, 123.6, 21.5 ppm. FT-IR (KBr): 1525
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(m), 1355 (s), 1275 (s), 819 (m) cm™. UV-vis (CH,Cl,): Amax 310 nm (g = 18500 Lemol

leem™), 409 nm (g = 27500 Lemol'ecm™), 673 nm (& = 10000 Lemol'ecm™). Anal. Calcd
for NiCsoH2sN1904: C, 55.32; H, 4.33; N, 21.51. Found C, 55.06; H, 4.22; N, 20.97.
bis-(1,5-mesityl-3-nitroformazanato)-bis-p-hydroxonickel (3.24). 3.18d (0.610 g, 1.7
mmol), nickel acetate tetrahydrate (0.430 g, 1.7 mmol), and methanol (100 mL) were
combined and allowed to reflux open to air for 16 h. After cooling to room temperature
the mixture was filtered and the solid washed with methanol (3 x 10 mL) affording 3.24
as a dark green microcrystalline solid, yield 0.431 g (59.2 %). X-ray quality crystals
were grown via vapor diffusion of pentane into a solution of 3.24 in dichloromethane.
Mp. 276-278°C (dec). 'H NMR (300 MHz, CD,Cl,): & 6.61 (s, 8H), 2.41 (s, 24H), 2.26
(s, 12H), -6.61 (s, 2H, p-OH). "“C NMR (75 MHz, CD,ClL,): & 143.1, 138.4, 130.8,
129.6, 21.5, 18.5 ppm. FT-IR (KBr): 3601 (m) (OH), 1537 (s), 1371 (s), 1355 (s), 1294
(s), 761 (s) cm™. UV-vis (CH,CL): Amax 298 nm (¢ = 34000 Lemol'scm™), 392 nm (¢ =
14750 L-mol'1°cm'1), 635 nm (¢ = 2000 L-mol'l-cm'l). Anal. Calcd for Ni,C3gH46N10Ox:
C, 53.30; H, 5.42; N, 16.36. Found C, 53.30; H, 5.48; N, 16.45.

General procedure for the synthesis of palladium complexes 3.18b,d,e: palladium(3-
nitro-1,5-para-tolylformazanato)(1,1,1,6,6,6-hexafluroacetylacetonato) (3.25b). 3.18b
(0.240 g, 0.81 mmol), bis-(1,1,1,6,6,6-hexafluoroacteylacetonato)palladium (0.420 g,
0.81 mmol), and methanol (30 mL) were combined and allowed to reflux in air for 2 h.
The solvent was removed in vacuo, and the complex was recrystallized from saturated
methanolic solution. 3.25b was isolated by filtration as a dark purple microcrystalline
solid, yield 0.233 g (47.2 %). X-ray quality crystals were obtained by cooling a dilute

methanolic solution of 3.25b in a -20°C freezer for 72 hours. Mp. 186-188°C. 'H NMR
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(500 MHz, CD,Cl,): 5 7.82 (d, 4H, °J = 8 Hz), 7.26 (d, 4H, ] = 8 Hz), 6.12 (s, 1H), 2.42

(s, 6H). "*C NMR (125 MHz, CD,CL): & 176.1 (q, °J = 36 Hz), 146.7, 141.3, 129.9,
125.3, 116.9 (q, 'J = 285 Hz), 92.7, 21.6 ppm. FT-IR (KBr): 1631 (s), 1601 (w), 1533 (s),
1458 (s), 1394 (s), 1293 (s), 1257 (s), 1152 (s), 817 (m), 802 (m) cm™". UV-vis (CH,CL):
Amax 250 nm (g = 30000 Lemol'scm™), 344 nm (¢ = 14000 Lemol'ecm™), 540 nm (¢ =
10500 Lemol'ecm™). Anal. Caled for PdCyH;sFgNsO4: C, 39.39; H, 2.48; N, 11.49.
Found C, 39.39; H, 2.46; N, 11.57.
palladium(1,5-mesityl-3-nitroformazanato)(1,1,1,6,6,6-hexafluroacetylacetonato)
(3.25d). X-ray quality crystals were obtained via slow evaporation of a dichloromethane
solution of 3.25d in an NMR tube. Yield 0.220 g (86.9 %). Mp. 198-200°C. 'H NMR
(500 MHz, CD,Cl,): & 6.93 (s, 4H), 6.06 (s, 1H), 2.31 (s, 6H), 2.26 (s, 12H). °C NMR
(125 MHz, CD,Cl,): 8 177.0 (q, 2] = 36 Hz), 151.5, 144.7, 139.6, 131.9, 129.4, 116.9 (q,
1J =285 Hz), 92.6, 21.3, 18.5 ppm. FT-IR (KBr): 1631 (s), 1610 (s), 1544 (s), 1452 (s),
1402 (s), 1307 (s), 1254 (s), 1220 (s), 1149 (s) cm™. UV-vis (CH,CL): Amax 250 nm (g =
33750 Lemol'ecm™), 344 nm (g = 16750 Lemol'scm™), 473 nm (& = 5250 Lemol'scm™).
Anal. Calcd for PdC,4H»3F¢NsO4: C, 43.29; H, 3.48; N, 10.52. Found C, 43.74; H, 3.71;
N, 10.53.

palladium(1,5-(2,6-di-iso-propylphenyl)-3-nitroformazanato)(1,1,1,6,6,6-
hexafluroacetylacetonato) (3.25¢). Yield 0.270 g (62.1 %). Mp. 222-224°C (dec). 'H
NMR (500 MHz, CD,Cl,): & 7.42 (t, 2H, *J = 8 Hz), 7.24 (d, 4H, °J = 8 Hz), 6.05 (s, 1H),
3.21 (septet, 4H, *J =7 Hz), 1.29 (d, 12H, *T = 7 Hz), 1.21 (d, 12H, *J = 7 Hz). >*C NMR
(125 MHz, CD,CL): & 176.9 (g, 2T = 36 Hz), 144.4, 142.7, 130.2, 124.3, 116.8 (q, 'J =

285 Hz), 92.7, 29.7, 24.7, 23.1 ppm. FT-IR (KBr): 2966 (w), 1630 (s), 1549 (s), 1466 (5),
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1407 (s), 1310 (s), 1257 (s), 1214 (s), 1150 (s), 786 (m) cm™". UV-vis (CH2CL): Amax 248

nm (¢ = 30750 Lemol'ecm™), 341 nm (¢ = 14750 Lemol'ecm™), 473 nm (¢ = 5250
Lemol'scm™). Anal. Calcd for PdC3H3sF¢NsO4: C, 48.04; H, 4.70; N, 9.34. Found C,

48.28; H, 4.71; N, 9.38.
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Chapter 4 Magnetostructural studies of

verdazyl-based spin dimers

4.1 Stable radicals and molecular magnetism

As outlined in Chapter 1, there are three widespread approaches to molecular
magnetism which incorporate stable radicals as a source of unpaired electrons (spins).
Whether bound to paramagnetic transition metal ions, incorporated into polymers, or as
radical crystals, radicals play an important role in the properties of molecule-based
magnets.

Verdazyl radicals are good candidates for use in molecule-based magnets as they
(1) are extremely stable in both solution and the solid-state, (ii) are produced via synthetic
pathways amenable to derivatization, and (iii) have been shown to give rise to strong
magnetic interactions in a variety of systems.”

As the field of molecular magnetism continues to advance, there is still much
room for improvement, which ultimately must begin with the study of model compounds.
It is important to further understanding of magnetic interactions in metal-metal, metal-
radical, and radical-radical model systems. This chapter describes two different classes
of spin dimers, i.e., molecules containing two unpaired electrons. Verdazyl diradicals
were synthesized and studied in order to understand the interaction between radicals

bridged by para- and meta-benzene. Copper (II) complexes of verdazyls were also

synthesized, and their magnetostructural properties studied.
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4.2 Magnetic coupling in two-spin systems

The simplest magnetic system involves the interaction of two unpaired electrons.
For two-spin systems there are two possible modes of magnetic coupling between
unpaired electrons (Figure 4.1). The nature of the coupling depends on interactions
between half filled molecular orbitals (magnetic orbitals). Antiferromagnetic coupling, is
by far the most common, and involves the alignment of unpaired electrons antiparallel to
one another (S = 0 ground state). Ferromagnetic coupling, involves parallel alignment of

unpaired electrons (S = 1 ground state).

1 I

antiferromagnetic ferromagnetic
S=0 S=1

Figure 4.1. Ground state orientations of spin dimers.

The energy gap between the S = 0 and S = 1 spin states is known as the magnetic
coupling parameter (J) (Equation 4.1). By convention this equation yields J > 0 when
electrons are ferromagnetically coupled, and J < 0 when unpaired electrons are
antiferromagnetically coupled.
J=E(S=0)-ES=1) 4.1)

Inspection of the temperature dependence of the magnetic moment allows for
qualitative analysis of magnetic coupling (Figure 4.2). The magnetic moment of a
paramagnetic sample does not change with variation in temperature in the presence of a
magnetic field; in other words there is no interaction between the unpaired electrons.
Systems in which unpaired electrons are antiferromagnetically coupled (J < 0) show a
decrease in magnetic moment with decreasing temperature, and ferromagnetically

coupled (J > 0) systems show an increase in moment with decreasing temperature.”** The
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Bleaney-Bowers equation is generally used to model such systems in order to extract the

magnetic coupling parameter (see later for details).”

J>0
Magnetic _
Moment J=0
J<0
Temperature

Figure 4.2. Qualitative magnetic behavior of spin dimers.

Results and discussion

4.3 Benzene-bridged diradicals

The intramolecular magnetic interactions in organic diradicals have been studied
extensively.®'?*  Among the most common classes of diradicals are those bridged by
benzene. In molecules attached to the benzene spacer at a nodal plane of the radical, e.g.,
4.1°"3* and 4.2°* | the interactions between unpaired electrons are understood to arise

from a phenomenon known as spin polarization.
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Spin polarization results from the ability of unpaired electrons to polarize
conjugated m-systems. The alternation of polarity around the benzene spacer accounts for
the type of interaction observed. In order for alternation of polarity to be maintained
through a para-benzene spacer the radicals must be antiferromagnetically coupled
(Figure 4.3, left). In contrast, radicals coupled through a meta-benzene spacer must be
ferromagnetically coupled in order to maintain alternation of polarity around the benzene
ring (Figure 4.3, right). The predicted trends based on spin polarization arguments are
consistent with most examples in the literature where the radical units are coplanar with
the aromatic spacer. However, deviations from planarity and substituent effects have

been shown to cause substantial changes in the magnitude of the coupling.***

J<0

Figure 4.3. Spin polarization in para- (left) and meta- (right) benzene-bridged diradicals.

4.4 Syntheis and characterization of verdazyl diradicals

Few reports of verdazyl diradicals exist, and in most cases the results are
incomplete or incorrect. Early studies of para- and meta-benzene bridged diradicals 4.3a
and 4.3b provided a qualitative assessment of the interaction between radicals,”*>*’
while the only attempt to quantify the magnitude of the interactions®® incorrectly
concluded ferromagnetic coupling for both.”® Poor stability has hampered the study of

other verdazyl diradicals including N-methyl-substituted diradicals 4.4a-c** and bis-

verdazyls 4.5a°° and 4.5¢.”* However, diradical 4.5b was sufficiently stable to allow
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for its magnetic characterization. The two radicals couple antiferromagnetically with a
singlet-triplet gap of J = -760 cm™.*?

The methylene bridged diradical 4.6 has recently been synthesized. Although it
possesses a saturated linker, the radicals have been shown to interact
antiferromagnetically with a singlet triplet gap of J = -150 cm™.**" The iso-propyl
substituents incorporated in 4.6, and other monoradicals have been shown to greatly
enhance the stability of oxoverdazyl radicals,'® subsequently opening the door to several
diradical systems previously unattainable due to their inherent instability. In this vein,

analogues of 4.4a and 4.4b bearing iso-propyl substituents were prepared in order to

further study the electronic communication of verdazyl radicals through benzene spacers.

N~ °N
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N " a0
Ph™ " "Ph Me™ " "Me  4.5aR=Ph, X=CH, ﬂ o
B o) 4.5b R =Me, X =CO
4.3a Ar=1,4-CgH '
a Ar 6% 44aAr=14-C¢Hs 45cR=Me, X=CS 4.6

43bAr=14-Cotla 4 b Ar=1.3-CH,

4.4c Ar =2,5-C4H,S
4.4.1 Synthesis of benzene-bridged verdazyl diradicals
Benzene bridged diradicals 4.7a and 4.7b were obtained by slight modification of
established procedures (Scheme 4.1).'* Reaction of two equivalents of carbonic acid
bis(1-iso-propylhydrazide) 2.8a with the appropriate dialdehyde affords tetrazanes 4.8a
and 4.8b, which have a tendancy to form solvates (in most organic solvents). The off

white solids were desolvated by heating in vacuo and then oxidized with para-
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benzoquinone to afford diradicals 4.7a and 4.7b in good yield. Recrystallization of the

diradicals via slow cooling of saturated ethyl acetate solutions afforded well formed

crystals suitable for X-ray diffraction.

I
Z2-Z

° N
NH2 NH2 Y-
28a 4NaOAc N

+ MeOH \ toluene | B
O o B:N\
VA N N, « "N j<N
N N
© ﬂ o) ﬂ o)
4.8a 1,4-bistetrazane 4.7a 1,4-bisverdazyl
4.8b 1,3-bistetrazane 4.7b 1,3-bisverdazyl

Scheme 4.1. Synthesis of diradicals 4.7a and 4.7b.

4.4.2 Phenyl-substituted monoverdazyl 2.4b as a model system

Diradicals 4.7a and 4.7b are the first examples of verdazyl diradicals exhibiting
sufficient stability properties to allow their reliable and comprehensive characterization.
The diradicals were compared to 2.4b (Chapter 2) in order to probe the effects of
electronic communication between the unpaired electrons on their electrochemistry,
electronic spectra, and EPR spectra. In order to gain further insight into the spin density
found within diradicals 4.7a and 4.7b as well as monoradical 2.4b, calculations were

performed on 2.4b (Figure 4.4).
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Figure 4.4. Calculated singly occupied molecular orbital (left), spin density plot (middle),
and atom labeling scheme (right) for 2.4b.

Table 4.1. Atomic spin densities for 2.4b.

Atom  Spin density Atom Spin density
Cl1,Cs5 -0.029 N9, N11 0.207
C2,C4 0.018 C10 -0.033

C3 -0.027 Ol14 -0.123
C6 0.032 C13,C17 -0.0123
C7 -0.155 Cl15, C16, C18, C19 0.0112

N8, N12 0.393

The verdazyl radical SOMO is well established™® as a @* orbital spanning the
four nitrogens with minor contributions on the N-substituents. The orbital contains two
nodal planes, one passing through the C6-C7-C10 axis, and the second bisecting the N-N
bonds. The overall spin density alternates via spin-polarization around the molecule with
the highest spin densities found on the two coordinate (N8, N12; 0.393) and three
coordinate nitrogens (N9, N11; 0.207) consistent with the SOMO. Two other atoms
possess significant spin density (C7 (-0.155) and O14 (-0.123)). The spin density on C7
is of particular importance, as it is the position which determines the amount of spin
allowed to ‘leak’ onto the phenyl substituent, and directly relates to spin polarization in
the diradicals. Furthermore, the alternating sign of the spin density around the phenyl
ring (C1-C2-C3-C4-C5-C6) confirms the spin polarization pattern described in section

4.3. The non-negligible spin density found on C13, C15, C16, C17, C18, C19, and O14
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may also be important when considering intermolecular interactions between diradicals in

the solid-state.

4.4.3 Electronic spectra of 4.7a, and 4.7b

The electronic spectra of 2.4b, 4.7a, and 4.7b are presented in Figure 4.5. All
three compounds have maxima at 417 nm as well as a broader, weaker absorption at 450-

144, 352, 353 . .
» 7 The minor differences

470 nm, typical of 3-aryl-6-oxoverdazyl radicals.
between the monoradical and the diradicals suggest limited intramolecular
communication between verdazyls in 4.7a and 4.7b.  The apparent lack of
communication is consistent with the symmetry properties of verdazyl radicals, which
possess a node at the substituted carbon (C3) (see Figure 4.4). The presence of the node
does not permit significant overlap with the aromatic substituent (phenyl) in 2.4b, 4.7a,
and 4.7b. However, upon closer inspection of the high energy region of the spectra it is
apparent that a mechanism for conjugation must be operational, perhaps involving other
molecular orbitals (LUMO, NHOMO, etc.). The monoradical 2.4b and the 1,3-diradical
4.7b have an absorption at 250 nm, and the 1,4-diradical 4.7a is redshifted to 280 nm.

These observations are consistent with cross conjugation of the 1,3-derivative and

conjugation of the 1,4-derivative.
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Figure 4.5. Electronic spectra of 2.4b (black line), 4.7a (red line),
and 4.7b (blue line) in CH,Cl,.

4.4.4 Electrochemistry of 4.7a, and 4.7b

Electrochemical studies of previously reported verdazyl diradicals 4.4a and 4.4b

349 . ) )
Two reversible waves were observed in their

were hampered by their instability.
cyclic voltammograms, and described as two-electron processes. However, the authors
did not indicate how they distinguished between two closely related one electron

349
In order to assess the nature of each

processes, and one two electron process.
electrochemical transition cyclic voltammetry studies were carried out for 4.7a, and 4.7b
as well as Osteryoung square wave voltammetry (OSWV).

The cyclic voltammograms of 4.7a, 4.7b, and monoverdazyl 2.4b are presented in
Figure 4.6. The electrochemical features of the two diradicals are nearly identical to one

another; both species can be reversibly oxidized to dications and reduced to dianions.

The diradicals have slightly higher oxidation and reduction potentials than 2.4b,
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indicating that the verdazyl moiety is slightly electron withdrawing as a substituent. The

similarities in the CVs of 4.7a and 4.7b also indicate that the substituent effects are
inductive, as the different substitution patterns do not vary significantly. The CV and
OSWYV traces for 4.7a and 4.7b clearly have two distinguishable one-electron reduction
processes while the oxidation waves appear to be made up of two overlapping one-
electron processes based on the width and height of the peak heights compared to that of

equimolar octamethylferrocene (MesFc) shown in Figure 4.7.

p/
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=
==~

-2250 -1750 -1250 -750 -250 250 750

Potential (mV vs Fc/Fc")

Figure 4.6. Cyclic voltammograms of 2.4b (top), 4.7a (middle), and 4.7b (bottom) in CH;CN
containing 0.1 M BuyN'BF,  (electrolyte). Scan rate 250 mV/s.

Table 4.2. Electrochemical properties of 2.4b, 4.7a, and 4.7b reported in V vs. Fc/Fc'.

Compound Ey° Eredi® Erea®
2.4b +0.18 -1.38 -
4.7a +0.22 -1.34 -1.44
4.7b +0.22 -1.35 -1.45
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Figure 4.7. OSWV of 4.7a (left) and 4.7b (right) in CH;CN containing 0.1 M Buy;N'BF,’
(electrolyte). Scan rate 250 mV/s. The wave at -410 mV is due to MegFc/MegFc" internal
reference.

4.4.5 EPR studies of 4.7a and 4.7b

The low temperature EPR spectra of diradicals 4.7a and 4.7b are presented in
Figures 4.8 and 4.9 respectively. Both spectra are consistent with randomly oriented
triplets. Although simulation of the spectra did not reproduce the peak intensities well,
the position of the peaks could be well reproduced, which allows for determination of
zero field splitting (ZFS) parameters. The distance between the outer peaks is 2D, while
the distance between the innermost peaks is D + 3E (where D and E are zero field
splitting parameters).”>* Simulation of the spectra yielded g = 2.0049, |D/Ac| = 0.00210
cm™, and |E/hc| = 0.000047 cm™ for 4.7a and g = 2.0056, |D/Ac| = 0.00348 cm™', and
[E/he| = 0.000116 cm™ for 4.7b. Zero field splitting parameter D is inversely
proportional to the cube of the distance between unpaired electrons, while E is related to

the molecular symmetry of a diradical.*>*

To this accord the smaller value of D for 4.7a
relative to 4.7b can be rationalized as the distance between unpaired electrons is larger

for a para-benzene spacer than a meta-benzene spacer.
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Figure 4.8. X-band EPR spectrum of 4.7a (black line), simulation (dashed line), and half-field
signal (inset) in degassed toluene at 77 K.
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Figure 4.9. X-band EPR spectrum of 4.7b (black line), simulation (dashed line), and half-field
signal (inset) in degassed toluene at 77 K.

The Amg = 2 transitions arising due to the presence of the triplet state for both
diradicals are shown as insets in Figures 4.13 and 4.14 respectively. The triplet signal,
found at half the field of the randomly oriented triplet signal is generally small as the

transition between ms = -1 and mg = +1 is formally forbidden, violating the Am, = +1
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selection rule governing transitions between spin states (Figure 4.10). The spectrum of

4.7a has a lower signal to noise ratio as it possesses a singlet ground state (see below).

allowed

forbidden /
mg = +1

N
| mg =0
ﬂ\ms:xl

Magnetic Field

Figure 4.10. “EPR active” transitions.

Variable-temperature EPR data was collected for 4.7a and 4.7b in frozen toluene
solution by monitoring the intensity of the Am, = 2 signal intensity. A plot of the signal
intensity against inverse temperature (Curie Plot) allows for quantitative analysis of the
singlet-triplet gap in 4.7a (Figure 4.11). The data was fit using a variation on the
Bleaney-Bowers dimer model,** *** where C is a normalization parameter to account for

arbitrary intensity units (Equation 4.2).

;_ C_3lexp(-J /RT)]
T 1+3[exp(-J / RT)] (4.2)

The best fit yields J = -30.0 + 1.4 cm™, consistent with a ground state singlet
containing a relatively weak magnetic interaction. Qualitatively, the fit is not of
particularly high quality (R = 0.02), however it is consistent with other studies of this
nature, where data collection is often hampered by non-uniformity in the toluene glass.***
The variable-temperature data for 4.7b (Figure 4.12) is consistent with a

ferromagnetically coupled diradical (J > 0).***
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Figure 4.12. Curie plot of the Am, = 2 signal intensity for 4.7b.

4.4.6 Crystal structures of benzene-bridged verdazyl diradicals

Diradical 4.7a crystallizes in the C2/c space group, and has a crystallographic

mirror plane passing through the central benzene ring (Figure 4.13). The iso-propyl

groups in 4.7a are oriented such that the methine protons are oriented syn to the carbonyl

group, consistent with other 1,5-di-iso-propyl-6-oxoverdazyls. The two verdazyl rings

are twisted by 27.5° relative to the benzene spacer. The bond lengths within the verdazyl
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skeleton do not support any quinoidal contributions to the electronic structure, as
observed in 4.9, which is best represented as the closed shell structure 4.9°.>> The lack
of quinoidal contributions in 4.7a can be rationalized on the basis that, unlike compound
4.9, there are no sites of primary spin density in the n-SOMO directly bound to the

benzene spacer in 4.7a (see Figure 4.4).

Figure 4.13. Molecular structure of 4.7a. Thermal ellipsoids shown at 50% probability level.
Hydrogen atoms removed for clarity.

Table 4.3. Selected bond lengths (A) and angles (deg) for 4.7a.

Atoms 4.7a Atoms 4.7a
NI11-N12 1.368(3) NI14-C11-N12 127.0(2)
N13-N14 1.365(3) CI11-N12-N11 114.9(2)
CI11-N12 1.329(4) NI12-N11-C12 124.4(2)
CI11-N14 1.330(4) CI12-N13-N14 124.0(2)
C12-N11 1.371(4) NI13-N14-C11 115.2(2)
C12-N13 1.378(4)

C12-01 1.222(3)

>( o’ @,o
.o’N@NK =)=
4.9

Diradical 4.7b crystallizes in the /2/a space group, with each verdazyl ring
slightly twisted relative to the benzene ring (Figure 4.14). The radical attached to C1 is

twisted by 15.3° while the radical attached to C3 is twisted by 6.0°. The bond lengths and
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angles of each verdazyl ring are typical, and the possibility of quinoidal contributions in

4.7b is precluded by cross conjugation associated with the meta-substitution pattern.

Figure 4.14. Molecular structure of 4.7b. Thermal ellipsoids shown at 50% probability level.
Hydrogen atoms removed for clarity.

Table 4.4. Selected bond lengths (A) and angles (deg) for 4.7b.

Atoms

4.7b

Atoms

4.7b

Cl1-N14
N14-N13
N13-C12
C12-N11
NI11-N12
N12-Cl1
C12-01
C21-N24
N24-N23
N23-C22
C22-N21
N21-N22
N22-C21
C22-02

1.3276(14)
1.3659(13)
1.3770(19)
1.376(2)
1.3705(16)
1.3313(18)
1.2229(17)
1.3288(18)
1.3626(16)
1.3777(18)
1.3793(18)
1.3662(15)
1.3276(17)
1.2176(12)

N12-C11-N14
C11-N14-N13
N14-N13-C12
N13-C12-N11
CI12-N11-N12
N11-N12-Cl11
N22-C21-N24
C21-N24-N23
N24-N23-C22
N23-C22-N21
C22-N21-N22
N21-N22-C21

127.06(13)
115.05(12)
124.53(12)
113.98(12)
124.35(12)
114.91(12)
127.10(12)
114.93(11)
124.76(12)
113.65(11)
124.51(11)
114.96(11)

The crystal packing of 4.7b consists of diradical units interacting in a side-on fashion as
linear chains in the a-c plane. Two separate sets of interactions are observed in Figure

4.15, each having implications on intermolecular magnetic coupling.
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ca2

Figure 4.15. Intermolecular interactions in 4.7b.

4.4.7 Magnetic properties of 4.7a and 4.7b

The magnetic susceptibilities of crystalline samples of 4.7a and 4.7b were
recorded between 2 and 300 K. The T vs. T plot for 4.7a (Figure 4.16) has a value of
0.733 emusKemol™, slightly less than the value expected for two non-interacting unpaired
electrons (0.750 emueKemol'). The shape of the plot is indicative of weak
antiferromagnetic interactions as it gradually approaches a value of 0 emusKemol™ as the
temperature approaches 2 K. The susceptibility of 4.7a (Figure 4.16) increases as the
temperature is lowered to a maximum value of 0.014 emusmol at 26 K. Further cooling
results in a rapid decrease in y, until at cryogenic temperatures a small upturn is observed
due to a small amount of paramagnetic impurity. The data was modeled using the

Bleaney-Bowers dimer model (H = -JS;'S;) (Equation 4.3).22%33°

_ 2Ng2ﬂ2
A= kB + exp(—J 1 kT)]

(4.3)
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It was necessary to add a Curie term to Equation 4.3 in order to account for paramagnetic

impurities, yielding Equation 4.4.7*

2Ng> B’ ) Ng’B> S(S +1)

(4.4)
kT[3 +exp(—J /kT)] 3k T

=P

Fitting the data with fixed g = 2.00 yields p = 0.99, and J = -29.73 £ 0.03 cm™" with an
agreement factor R = 0.0001. These results are consistent with a weakly
antiferromagnetically coupled diradical. The magnitude of the intramolecular coupling is

comparable to that seen in other 1,4-substituted diradicals.**®
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Figure 4.16. Magnetic properties of 4.7a. T vs. T (left) and ¢ vs. T (right). Experimental data
(o) and data fit (black line).

T (emu-K-moI'1

The magnetic properties of 4.7b are shown in Figure 4.17 as a yT vs. T plot. The
room temperature value of 0.832 emueKemol™ is higher than the expected value for two
unpaired electrons (0.750 emusKemol ™), consistent with ferromagnetic coupling. As the
temperature decreases, the T value reaches a maximum at 1.44 emusKemol™" at 9 K
before decreasing again at cryogenic temperatures. The maximum value is higher than
the maximum value for two ferromagnetically coupled spins (1.00 emusKemol™),
indicating the presence of both intra- and intermolecular ferromagnetic interactions. This

behaviour is consistent with the intermolecular contacts observed between iso-propyl
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groups previously shown to possess significant spin density, giving rise to additional
ferromagnetic interactions (see Figure 4.15).

Complex systems containing multiple magnetic interactions such as this are
difficult (sometimes impossible) to model. For these reasons a spin-dilution approach was
employed. Diradical 4.7b was suspended in polyvinyl chloride (PVC) film (~10 wt % of
diradical) by slow evaporation of a dichloromethane solution of PVC and diradical. The
dilution is expected to suppress the intermolecular contacts, allowing for the
intramolecular interaction between diradicals to be considered exclusively.**® The
magnetic data for the diluted sample of 4.7b (Figure 4.17) has a maximum yT value of
0.82 emuKemol™" at 17 K. The decrease at cryogenic temperatures is consistent with
intermolecular antiferromagnetic coupling, implying aggregation of the diradicals in the
PVC medium. Although intermolecular interactions still exist, the ferromagnetic
interactions complicating the initial data set have been attenuated. The Bleaney-Bowers
model with a mean-field approximation®’ added to account for unspecified
intermolecular interactions (Equation 4.5) was used to model the magnetic data where
is taken from equation 4.4. In the mean field approximation the intermolecular
interactions are described by 2zJ” where z is the number of molecules involved in the

interaction, and J’ is the molecular exchange parameter of the interactions.

- ¥
AP N B 1

(4.5)

Data fitting with g = 2.00 fixed gave p=0.97,J=19.3+ 1.7 cm™, and zJ’ = -1.01 £ 0.03
cm’'. The agreement factor for this data was not good (R = 0.02), reflecting the

differences between fit and experimental data associated with an overcorrection for the
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diamagnetism of the PVC film. The magnetic studies reported confirm weakly
ferromagnetically coupled spins in 4.7b, and the magnitude of the coupling is consistent

with other diradicals bridged by meta-benzene spacers.
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Figure 4.17. Magnetic properties of 4.7b. T vs. T (D), diluted in PVC (o),
and data fit (black line).

4.5 Copper (ll)-radical complexes

Copper (II) is often incorporated into model systems for molecule-based magnets
as its simple salts are readily available, and copper (II) possesses one unpaired electron,

confined to the dy2.,2 or d,2 orbitals in most coordination geometries. It has been widely

shown that copper (II) complexes of nitroxides and nitronyl nitroxides (e.g., 4.10,>®

4.11,”%° and 4.12°%°) exhibit ferromagnetic metal-radical coupling.>*>*
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The origin of the ferromagnetic coupling in these and other systems is rationalized

2% 'When net overlap between magnetic

on the basis of orbital orthogonality arguments.
orbitals is observed, the result is generally antiferromagnetic coupling. When net overlap
between magnetic orbitals is not observed ferromagnetic coupling is generally observed.
The magnitude of the coupling in each case is highly dependent on spatial parameters,
1.e., distances and angles that describe the interaction of magnetic orbitals. An orbital
representation of the interactions between magnetic orbitals in transition metal ions and a
simplified t-SOMO (p-orbital) are shown in Figure 4.18. As previously mentioned, the
lack of orbital overlap observed when the magnetic interaction involves the dy2.,2 or d,2

orbital allows for the prediction of ferromagnetic coupling, while the overlap observed

when dyy, dy,, or dy, orbitals are involved should give rise to antiferromagnetic coupling.

J>0 J>0 J<0

Figure 4.18. Simplified magnetic orbital interactions: (a) dy2-,2 and n-SOMO, (b) d,2 and -
SOMO, and (c) dyy, dys, or dy, and T-SOMO.
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4.6 Synthesis and characterization of copper (ll)-verdazyl complexes

4.6.1 Synthesis of copper (ll)-verdazyl complexes

6-Oxoverdazyl radicals have been shown to coordinate to a variety of transition
metal ions when the substituent at the 3-position contains a heteroatom allowing for
metal chelation,'#” 166 167 169.170. 352, 365367 y/er a7y radicals have previously been shown
to couple strongly with octahedral nickel(Il) ions in a ferromagnetic fashion.'®® '¢7- 170
The ferromagnetic coupling in nickel(II) verdazyl complexes and the established trends
in copper (II) nitroxide complexes prompted the synthesis of a number of copper (II)
complexes of verdazyls as models for molecule-based magnets.

Reaction of readily available hydrated copper (II) chloride, or 1,1,1,6,6,6-

hexafluoroacetylacetonato (hfac) salts with one equivalent of chelating radical afford the

following complexes (Scheme 4.2).
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Scheme 4.2. Synthesis of copper (II)-verdazyl complexes.

4.6.2 Structure and magnetism of copper (ll)-verdazyl complexes 4.13 and 4.14

The crystal structure of 4.13 is presented in Figure 4.19. The complex crystallizes
in the Pbca space group, and has an ambiguous geometry at the copper center. The angle
between the Cl11-Cu-CI2 and the N2-Cu-N10 planes is 47.80°, between that expected for
square planar (0°) and tetrahedral (90°) geometries. The copper atom lies in the same
plane as the pyridine, but is 0.84 A above the plane of the verdazyl. The verdazyl ring is
twisted 19.00° with respect to the pyridine ring, and the C1-N4 (1.306 A) and C1-N2
(1.358 A) are substantially different. The distortion of the ligand in 4.13 has not been

observed previously in complexes of 2.4g which are essentially planar and symmetric
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with respect to the ligand, i.e., the C1-N2 and C1-N4 bond lengths are equivalent within

experimental error.'® 7"

Figure 4.19. Molecular structure of 4.13. Thermal ellipsoids shown at 50% probability level.

Table 4.5. Selected bond lengths (A) and angles (deg) for 4.13.

Atoms 4.13 Atoms 4.13
Cu-Cl1  2.2234(5) Cl1-Cu-C12 102.02(2)
Cu-CI12  2.1965(5) N2-Cu-N10  81.34(6)
Cu-N2  1.9992(14) N2-NI1-C2 124.09(15)
Cu-N10 1.9921(15) Cu-N2-C1 111.77(11)
01-C2 1.210(2) NI1-N2-C1  114.34(14)
NI1-N2 1.349(2) N4-N3-C2  124.11(15)
NI1-C2 1.385(2) N3-N4-C1  115.90(15)
N2-C1 1.385(2) Cu-NI10-C11 114.56(12)
N3-N4 1.342(2) N2-C1-N4  126.96(16)
N3-C2 1.379(3)
N4-C1 1.306(2)
Cu--N2’ 3.889

Molecules of 4.13 weakly associate in the solid-state (Figure 4.20). The
intermolecular Cu-N2 contacts of 3.89 A are slightly longer than the sum of the van der
Waals distances for Cu and N. This relatively ‘long’ intermolecular distance is not
expected to give rise to significant magnetic coupling as the overlap between the

magnetic orbitals on Cu and N2 will be minimal.
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Figure 4.20. Intermolecular contacts in the structure of 4.13.

The magnetic properties of 4.13 are represented as both yT vs. T and y vs. T plots
in Figure 4.21. The 4T product has a maximum value of 0.34 emuKemol™, significantly
lower then the spin only (0.750 emusKemol ™). The room temperature value of T and the
observed decrease in yT with decreased temperature are both consistent with strong
antiferromagnetic coupling. The yT vs. T data was modeled with the Bleaney-Bowers
model (H = -JSc¢y'Sraa), incorporating a mean field term to account for intermolecular
interactions as well as a Curie-Weiss term to account for S = 2 impurity (Equation

4.6).72*33%357 Where y is the Bleaney-Bowers dimer model (equation 4.3).

" X _\ Ng*p
z—pl_(zzj,/Ngzﬁz)Z+(1 p)3k(T_9)(S(S+1)) (4.6)

The best fit with g = 2.1 fixed, looks good qualitatively (black line, Figure 4.21), yielding
p=097,7=-2040 £ 09 cm”, J’ = -130.2 = 1.0 em”, 6 = -2.3 K, and R = 0.011,
However, within the magnetism community, there exists an unwritten rule regarding the
mean field approximation. It is assumed that the approximation is used to model

intermolecular interactions where the value of J’ is less then 10 % of J. The red line
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shown in Figure 4.21 represents the line generated by a similar system where J = -200
em™ and J’ = -20 em™. Clearly, the fit of the T data cannot be used for more than a

qualitative picture of strong antiferromagnetic coupling. The lack of curvature in the ¥ T
vs. T plot may play a role in the data fitting results, as fits of this type benefit from the
presence of a well-defined maximum in the data.

The y vs. T data was also fit using the Bleaney-Bowers dimer model (H = -
JScuSiag) With a Curie term (equation 4.4). The modest fit obtained by modeling of the
data with equation 4.5 with g =2.10 fixed gave p = 0.91, and J = -250.0 + 6.9 cm™ with a
goodness of fit value of R = 0.14. Although the data fit is modest, the values obtained are
consistent with strong antiferromagnetic coupling. The coupling is attributed to the
strong overlap between Cu and N2. The p-orbital on N2 appears to point towards the Cu
center as a result of ligand distortion (see Figure 4.20), allowing magnetic orbitals to
overlap, resulting in strong antiferromagnetic coupling. The observed properties are
consistent with copper (II) complexes of nitroxides where equatorially bound nitroxides

lead to strong antiferromagnetic coupling.*®
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Figure 4.21. Magnetic properties of 4.13. T vs. T (left) and i vs. T (right).
Experimental data (o), data fits (black lines), and theoretical fit (red line).
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The interpretation of the behavior observed in 4.13 is further corroborated by the

properties of complex 4.14. The crystal structure of 4.14 is shown in Figure 4.22. The
complex crystallizes as a chloride bridged binuclear structure related by an inversion
center, and has a distorted square pyramidal geometry around each copper (II) ion. The
structural features related to the metal-radical interactions are quite similar to those
observed in 4.13: the Cu atom lies 1.11 A out of the plane of the verdazyl, the verdazyl
and pyridine rings are twisted by 21.5°, and there is substantial asymmetry in the C1-N2
(1.351 A) and C1-N4 (1.313 A) bonds. The iso-propyl groups are oriented with the
methine protons anti to the carbonyl moiety, opposite to what was observed for free

verdazyl 2.4¢c.

Figure 4.22. Molecular structure of 4.14. Thermal ellipsoids shown at 50% probability level.
Hydrogen atoms omitted for clarity.



146
Table 4.6. Selected bond lengths (A) and angles (deg) for 4.14.

Atoms 4.14 Atoms 4.14
Cu-Cl1  2.2136(13) CIl1-CuCI2  96.46(5)
Cu-C12 2.2140(11) CI1-Cu-N10 95.27(10)
Cu-CI2> 2.933(13) CI2-Cu-N2  94.63(9)
Cu-N2  2.058(3) CI2-Cu-CI2° 86.42(9)
Cu-N10  2.009(3) N2-Cu-N10 78.98(13)
01-C2 1.219(6) N2-N1-C2  121.9(4)
NI1-N2 1.355(5) Cu-N2-N1 128.8(3)
N1-C2 1.402(6) NI1-N2-C1 115.2(3)
N2-Cl1 1.351(5) N4-N3-C2  123.2(4)
N3-N4 1.348(6) N3-N4-C1 115.4(4)
N3-C2 1.375(8)

N4-Cl1 1.313(5)

The magnetic data for 4.14 is shown as a ¢ vs. T plot in Figure 4.23. Copper (II)
complex 4.14 is diamagnetic at room temperature, but becomes weakly paramagnetic at
cryogenic temperatures due to the presence of paramagnetic impurities. The strong
antiferromagnetic copper (II)-verdazyl coupling occurs as a result of orbital overlap
associated with the Cu-N2 bond, which involves the n-orbital on N2 pointing towards the
Cu as observed in 4.13. Magnetostructural studies of a wide range of bimetallic copper
(IT) complexes containing a Cu,Cl, core have led to an understanding of the relationship
between the exchange interaction between copper (II) centers and structural parameters.
Specifically the ratio 0/r, where 0 represents the Cu-Cl-Cu angle and r is the longer of the
two Cu-Cl bonds has been correlated to the nature of the exchange interaction.”*®**® For
4.14, the ratio is 31.9°/A which, when compared to existing compounds, leads to a
predicted exchange interaction near zero or very weakly antiferromagnetic.’®® ** The

diamagnetism in 4.14 must therefore arise from very strong antiferromagnetic coupling

between each of the verdazyl radical-copper (II) units.
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Figure 4.23. Magnetic properties of 4.14 (y vs. T). The discontinuity in the data between
10-30 K is due to instrumental error associated with the crossover from diamagnetic
to paramagnetic.

4.6.3 Structure and magnetism of copper (ll)-verdazyl complexes 4.15 and 4.16

The molecular structure of copper (II) complex 4.15 is presented in Figure 4.24.
4.15 crystallizes in the P1 space group, and has a copper (II) ion residing in an octahedral
ligand field exhibiting a significant Jahn-Tellar distortion (Cu-N2 = 2.544 A and Cu-022
= 2.234 A (axial), Cu-N11 1.961 A and Cu-O21 1.971 A (equatorial)). The verdazyl
ligand, which occupies one of the axial coordination sites is essentially planar, with a
torsion angle of 4.8° between the verdazyl and imidazolyl rings, and the bond lengths and
angles within the verdazyl skeleton are close to that of uncoordinated verdazyls,

consistent with other complexes where structure effects of coordination are minimal.'*®

167, 169
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Figure 4.24. Molecular structure of 4.15. Thermal ellipsoids shown at 50% probability level.

Table 4.7. Selected bond lengths (A) and angles (deg) for 4.15.

Atoms 4.15 Atoms 4.15
Cu-021 1.971(2) 021-Cu-022 88.65(9)
Cu-022 2.234(2) 0O31-Cu-032 91.04(9)
Cu-O31 1.985(2) N2-Cu-N11 71.92(10)
Cu-032 1.948(2) NI1-N2-Cl 115.0(3)

Cu-N2  2.544(3) N3-N4-Cl 114.0(3)
Cu-N11 1.961(3) Cu-NI11-C11 124.1(2)
NI1-N2 1.361(4) N2-CI-N4 127.8(3)
N2-C1  1.327(4) N2-N1-C2 124.1(3)
N3-N4  1.359(4) N4-N3-C2 125.3(3)
N4-C1  1.328(4) NI1-C2-N3 113.8(3)
N1-C2 1.381(4)

N3-C2  1.376(4)

The solid-state packing of 4.15 (Figure 4.25) contains close intermolecular contacts
between verdazyls with an interplanar distance of 3.30 A. The closest contacts between

spin-bearing atoms are N1-N3’ and N3-N1’ (3.389 A).
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Figure 4.25. Intermolecular interactions in 4.15.
Hydrogen and fluorine atoms omitted for clarity.

The variable temperature magnetic data of 4.15 is represented as a ¥ T vs. T plot
in Figure 4.29. The room temperature value of % T is 0.81 emusKemol™, which is slightly
higher then the spin-only value of 0.750 emusKemol" due to the increased g-factor for
copper (II) centers (~2.1) relative to organic radicals (~2.0). The value of T remains
relatively constant down to a temperature of 100 K below which it decreases rapidly
before plateauing near 20 K at a value of roughly 0.5 emueKemol™'. The value decreases
further at cryogenic temperatures. The data was modeled using a four-spin system (H = -
J1Srad1'Srad2 — J2(Stad1'Scul + Srad2 Scu2)) to account for coupling between the copper centers
and the radical ligands, as well as intermolecular radical-radical interactions (Figure
4.26) 37037

Jo J J2
Scut SradT Sradz Scuz2

Figure 4.26. Relevant magnetic exchange interactions in four spin model.

The model used for this system is presented in Equation 4.7. A Curie-Weiss term was
included to account for S = '4 impurities. It should also be noted that the data has been
processed assuming two spins per mole (one Cu-radical complex), and thus the first term

of the equation has been multiplied by Y.



150

_ o Ne*pra o NgB
7= (=g i-p & 9)(S(S+l)) 4.7)

A = 10exp(-E/kT) + 2exp(-E2/kT) + 2exp(-Es/kT) + 2exp(-E4/kT)

B = Sexp(-E1/kT) + 3[exp(-E2/kT) + exp(-E3s/kT) + exp(-E4/kT)]
+ exp(-Es/kT) + exp(-E¢/kT)

Ei=-J,-J1/2
Ex=1J,-11/2
E; =12+ + )"
Es=112 -1 +1)"?
Es=1J,+ 11/2 + (40,2 = 20,0, + 1)

Ee=1+ J1/2 - (4]22 =2+ J12)1/2

The quantitative fit of the data in Figure 4.27 does not appear to be particularly good
visually, however the qualitative trends were reproduced by the fit. From the model with
g = 2.1 fixed we obtain p=0.95,]J, =-39.5+ 1.2 cm'l, J,=46.0+1.5cm™ and 0 = +0.6
K with a goodness of fit value of R = 0.024. It is worth noting that the fit is relatively
insensitive to the magnitude of the copper (II)-radical coupling. However, the magnitude
of the copper (II)-radical coupling is consistent with weak ferromagnetic coupling
associated with the long Cu-N2 bond length due to Jahn-Tellar distortions. The magnetic
behavior of 4.15 is dominated by antiferromagnetic intermolecular interactions between

n-stacked verdazyl radicals.
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Figure 4.27. Molecular properties of 4.15. T vs. T (o) and data fit (black line).

Single crystals of 4.16 suitable for X-ray diffraction could not be obtained. The
magnetic data for 4.16 is shown as both ¥ T vs. T and ' vs. T plots in Figure 4.28. The
T vs. T plot has a maximum value of 0.81 emusKemol, consistent with g ~ 2.1. Below
100 K the value of T decreases gradually, consistent with weak antiferromagnetic
interactions. Equation 4.6 was used to fit the magnetic data with g = 2.1 fixed, yielding p
=099,1=40+0.5 cm'l, 2z’ =-8.0=+0.1 cm'l, and 0 = 1.5 K with a goodness of fit
value of R = 0.0011. The small intramolecular coupling parameter obtained form the fit
is consistent with an axially bound verdazyl radical in a Jahn-Tellar distorted octahedral

field, and thus the coordination environment in 4.16 is assumed to be similar to that

observed in 4.15.
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Figure 4.28. Magnetic properties of 4.16. ¥T vs. T (left) and ' vs. T (right).
Experimental data (o) and data fit (black line).

As previously discussed J* is assumed to be less than 10 % of J. In this case,
unless there are numerous molecules involved in the intermolecular interaction, the
assumption is violated. Thus, the magnetic data qualitatively is consistent with weak or
no ferromagnetic coupling between copper and radical, with the dominant features arising
due to antiferromagnetic intermolecular interactions at low temperature. The magnitude
of the interactions need only be considered as estimated values.

A second approach was taken to ‘quantify’ the magnetic properties of 4.16.
Ignoring intramolecular interactions allows the data to be fit to the Curie-Weiss law
where intermolecular interactions are considered exclusively. Using equation 2.2, the ™'
vs. T plot yields C = 0.83 emusKemol™ and 6 = -3.5 K with an R” value of 0.9999. The
success of the Curie-Weiss equation in fitting the 1/y vs. T data may suggest that the
intramolecular copper (II)-verdazyl interaction is less significant than initially believed,
and that intermolecular interactions alone account for the magnetic behavior observed in
4.15 and 4.16. Both approaches to fitting the magnetic data allow for the conclusion that

the copper (II)-radical coupling is very small, consistent with Jahn-Tellar distortion of the
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Cu-N bond attached to the verdazyl. However, this interpretation follows the assumption
that the verdazyl radical in 4.16 is bound to an axial coordination site, and the Cu-N2

bond is elongated by Jahn-Tellar distortion.

4.7 Summary

As a result of the instability of early examples, verdazyl diradicals have not
received much attention compared to analogous nitroxide systems. Diradicals 4.7a and
4.7b have, for the first time, allowed for the quantitative and comprehensive study of the
interactions between verdazyls through para- and meta-benzene spacers. The electronic
spectra of diradicals 4.7a and 4.7b were similar to monoverdazyl 2.4b. However,
conjugation in 4.7a caused slight red shifting of absorption maxima, a feature that was
not observed in cross-conjugated diradical 4.7b. The electrochemical properties of
diradicals 4.7a and 4.7b showed little dependence on the topology of the organic spacer,
although the CVs did reveal that their oxidation and reduction occurred via two separate
one-electron processes, contradicting previous reports.’* The antiferromagnetic coupling
observed in 4.7a, and ferromagnetic coupling in 4.7b follow the predicted trends for
diradicals of this type.**

The copper (II)-verdazyl complexes presented here have added to the ‘database’
of metal-radical systems. It was found that equatorially coordinated verdazyl radicals are
strongly antiferromagnetically coupled to copper (II), while axially coordinated verdazyls
are weakly ferromagnetically coupled to copper (II) due to Jahn-Tellar distortions
lengthening the copper (II)-verdazyl bond. Copper (II) was chosen for these studies as
the magnetostructural properties of envisioned complexes were anticipated to be

relatively simple compared to other metal ions containing more than one unpaired
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electron. In reality, the flexibility of the coordination geometry of copper (II) ions and
the presence of significant Jahn-Tellar distortions caused the magnetostructural properties
of the reported complexes to be quite complicated.

The magnetic properties of several spin-dimers based on verdazyl radicals have
been modeled in this work, and served to highlight one of the fundamental arguments
surrounding magnetochemistry; Should data fits match experimental values exactly, or
should data fitting be used only to gain a qualitative picture of the magnetic coupling?
Both approaches have been employed with emphasis placed on qualitative properties, i.e.,
the data fitting parameters were used to ‘estimate’ the magnitude of magnetic coupling
interactions. Ultimately, the magnetic models used are not specific to each system, and,
although convenient, their generalization limits their utility in reproducing magnetic

properties.

4.8 Experimental

4.8.1 Synthesis and characterization

1,4-bis(1,5-di-iso-propyl-6-oxo0-2,3,4,5-tetrazan-3-yl)benzene (4.8a). To a refluxing
solution of 2.8a (1.00 g, 4 mmol), sodium acetate (0.67 g, 8 mmol), and methanol (75
mL) was added terephthaldicarboxaldehyde (0.273 g, 2 mmol) in methanol (100 mL)
dropwise over a period of 3 h. The solution was refluxed in air for a further 20 h at
which time a pale yellow solution remained. The solvent was removed in vacuo, and the
residue dissolved in dichloromethane (5 x 50 mL). The dichloromethane fractions were
then washed with distilled water (3 x 100 mL), dried with magnesium sulphate, and
concentrated in vacuo yielding a pale yellow solid. The solid was then triturated with a

minimal amount of ethyl acetate, ground into a fine powder, and heated in vacuo
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overnight at 90°C affording 4.8a as a white powder, yield (0.655 g, 73 %). Mp. 162-

164°C (dec.). "H NMR (300 MHz, d6-DMSO): § 7.56 (s, 4H), 4.98 (d, 4H, ] = 11 Hz),
4.49 (sep, 4H, °J = 8 Hz), 4.34 (t, 2H, T = 11 Hz), 1.05 (d, 12H, *J =7 Hz), 1.03 (d, 12H,
3J=7Hz). C NMR (75 MHz, d6-DMSO): & 153.5, 136.6, 126.7, 71.5, 46.8, 19.6, 18.4
ppm. FT-IR (KBr): 3245 (m), 1610 (s) v(CO) cm™. MS (LSIMS): m/z 447 (MH", 100
%). Anal. Calcd for Cy,H33NgO,: C, 59.17; H, 8.58; N, 25.09. Found C, 59.26, H, 8.22;
N, 24.86.

1,3-bis(1,5-di-iso-propyl-6-0x0-2,3-4,5-tetrazan-3-yl)benzene (4.8b). To a refluxing
solution of 2.8a (1.00 g, 4 mmol), sodium acetate (0.67 g, 8 mmol), and methanol (75
mL) was added isophthaldicarboxaldehyde (0.273 g, 2 mmol) in methanol (100 mL)
dropwise over a period of 3 h. The solution was refluxed in air for a further 20 h at
which time a pale yellow solution remained. The solvent was removed in vacuo, and the
residue dissolved in dichloromethane (5 x 50 mL). The dichloromethane fractions were
then washed with distilled water (3 x 100 mL), dried with magnesium sulphate, and
concentrated in vacuo yielding a pale yellow solid. The solid was then triturated with a
minimal amount of ethyl acetate, ground into a fine powder, and heated in vacuo
overnight at 90°C affording 4.8b as a white powder, yield (0.857 g, 95 %). Mp. 180-
182°C (dec.). '"H NMR (300 MHz, d6-DMSO): & 7.77 (s, 1H), 7.55 (d, 2H, °J = 8 Hz),
7.42 (t, 1H, *J =7 Hz), 5.01 (d, 4H, °J = 11 Hz), 4.49 (sep, 4H, °J = 8 Hz), 4.39 (t, 2H, °J
= 11 Hz), 1.06 (d, 12H, *J = 7 Hz), 1.04 (d, 12H, °J = 7 Hz). ">C NMR (75 MHz, d6-
DMSO): 6 153.5, 136.7, 128.3, 126.4, 125.5, 71.5, 46.7, 19.6, 18.5 ppm. FT-IR (KBr):
3245 (m), 1606 (s) v(CO) cm™. MS (LSIMS): m/z 447 (M+H", 100 %). Anal. Calcd for

CH33N3Os: C, 59.17; H, 8.58; N, 25.09. Found C, 59.09; H, 8.42; N, 24.83.
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1,4-bis(1,5-di-iso-propyl-6-oxo-3-verdazyl)benzene (4.7a). A solution of 4.8a (0.300

g, 0.67 mmol), benzoquinone (0.220 g, 2.0 mmol), and toluene (20 mL) was allowed to
reflux for 30 min in air before being taken to dryness in vacuo. The residue was purified
via column chromatography (5 cm x 20 cm neutral alumina, dichloromethane) before it
was once again taken to dryness. The purified residue was recrystallized via slow
cooling of a saturated ethyl acetate solution affording 4.7a as well formed orange-red
crystals suitable for X-ray crystallography, yield ( 0.194 g, 66 %). Mp. 160-162°C. FT-
IR (KBr): 1678 (s) v(CO) cm™. UV-vis (CH,Cl): Amax 280 nm (g = 46300 Lemol-1+cm
1, 417 nm (g = 3090 Lemol'scm™), 485 nm (¢ = 1000 Lemol'ecm™). MS (EI): m/z 440
(M, 100 %). Anal. Calcd for C»H3,NzO,: C, 59.98; H, 7.32; N, 25.44. Found C, 60.00;
H, 7.10; N, 25.51.

1,3-bis(1,5-di-iso-propyl-6-oxo-3-verdazyl)benzene (4.7b). A solution of 4.8b (0.300
g, 0.67 mmol), benzoquinone (0.220 g, 2.0 mmol), and toluene (20 mL) was allowed to
reflux for 30 min in air before being taken to dryness in vacuo. The residue was purified
via column chromatography (5 cm x 20 cm neutral alumina, dichloromethane) before it
was once again taken to dryness. The purified residue was recrystallized via slow
cooling of a saturated ethyl acetate solution affording 4.7b as well formed orange-red
crystals suitable for X-ray crystallography, yield (0.184 g, 62 %). Mp. 134-136°C (dec.).
FT-IR (KBr): 1675 (s) v(CO) cm™. UV-vis (CH,CL): Amax 248 nm (¢ = 48500 Lemol”
leecm™), 417 nm (g = 3018 Lemol'ecm™), 480 nm (g = 980 Lemol'ecm™). MS (EI): m/z
440 (M ", 100 %). Anal. Caled for C,,H3,NgOs: C, 59.98; H, 7.32; N, 25.44. Found C,

60.21; H, 7.26; N, 25.51.
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[1,5-dimethyl-3-(2’-pyridyl)-6-oxoverdazyl|copper (II) chloride (4.13). A solution of

2.4g (freshly separated from hydroquinone by flash chromatography; (0.072 g , 0.35
mmol) in 2 mL of ethanol was added to a solution of CuCl,2H,0 (0.060 g, 0.35 mmol) in
2 mL ethanol. The solution immediately turned dark red, and after 5 min of gentle
heating was placed in a -15°C freezer overnight resulting in the precipitation of 4.13 as a
dark red crystalline solid, yield 0.095 g (80%). Single crystals were grown by solvent
diffusion of hexane into a dichloromethane solution of 4.13. Mp. 102-104°C (dec). FT-IR
(KBr): 1697 (s) v(CO) cm™. UV-vis (CH,CL): Amax 280 nm (¢ = 7500 Lemol'scm™),
492 nm (g = 3750 Lemol'scm™). Anal.Calcd for CoH;oNsOCuCl,: C, 31.92; H, 2.98; N,
20.68. Found: C, 32.05; H, 3.13; N, 19.95.
[1,5-di-iso-propyl-3-(2°-pyridyl)6-oxoverdazyl]copper (II) chloride dimer (4.14). A
solution of 2.13¢ (0.050 g, 0.19 mmol) in 2 mL of ethanol was added to a solution of
CuCl,2H,0 (0.032 g, 0.19 mmol) in 1 mL of ethanol. The solution immediately turned
red-purple, and after 5 min of gentle heating was placed in a -15°C freezer overnight
resulting in the precipitation of 4.14 as a dark red crystalline solid, yield 0.054 g (72%).
Single crystals were grown by slow evaporation of a saturated 1:1 solution of 4.14 in
dichloromethane and hexane. Mp. 112-114°C (dec). FT-IR (KBr): 1702 (s) v(CO) cm™.
UV-vis (CH,CL): Amax 281 nm (g = 12750 Lemol'ecm™), 500 nm (¢ = 5750 Lemol'ecm™
1). Anal.Calcd for Ci3HsNsOCuCl,: C, 39.55; H, 4.60; N, 17.74. Found: C, 39.54; H,
4.61; N, 17.87.
1,5-dimethyl-3-(2’-methylimidazol-5’-yl)-6-oxoverdazylbis-(1,1,1,5,5,5-
hexafluoroacetylacetonato)copper (II) (4.15). A solution of 2.4h (0.090 g, 0.44 mmol)

in 10 mL dichloromethane was added to a slurry of Cu(hfac),2H,0O (0.224 g, 0.44 mmol)



158
in 20 mL heptane. The solution immediately turned pink, and upon refluxing for 1 h

turned dark red. The solvent was removed in vacuo leaving a microcrystalline red solid.
Recrystallization from ethanol afforded 4.15 as single crystals, yield 0.195 g (65%). Mp.
86-88°C (dec). FT-IR (KBr): 1712 (s) v(CO) cm™. UV-vis (CH2CL): Amax 422 nm (g =
3100 Lemol'ecm™). Anal.Caled for CioHi7NgOsF,Cu: C, 31.57; H, 1.91; N, 12.27.
Found: C, 31.53; H, 2.03; N, 12.27.
1,5-dimethyl-3-(2’-pyridyl)-6-oxoverdazylbis-(1,1,1,5,5,5-
hexafluoroacetylacetonato)copper (II) (4.16). A solution of 2.4g:hydroquinone (0.216
g, 0.68 mmol) in 10 mL dichloromethane was added to a slurry of Cu(hfac),2H,0O (0.328
g, 0.64 mmol) in 30 mL heptane. The solution immediately turned a light brown colour,
and after 30 min a white precipitate was observed in the dark brown solution. The
solution was filtered and the solvent was removed in vacuo leaving a microcrystalline
brown solid. Recrystallization from hexanes yielded 4.16 as gold needles, yield 0.330 g
(76%). Mp. 94-97°C (dec). FT-IR (KBr): 1705 (s) v(CO) cm™. UV-vis (CH,CL1): Amax
421 nm (g = 2800 Lemol'ecm™). Anal.Calcd for C19H,NsOsF,Cu: C, 33.47; H, 1.77; N,

10.27. Found: C, 33.60; H, 1.60; N, 10.59.
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Chapter 5 General conclusions and future work

Stable radicals have been widely studied as a result of their utility as ligands for
transition metals, spin labels, and as components of magnetic and conducting materials.
However, most stable radicals were discovered by accident, and very little effort has been
made towards the systematic design of stable radicals. Verdazyl radicals are the only
class of organic radicals whose stability rivals that of the nitroxides, and the synthetic
pathways used to produce verdazyls make them amenable to derivatization. Significant
advances in the design, synthesis, and chemistry of verdazyl radicals have been made in
this work, including (i) the systematic study of the electrochemistry of verdazyl radicals,
(i1) the development of formazans as ancillary ligands en route to inorganic verdazyl
radicals, and (iil) magnetostructural studies of verdazyl diradicals and copper (II)
verdazyl complexes.

The electrochemical properties of stable radicals have significant implication on
their use in a number of applications, including their use in charge transfer chemistry,
organic-radical batteries, and single-component molecular conductors. The systematic
study of the electrochemical properties of verdazyl radicals was reported. Most verdazyl
radicals were reversibly oxidized and reduced, highlighting their potential utility as
building blocks in organic-radical batteries. Furthermore, the relatively low oxidation
potentials observed for type I verdazyl radicals may allow for their use as electron donors
in charge transfer salts, a property that may also be exploited in transition metal
complexes of verdazyl radicals where valence tautomerism is of considerable interest.

The tunability of the electrochemical properties of verdazyl radicals was illustrated by
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studying their substituent effects. The presence of electron-withdrawing substituents
rendered verdazyl radicals harder to oxidize and easier to reduce, while the introduction
of electron-donating substituents had the opposite effect. The properties reported also
rule out the possibility of their use as radical conductors. The large cell potentials (~ 1 V)
observed for verdazyl radicals implies a high energy barrier associated with related
charged states (anions and cations), theoretically rendering them ineffective charge
carriers.

The similarities between formazans and benchmark ancillary ligands, including 3-
diketiminates was explored. Although formazans have been widely studied—mainly for
their use as dyes—very little was known about their inorganic chemistry at the outset of
this work. Triarylformazans were reacted with boron triacetate to form boratatetrazines,
the first examples of main group formazan complexes, which were reduced to yield
borataverdazyl radical anions. 3-Substituted formazans were synthesized as alternatives
to triarylformazans, allowing for the first time, bulky N-aryl substituents to be
incorporated into the formazan backbone. The coordination chemistry of 3-substituted
formazans was explored, and a correlation between steric bulk at the ligand and complex
structure was established. The development of formazans as ancillary ligands has opened
the door to a number of spin-off projects. In particular, the coordination chemistry of
compound 3.18e is of interest as the P-diketiminate analogue 5.1 has been used

extensively as a ligand.**® 28%-2%

The increased electrophilicity of formazans relative to
B-diketiminates is expected to play a significant role in the reactivity of their complexes.

The ability of copper (I) complexes of B-diketiminates 5.2 to bind molecular oxygen has

lead to their use as mimics for metalloproteins.372 Similar copper (I) complexes of
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formazans 5.3 should also bind molecular oxygen allowing for the effects of additional

nitrogen atoms in the ligand backbone to be studied.

O\*/O
R.._H _R . B — Cu
\"\l ‘l‘\l R\N H ‘N R O\CGO R. LU R
~u [ Il
NO, NO, M NO,
3.18e 51 5.2 53

The incorporation of iso-propyl substituents to type II verdazyls has allowed for
significant enhancement of their stability in solution and the solid-state. This increased
stability allowed for the first stable verdazyl diradicals to be studied. The magnetic
properties of diradicals 4.7a and 4.7b were consistent with other benzene-bridged
diradicals, as the origin of magnetic coupling through benzene spacers is well known. In
addition, this work served to highlight the use of verdazyl radicals as redox active
chromophores. Future work in this area will likely involve type 1 verdazyl diradicals
bridged through the 1,5-positions of the verdazyl backbone. Unlike diradicals 4.7a and
4.7b, diradicals 5.4a and 5.4b are substituted at a site of primary spin density (see Figure
4.4), potentially giving rise to significant enhancement of the communication between

verdazyl radicals, and drastic changes in their magnetic and electronic properties.



162

4.7a,b

Copper (II) complexes of verdazyl radicals were expected to exhibit
ferromagnetic coupling. The coordinative flexibility of copper (II) ions and Jahn-Tellar
distortions in octahedral copper (II) verdazyl complexes did not allow for complexes with
significant ferromagnetic coupling interactions to be observed. However, when coupled
with previous studies,’ the magnetic interactions of verdazyl radicals and most first row
transition metals have been reported, and their potential as building blocks for molecule-
based magnets assessed. Future work in this area may incorporate the coordination
chemistry and electrochemistry of verdazyl radicals in the form of redox active cobalt
complexes, which may exhibit valence tautomeric behavior. Valence tautomerism has
been reported in 2,2’-bipyridine (bipy) complexes of cobalt where electron transfer from
cobalt (II) to a semiquinone (SQ) ligand in complex 5.5 gives rise to cobalt (III) complex
5.6, bearing one catecholate (Cat) and one semiquinone ligand at low temperatures
(Figure 5.1).7 Similarly, when bipy is replaced by a verdazyl radical (vd), valence
tautomerism between complexes 5.7 and 5.8 may occur. In addition, the possibility of
metal-mediated electron transfer from the verdazyl radical in complex 5.7 to one of the
semiquinone ligands yielding complex 5.9 also exists (Figure 5.2), making complexes of

this type attractive targets.
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Figure 5.1. Valence tautomerism observed for Co(bipy)(SQ), complex 5.5.

co'l(vd*)(Cat)(sQ) CO'"(vd)éC;at)(SO)
5.9 :

Figure 5.2. Potential valence tautomerism observed for Co(vd)(SQ), complex 5.7.
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Appendix A: Experimental considerations

A-1 General considerations

NMR spectra were recorded on a 300 or 500 MHz Bruker instrument. Infrared
spectra were recorded as KBr pellets using a Perkin Elmer Spectrum One instrument.
Electronic spectra were recorded using a Cary 50 Scan instrument. EPR spectra of
microcrystalline samples were recorded in capillary tubes on a Bruker AMX360
spectrometer. Elemental analysis was carried out by Canadian Microanalytical Services
Ltd.,, Vancouver, BC. Mass spectra were recorded using a Kratos Concept H
spectrometer using electron impact (El), or liquid secondary (LSIMS) ionization sources.

Melting points were recorded (uncorrected) using a Gallenkamp melting point apparatus.

A-2 Magnetic measurements

Variable temperature magnetic data (2-300K) were collected using a Quantum
Design MPMS SQUID magnetometer operating at field strengths of 1 and 5 T.
Diamagnetic corrections were made by subtracting the magnetic susceptibility of the
corresponding radical precursor (4.7a and 4.7b), Pascal’s constants (4.13), or the slope of
the paramagnetic regime of the raw magnetic moment data (2.3j, 2.4e, 4.15, and 4.16)

from the raw magnetic susceptibility data.

A-3 Electrochemistry experiments

Cyclic voltammetry experiments were performed with a Bioanalytical Systems
CV50 voltammetric analyzer. Typical electrochemical cells consisted of a three-
electrode setup including a glassy carbon working electrode, platinum counter electrode,

and silver reference. Acetonitrile solutions of analyte (~1 mM) and electrolyte (0.1 M
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BwuN'BF;) were referenced against an internal standard (~1 ™M
Ferrocene/Ferrocenium) at a scan rate of 100 mV/s (Chapter 2 and 3) or 250 mV/s

(Chapter 4).

A-4 Crystal structure determinations

X-ray diffraction data was collected on a Bruker PLATFORM/SMART 1000
CCD with graphite-monochromatized Mo-Ka. radiation (A = .71073A) by Dr. Brian O.
Patrick at the University of British Columbia or by Dr. Robert McDonald or Dr. Michael
J. Ferguson at the University of Alberta. The crystal structures were solved by direct

methods (SHEL XS-97).

A-5 Variable temperature EPR experiments

Variable temperature EPR spectra were recorded in deoxygenated (three freeze-
pump-thaw cycles) toluene solutions (~10*M) on a Bruker AMX360 spectrometer
equipped with a helium cryostat by Dr. Pierre Kennepohl at the University of British

Columbia, and spectra obtained simulated with WinEPR SimFonia.

A-6 DFT calculations

Density Functional Theory (DFT) calculations were carried out using Gaussian-
03W by Mark S. Zsombor at the University of Victoria. = The calculations were

performed using the 6-31G(d,p) basis set at UB3LYP level of theory.
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Appendix B: DFT calculation output parameters

Table B-1. Output paramaters for 2.3a.

1|1|UNPC-UNK|FOpt |UB3LYP|6-31G(d,p) |C20H17N4 (2) | PCUSER|03-Nov-2007|0] |
# OPT UB3LYP/6-31G(D,P) GEOM=CONNECTIVITY| |Untitled-2|]0,2|N,-1.149348
2708,-0.3905263466,-0.648760176|N,-1.15059122,-0.4065582516,0.70154851
5/C,0.0593133175,-0.4127647074,1.2812534719|N,1.2281237875,-0.19695446
85,0.658942086|N,1.1761130982,-0.1856053445,-0.6904131572|C,0.05184838
52,-0.8574533559,-1.3232729479|C,2.2713136462,0.3326889671,-1.40261329
73|C,-2.3428853165,-0.0738725816,-1.3199691868|C,0.0990314703,-0.56331
49357,2.7580876801|C,-2.5545303552,-0.4544321783,-2.656600165|C,-3.741
6288995,-0.1080440941,-3.3002502353|C,-4.7377356874,0.5990958812,-2.62
81498468|C,-4.5324300359,0.9597791594,-1.2933385466|C,-3.3493853208,0.
©6353216183,-0.6394629819|C,3.1619012218,1.2090074566,-0.7560777232|C,4
.2460273787,1.7332109434,-1.4505569311|C,4.463647816,1.4098047957,-2.7
929481241|C,3.5832269109,0.5373523227,-3.4314460785|C,2.4985806799, -0.
0091838576,-2.747111068|C,-1.0852474445,-0.7457750304,3.4885220342|C, -
1.0455251022,-0.8845618725,4.87419029811C,0.1741773562,-0.8480656391,5
.5526916089|C,1.3565833092,-0.672884429,4.8311669671|C,1.3221659274,-0
.5336297936,3.4454037235|H,0.0092441457,-0.5876026119,-2.3741491747 |H,
0.150009679,-1.9494800103,-1.2154826309|H,-1.8188593119,-1.042064707¢,
-3.1943362861|H,-3.8888539254,-0.4098129925,-4.3330723193|H,-5.6612686
97,0.8621958861,-3.1338201945|H,-5.2986479251,1.5107987859,-0.75572840
02|H,-3.1803295603,0.9219619824,0.3904513131|H,2.982056937,1.464896379
7,0.2800896305|H,4.922753562,2.4113462059,-0.9387841029|H,5.3084152293
,1.8286980413,-3.3302876133|H,3.7441312998,0.2627432604,-4.469791295|H
,1.8583064772,-0.7180271853,-3.2602130436|H,-2.0304585773,-0.778841683
7,2.9590506|H,-1.9710855604,-1.0243009819,5.4255380718|H,0.2033113221,
-0.9591482414,6.6327865236|H,2.3113173758,-0.6469289117,5.3488374742|H
,2.2391802218,-0.4025943514,2.8825786654| |Version=x86-Win32-G03RevB.04
| State=2-A|HF=-991.3246112|52=0.775486|352-1=0.|S2A=0.750327|RMSD=8.143
e-009|RMSF=2.919e-006|Dipole=-0.0081014,-0.1231352,-1.0578648|PG=C01 [
X (C20H17N4) 1| |@
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Table B-2. Output parameters for 2.4a.

1]1|UNPC-UNK|FOpt |UB3LYP|6-31G(d,p) |C20H15N401 (2) | PCUSER|05-Nov-200710
| | # OPT UB3LYP/6-31G(D,P) GEOM=CONNECTIVITY| |Triphenyl Oxyverdizyl| |0,
2|N,0.,0.,0.|N,0.0156112182,1.3662965119,0.0301960896|C,1.2195233576,1
.9383116345,0.0263762915|N,2.3927631224,1.3083220164,-0.0305610946|N, 2
.3387378019,-0.0543338584,-0.120959678|C,1.1497015509,-0.7979013602, -0
.09453923391C,3.6197143043,-0.7052526063,-0.1370040615|C,-1.3124823006
,—0.5837466296,-0.0385165052|C,1.257403261,3.422768799,0.0919750643|C,
-1.5970190366,-1.7901714748,0.6120934403|C,-2.8950105167,-2.2967610071
,0.5712585073|C,-3.9077857612,-1.6135977047,-0.1026461655|C,-3.6159520
539,-0.4074948018,-0.7416216644|C,-2.3237559344,0.1106585254,-0.712918
95121C,4.6635045263,-0.1253811641,0.5937097314|C,5.927582157,-0.709149
5994,0.5737176064|C,6.1590929031,-1.8674864489,-0.1697871554|C,5.11438
70587,-2.4361124939,-0.8990521424|C,3.8439604879,-1.8624827854,-0.8921
518276|C,0.0858037314,4.1522163075,0.3434443646|C,0.1242838065,5.54344
11232,0.4040857929|C,1.32887775,6.2237478485,0.2157532785|C,2.49770113
61,5.5022596224,-0.0345257193|C,2.4651775624,4.1109570221,-0.096846488
810,1.1186673328,-2.0140862182,-0.1482834531|H,-0.8162395069,-2.325658
044,1.1329595352|H,-3.1120948238,-3.2323843815,1.0775746976|H,-4.91555
65758,-2.0166763995,-0.1288033572|H,-4.3947774698,0.1338424504,-1.2702
180405|H,-2.0882123221,1.0485245451,-1.2002507505|H,4.4749106633,0.776
6436735,1.1623478359|H,6.7317624842,-0.2568655829,1.1462229316|H,7.144
977954,-2.3220757101,-0.1815309886|H,5.2847125802,-3.333270161,-1.4863
937099|H,3.0381189998,-2.3095057499,-1.4564691089|H,-0.8461269316,3.61
98396797,0.494059441|H,-0.7888027603,6.0972066896,0.6019672256|H,1.356
5562567,7.3084273739,0.2636861677|H,3.4382350221,6.0241136802,-0.18487
46273|H,3.3691370514,3.547184936,-0.2959012874| |Version=x86-Win32-GO3R
evB.04|State=2-A|HF=-1065.3646033|52=0.773115|S2-1=0.|S2A=0.750236|RMS
D=8.412e-009 |RMSF=2.121e-006|Dipole=0.0043943,-0.007041,0.3171674|PG=C
01 [X(C20H15N401)]]| @
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Table B-3. Output parameters for 2.4c.

1|1 |UNPC-UNK|FOpt |UB3LYP|6-31G(d,p) [C14H19N401 (2) | PCUSER|19-Feb-2007]0
| |4 OPT UB3LYP/6-31G(D,P) GEOM=CONNECTIVITY||Phenyl-Di Iso-propyl Verd
azyl Radicall|0,2|C,-1.2139308474,0.0000132966,2.7944464046|C,-1.21377
98419,0.000029964,4.1874889851|C,-0.008642418,0.0000233381,4.892291626
1/]C,1.1989775755,0.0000009932,4.1917515304|C,1.2040506197,-0.000012981
6,2.7987180206|C,-0.0036824188,-0.0000068509,2.0847208076|C,-0.0010569
733,-0.0000257708,0.5984915721|N,1.1892252685,-0.0001463254,-0.0073121
©685|N,1.1644896041,-0.0001900507,-1.367807159|C,0.0037725817,-0.000233
06463,-2.1356773163|N,-1.1596498086,-0.0000212823,-1.3719125228|N,-1.18
91918252,0.000074645,-0.0115134227|C,-2.4795258195,0.0001907471,-2.042
2007019]10,0.0059353428,-0.000042939,-3.3599389078|C,-3.2501477571,1.27
55573881,-1.6883945966|C,-3.2505899243,-1.2748796581,-1.6882885478|C, 2
.4867252921,-0.0001807119,-2.03342837511C,3.2563355603,-1.2753736235, -
1.6768140679|C,3.2562913214,1.2750634698,-1.6768826136|H,-2.1477872396
,0.0000167039,2.2448746298|H,-2.1582601041,0.0000456057,4.7238275757|H
,—-0.0105612809,0.0000357089,5.9783802039|H,2.1415569675,-0.0000025235,
4.7314238049|H,2.1398430166,-0.0000283483,2.2524493121|H,-2.2408238418
,0.0001032289,-3.1063645282|H,-4.2093461721,1.2862010536,-2.2146873627
|H,-2.6888219991,2.1667747991,-1.9838128141|H,-3.4427846674,1.32676933
61,-0.6135227746|H,-4.2097936957,-1.2852296629,-2.2145769176|H,-3.4432
4233,-1.325939001,-0.6134115232|H,-2.6895757683,-2.1663157177,-1.98363
85697|H,2.2517841166,-0.0002141868,-3.0984288361|H,4.217388955,-1.2858
©671795,-2.1997143036|H,2.6962287988,-2.1667197503,-1.9741513343|H,3.44
51832887,-1.3264719919,-0.6012645792|H,4.2173466141,1.2855635915,-2.19
97798147 |H,3.445136115,1.3262364201,-0.6013355665|H,2.6961521106,2.166
3707988,-1.974274793| |Version=x86-Win32-GO03RevB.04 |State=2-A|HF=-839.1
647948152=0.773877152-1=0.|5S2A=0.750199|RMSD=6.007e-009 | RMSF=2.945e-00
5|Dipole=-0.0005583,-0.0000326,0.313008|PG=C01 [X(CLl4H19N401)]1||@
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Appendix C: Crystallographic parameters

Table C-1. Crystallographic parameters

2.1d 2.1j 2.3j 2.4c
formula CooH 3Ny Co1HpoNy CooHy Ny Ci3HisNsO
FW 314.38 328.41 34143 260.32
Dimensions (mm) 0.30 x 0.28 x 0.28  0.10 x 0.25x0.50 0.65x 0.09 x 0.06 0.68 x 0.12 x 0.10
a(A) 11.7762 (8) 7.830(1) 8.6889 (17) 5.1997 (13)
b (A) 13.4272 (9) 21.154(2) 22.319 (4) 26.482 (7)
c(A) 12.0220 (8) 22.289(3) 9.4504 (19) 10.429 (3)
o (deg) 90.0 90.0 90.0 90.0
B (deg) 118.5943 (12) 90.0 90.0 103.785 (4)
v (deg) 90.0 90.0 90.0 90.0
volume (A?) 1669.08 (19) 3691.9(8) 1832.7 (6) 1394.7 (6)
Paate (gem?) 1.251 1.182 1.237 1.240
system monoclinic orthorhombic orthorhombic monoclinic
space group P21/c (No. 14) Pbca (No. 61) Pnma (No. 62) P21/c (No. 14)
Z 4 8 4 4
p (mm'") 0.077 0.072 0.075 0.084
T (K) 193.15 296.15 193.15 193.15
20max (deg) 52.80 452 52.92 52.82
unique 3429 2431 1926 2853
reflections Ry =0.0310 Rin=0.055 R;: = 0.0936 Ri: = 0.0706
R/ 0.0503 0.141 0.0451 0.0524
WRS® 0.1364 0.178 0.1135 0.1187

“R; = (|Fol-[F|)/Z|Fol, "wR> = [Ew(|Fol-[Fe))/Zw(|Fo])*]"
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3.15d 3.15j 3.17d 3.17¢0.5C,Hg
formula CosHp3BN4O4 CosHpsBN4O4 CaoHp3Ns Ci75H5N50,
FW 442.27 456.30 33343 327.35
Dimensions (mm) 0.52x0.15x0.13 038 x0.27 x0.23 0.42x0.21x0.10 0.36 x 0.22 x 0.13
a(A) 10.3612 (15) 9.8688 (13) 7.1370(5) 8.3409(9)
b (A) 14.925 (2) 10.6690 (14) 16.3529(12) 8.8321(10)
c(A) 15.608 (2) 12.4677 (17) 30.754(2) 12.5426(14)
o (deg) 103.098 (2) 87.363 (2) 90 71.5642(18)
B (deg) 97.538 (3) 80.634 (2) 90 85.3860(18)
v (deg) 95.549 (3) 66.5696 (18) 90 70.4702(17)
volume (A?) 2310.5 (6) 1188.2 (3) 3589.3(4) 825.80 (16)
Paate (gem?) 1.271 1.275 1.234 1.316
system triclinic triclinic orthorhombic triclinic
space group P1 (No. 2) P1 (No. 2) Pbca (No. 61) P1 (No. 2)
Z 4 2 8 2
p (mm'") 0.087 0.087 0.076 0.090
T (K) 193.15 193.15 193.15 193.15
20max (deg) 53.00 52.84 52.80 52.78
unique 9430 4822 3671 3353
reflections R = 0.0505 Ry = 0.0224 R =0.0614 R = 0.0222
R/ 0.0514 0.0394 0.0466 0.0410
WRS® 0.1460 0.1117 0.1547 0.1219

“R; = = (|Fol-|F|)/Z|Fol, "wR> = [Zw(|Fo|-[Fe)*/Zw(|Fol)*]"
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3.17f 3.18b 3.18d 3.19
formula C16H,5N50, C,sH,5N50, C19H23N50, C16H,4N50,CuCl
FW 309.33 297.32 353.42 40731
Dimensions (mm) 0.52x 020 x 0.10  0.52x0.12x 0.06 0.63x0.17 x0.12  0.02 x 0.05 x 0.50
a(A) 7.1822 (9) 7.2118(10) 8.9215 (13) 13.328(2)
b (A) 10.8832 (14) 9.8215(14) 9.2825 (14) 7.1885(6)
c(A) 11.6087 (12) 11.7772(16) 12.9559 (19) 17.422(2)

a (deg) 62.139 (9) 110.419(2) 77.929 (2) 90.0

B (deg) 74.242 (8) 96.245(2) 78.539 (2) 91.044(3)

v (deg) 72.220 (9) 105.752(2) 63.853 (2) 90.0
volume (A% 754.90 (16) 733.01(18) 934.9 (2) 1668.8(3)
Paate (gem?) 1.361 1.347 1.256 1.621

system triclinic triclinic triclinic monoclinic
space group P1 (No. 2) P1 (No. 2) P1 (No. 2) P2y/n (No. 14)

z 2 2 2 4
p(mm") 0.094 0.094 0.085 0.1489
T (K) 193.15 193.15 193.15 173.15
20, (deg) 50.00 52.76 52.72 50.1
unique 2571 2972 3766 2942
reflections Ry = 0.0303 Riy = 0.0289 R = 0.0229 Rin = 0.074

R} 0.0644 0.0474 0.0496 0.073
WR, 0.1829 0.1370 0.1469 0.088

“R; = = (|Fol-|F|)/Z|Fol, "wR> = [Zw(|Fo|-[Fe)*/Zw(|Fol)*]"
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3.20a'CH,Cl, 3.20b'CH,Cl, 3.21'1.25CH,Cl, 3.22
formula CosHyCLFeN;0,  CysHygCLCOoN;O,  Cs725H405N1902NixCly s C3oH2sN9O4Ni
FwW 577.23 580.31 866.34 651.33
Dimensions (mm) 0.38 x 0.34 x 0.23  0.66 x 0.42 x 0.33 0.15 x0.25 x 0.50 0.05x0.12 x0.30
a(A) 9.0144 (6) 8.9601 (8) 15.3752(8) 12.5875(13)
b(A) 9.3053 (6) 9.3250 (8) 16.4725(8) 7.4705(9)
c(A) 15.8871 (11) 15.8258 (13) 10.6976(5) 16.707(2)

a (deg) 73.7154 (8) 73.4386 (10) 90.0 90.0

B (deg) 87.5893 (9) 87.6027 (10) 132.934(2) 103.689(4)

v (deg) 87.5292 (9) 87.5323 (11) 90.0 90.0
volume (A?) 1277.36 (15) 1265.66 (19) 1983.6(2) 1526.4(3)
Peae (gem?) 1.501 1.523 1.450 1.417

system triclinic triclinic monoclinic monoclinic
space group P1 (No. 2) P1 (No. 2) C2/m (No. 12) P2,/c (No. 14)

Z 2 2 2 2
p (mm') 0.837 0.927 0.1164 0.0689
T (K) 193.15 193.15 173.15 173.15
20max (deg) 52.76 52.70 559 50.2
unique 5180 5083 2444 2692
reflections R;x=0.0178 R;=0.0119 R;x=0.028 R;x=0.073
R/ 0.0492 0.0496 0.036 0.041
WR,® 0.1510 0.1468 0.097 0.071

*R; = (|Fol-|F|)/Z|Fol, "wR> = [Zw(|Fo|-[Fe)"/Zw(|Fol)*]"*
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Table C-1. continued, Crystallographic parameters

3.240.5CsH,, 3.25b 3.25d 4.7a
formula CaosHsoN (N0 CyH | sFgNsO4Pd  CyyHp3FNsO4Pd CpH3Ng0,
FW 892.34 609.77 665.87 440.56
Dimensions (mm) 0.54 x 0.41 x 0.16  0.53 x 0.41 x0.30 0.35x0.15x0.06 0.29 x 0.27 x 0.07
a(A) 11.6602 (14) 11.7149 (9) 11.8370 (17) 26.760 (6)
b (A) 19.801 (2) 13.8658 (11) 13.2420 (19) 5.9051 (12)
c(A) 19.807 (2) 16.2625 (13) 17.729 (3) 16.435 (3)
o (deg) 90.0 87.9598 (10) 90.0 90.0
B (deg) 92.5918 (16) 72.3284 (10) 99.234 (2) 112.993 (3)
v (deg) 90.0 66.5383 (9) 90.0 90.0
volume (A?) 4568.5 (9) 2297.9 (3) 2743.0 (7) 2390.7 (8)
Paate (gem?) 1.297 1.763 1.612 1.224
system monoclinic triclinic monoclinic monoclinic
space group C2/c (No. 15) Pl (No. 2) P21/c (No. 14) C2/c (No. 15)
V4 4 4 4 4
p (mm'") 0.878 0.894 0.756 0.083
T (K) 193.15 193.15 193.15 193.15
20max (deg) 55.32 54.98 55.26 50.50
unique 5301 10380 12120 2160
reflections R;,, = 0.0300 R;,;=0.0108 Ry = 0.000° Riy = 0.0533
R/ 0.0372 0.0247 0.0545 0.0589
WRS® 0.1035 0.0646 0.1335 0.1661

‘R, =X ([Fo|-[F|)/Z|Fo|, "wR> = [Ew(|Fo|-|Fe])*/Ew(|Eo|)*]", crystals displayed non
merohedral twinning and were indexed with CELL NOW.
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4.7b 4.13 4.14 4.15
formula C,H3,NzO, CoH (CLCuNsO  Cy;3H;sCLCuNsO  CgH3CuF,NgOs
FW 440.56 338.66 394.76 684.88
Dimensions (mm) 0.57 x 0.38 x 0.20 0.45x0.39x0.33 0.52x0.45x0.37 0.46 x0.16 x 0.07
a(A) 25.546 (3) 14.9568 (12) 17.2769 (13) 9.8110 (9)
b (A) 9.3143 (9) 9.9809 (8) 10.7994 (8) 10.9073 (10)
c(A) 21.518 (2) 17.3231 (14) 17.8486 (14) 12.5202 (12)
o (deg) 90.0 90.0 90.0 78.5653 (14)
B (deg) 106.528 (2) 90.0 90.0 83.4835 (14)
vy (deg) 90.0 90.0 90.0 73.6999 (14)
volume (A’ 4908.6 (8) 2586.0 (4) 33302 (4) 1258.0 (2)
Paate (gem?) 1.192 1.740 1.575 1.808
system monoclinic orthorhombic orthorhombic triclinic
space group 2/a (No. 15) Pbca (No. 61) Pbca (No. 61) Pl
4 8 8 8 2
p (mm'") 0.081 2.096 1.640 1.000
T (K) 193.15 193.15 193.15 193.15
20max (deg) 52.82 52.74 52.78 52.86
unique 5046 2639 3417 5142
reflections Riye = 0.0266 Ry =0.0220 Ry = 0.0202 Riy = 0.0305
R} 0.0462 0.0230 0.0488 0.0453
WR," 0.1376 0.0656 0.1137 0.1302

“R; = = (|Fol-|F|)/Z|Fol, "wR> = [Zw(|Fo|-[Fe)*/Zw(|Fol)*]"
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Appendix D: Complete listing of bond lengths and angles

Table D-1. Bond lengths (A) and angles (deg) for 2.1d.

N1 N2 1.3123(19)
N1 Cl 1.338(2)

N2 C21 1.398(2)

N2 H2N 1.16(2)

N3 N4 1.2859(19)

N3 Cl 1.373(2)

N4 C31 1.412(2)

N4 H2N 1.52(2)

Cl Cl1 1.474(2)

Cl1 C12 1.392(2)

Cl1 C16 1.397(2)

C12 C13 1.377(3)

C13 Cl4 1.393(2)

Cl4 C15 1.389(2)

Cl4 C17 1.494(2)

C15 C16 1.374(3)

C21 C22 1.387(2)

C21 C26 1.390(2)

C22 C23 1.378(2)

C23 C24 1.378(3)

C24 C25 1.377(3)

C25 C26 1.375(3)

C31 C32 1.390(3)

C31 C36 1.392(3)

C32 C33 1.376(3)

C33 C34 1.383(3)

C34 C35 1.371(3)

C35 C36 1.376(3)

N2 N1 Cl 118.65(15)
N1 N2 C21 118.78(15)
N1 N2 H2N 106.2(12)
C21 N2 H2N 134.8(12)
N4 N3 Cl 118.36(14)
N3 N4 C31 116.09(15)
N3 N4 H2N 102.2(9)t
C31 N4 H2N 141.7(9)
N1 Cl N3 128.39(15)
N1 Cl Cl1 116.38(15)

N3 Cl Cll1 115.19(15)



Cl

Cl

C12
Cl1
C12
C13
Cl13
CI15
Cl4
Cl1
N2

N2

C22
C21
C22
C23
C24
C21
N4

N4

C32
C31
C32
C33
C34
C31
N2

Cl1
Cl1
Cl1
Cl12
Cl13
Cl4
Cl4
Cl4
CI5
Cl16
C21
C21
C21
C22
C23
C24
C25
C26
C31
C31
C31
C32
C33
C34
C35
C36
H2N

Cl12
Cleé
Cl6
C13
Cl4
CI15
C17
C17
Cl6
CI15
C22
C26
C26
C23
C24
C25
C26
C25
C32
C36
C36
C33
C34
C35
C36
C35
N4

122.02(16)
121.20(15)
116.79(16)
121.64(17)
121.50(17)
116.85(16)
121.85(17)
121.30(17)
121.84(17)
121.39(17)
123.80(16)
116.58(17)
119.59(17)
119.57(17)
120.9(2)
119.31(19)
120.7(2)
119.9(2)
123.88(16)
116.50(16)
119.62(17)
119.50(18)
120.7(2)
119.8(2)
120.4(2)
120.00(19)
146(2)t
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Table D-2. Bond lengths (A) and angles (deg) for 2.1j.

Cl

Cl

Cl

Cl1
Cl1
Cl2
Cl12
Cl13
C13
Cl4
Cl4
CI5
CI5

N1

N3

Cl1
Cl12
Cl16
C13
HI12
Cl14
HI13
CI15
H14
Cl6
HI15

1.350(4)
1.364(5)
1.464(5)
1.378(5)
1.403(5)
1.385(5)
0.9300
1.374(6)
0.9300
1.379(6)
0.9300
1.387(6)
0.9300



Cl6
C21
C21
C21
C22
C22
C23
C23
C24
C24
C25
C25
C26
C27
C27
C27
C27
C27
C27
C31
C31
C31
C32
C32
C33
C33
C34
C34
C35
C35
C36
C37
C37
C37
C37
C37
C37
N1

N2

N3

N4

N1

N1

N3

Cl12
Cl12

H16
C26
C22
N2
C23
H22
C24
H23
C25
C27
C26
H25
H26
H27A
H27B
H27C
H27D
H27E
H27F
C32
C36
N4
C33
H32
C34
H33
C35
C37
C36
H35
H36
H37A
H37B
H37C
H37D
H37E
H37F
N2
HI
N4
HI
Cl1
Cl
C1
Cll1
Cl1

0.9300
1.374(5)
1.379(5)
1.417(5)
1.388(5)
0.9300
1.377(5)
0.9300
1.368(5)
1.519(5)
1.390(5)
0.9300
0.9300
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
1.377(5)
1.390(5)
1.406(5)
1.381(6)
0.9300
1.375(6)
0.9300
1.374(6)
1.503(6)
1.376(6)
0.9300
0.9300
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
1.318(4)
1.39(2)
1.311(4)
1.45(2)

N3

Cl1

Cl1

C16

Cl

127.0(3)
116.4(4)
116.6(4)
118.1(4)
121.7(4)
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Cl6
Cl1
Cl1
C13
Cl14
Cl4
Cl12
C13
Cl13
CI5
Cl14
Cl4
Cl6
CI15
CI5
Cl1
C26
C26
C22
C21
C21
C23
C24
C24
C22
C25
C25
C23
C24
C24
C26
C21
C21
C25
C24
C24
H27A
C24
H27A
H27B
C24
H27A
H27B
H27C
C24
H27A

Cl1
Cl12
Cl2
Cl12
Cl13
C13
Cl13
Cl4
Cl4
Cl4
CI5
CI15
CI5
Cl16
Cl6
Cl16
C21
C21
C21
C22
C22
C22
C23
C23
C23
C24
C24
C24
C25
C25
C25
C26
C26
C26
C27
C27
C27
C27
C27
C27
C27
C27
C27
C27
C27
C27

Cl
C13
HI12
HI2
C12
HI3
HI13
CI15
H14
H14
Cl6
HI5
HI5
Cl1
H16
HI16
C22
N2
N2
C23
H22
H22
C22
H23
H23
C23
C27
C27
C26
H25
H25
C25
H26
H26
H27A
H27B
H27B
H27C
H27C
H27C
H27D
H27D
H27D
H27D
H27E
H27E

120.2(4)
121.2(4)
119.4
119.4
120.7(5)
119.7
119.7
119.0(4)
120.5
120.5
120.9(4)
119.5
119.5
120.1(4)
119.9
119.9
119.1(4)
116.9(4)
124.0(4)
119.6(4)
120.2
120.2
122.0(4)
119.0
119.0
117.3(4)
121.6(4)
121.0(4)
121.8(4)
119.1
119.1
120.1(4)
120.0
120.0
109.5
109.5
109.5
109.5
109.5
109.5
109.5
141.1
56.3
56.3
109.5
56.3
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H27B
H27C
H27D
C24
H27A
H27B
H27C
H27D
H27E
C32
C32
C36
C31
C31
C33
C34
C34
C32
C35
C35
C33
C34
C34
C36
C35
C35
C31
C34
C34
H37A
C34
H37A
H37B
C34
H37A
H37B
H37C
C34
H37A
H37B
H37C
H37D
C34
H37A
H37B
H37C

C27
C27
C27
C27
C27
C27
C27
Cc27
C27
C31
C31
C31
C32
C32
C32
C33
C33
C33
C34
C34
C34
C35
C35
C35
C36
C36
C36
C37
C37
C37
C37
C37
C37
C37
C37
C37
C37
C37
C37
C37
C37
C37
C37
C37
C37
C37

H27E
H27E
H27E
H27F
H27F
H27F
H27F
H27F
H27F
C36
N4
N4
C33
H32
H32
C32
H33
H33
C33
C37
C37
C36
H35
H35
C31
H36
H36
H37A
H37B
H37B
H37C
H37C
H37C
H37D
H37D
H37D
H37D
H37E
H37E
H37E
H37E
H37E
H37F
H37F
H37F
H37F

141.1
56.3
109.5
109.5
56.3
56.3
141.1
109.5
109.5
118.3(4)

117.2(4)
124.4(4)
120.7(4)
119.7
119.7
121.5(4)
119.3
119.3
117.5(4)
121.6(5)
121.0(5)
122.2(4)
118.9
118.9
119.9(4)
120.0
120.0
109.5
109.5
109.5
109.5
109.5
109.5
109.5
141.1
56.3
56.3
109.5
56.3
141.1
56.3
109.5
109.5
56.3
56.3
141.1
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H37D C37 H37F 109.5
H37E C37 H37F 109.5

N2 N1 Cl 118.4(3)
N1 N2 C21 118.1(3)
N1 N2 H1 115.5(10)
C21 N2 H1 126.3(10)
N4 N3 Cl 119.2(3)
N3 N4 C31 117.9(3)
N3 N4 H1 113.5(10)
C31 N4 Hl 128.6(10)

Table D-3. Bond lengths (A) and angles (deg) for 2.3j.

N2 C2 1.3351(19)

C2 C21 1.484(4)

Cl1 C12 1.381(2)

Cl1 C16 1.387(3)

C12 C13 1.382(3)

C13 Cl4 1.382(3)

Cl4 C15 1.387(3)

Cl4 C17 1.506(3)

C15 C16 1.377(3)

C21 C22 1.384(2)

C22 C23 1.385(3)

C23 C24 1.373(3)

N2 N1 Cl 117.93(17)
N2 N1 Cl1 117.08(15)
Cl N1 Cl1 121.89(17)
N1 N2 C2 114.71(17)
N1 Cl NI 105.9(2)
N2 C2 N2' 127.03)
N2 C2 C21 116.45(13)
N1 Cl1 C12 121.71(17)
N1 Cl1 C16 119.14(18)
C12 Cl1 C16 119.16(18)
Cl1 C12 C13 120.13(18)
C12 C13 Cl4 121.8(2)
C13 Cl4 C15 116.93(19)
C13 Cl4 C17 122.2(2)
C15 Cl4 C17 120.87(19)
Cl4 C15 C16 122.33(19)

Cll1 Cle6 CI15 119.6(2)



C2

C22
C21
C22
C23

C21
C21
C22
C23
C24

C22
C22'
C23
C24
C23'

120.68(15)
118.6(3)
120.6(2)
120.1(2)
119.9(3)
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Table D-4. Bond lengths (A) and angles (deg) for 2.4c.

O
N1
N1
N1
N2
N3
N3
N3
N4
N10
N10
Cl
C3
C3
C6
Co
Cl1
Cl12
C13
Cl14
N2
N2
C2
N1
N4
N4
C2
N3
Cl1
N2
N2
N4

C2
N2
C2
C3
Cl
N4
C2
C6
Cl
Cl1
CI5
Cl1
C4
(O8]
C7
C8
Ci12
Cl13
Cl4
CI15
N1
N1
N1
N2
N3
N3
N3
N4
N10
Cl
Cl
Cl
C2

1.216(2)
1.365(2)
1.373(2)
1.471(2)
1.324(2)
1.365(2)
1.374(3)
1.479(2)
1.322(2)
1.328(2)
1.335(3)
1.488(3)
1.516(3)
1.511(3)
1.498(3)
1.498(3)
1.377(3)
1.376(3)
1.363(3)
1.368(3)
C2

C3

C3

Cl

C2

C6

C6

Cl

C15

N4

Cl1
Cl1

N1

124.62(16)
114.77(15)
120.57(16)
114.33(15)
123.99(16)
114.84(16)
121.09(17)
114.95(16)
116.89(18)
127.81(18)
116.88(17)
115.29(17)
122.57(19)
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0 C2 N3 123.13(19)
N1 C2 N3 114.30(18)
N1 C3 C4 110.22(16)
N1 C3 Cs 109.92(17)
C4 C3 Cs 112.34(17)
N3 C6 C7 109.93(18)
N3 C6 C8 110.37(19)
C7 C6 C8 111.9(2)
N10 Cl1 Cl 116.49(17)
N10 Cl1 C12 122.52(18)
Cl Cl1 C12 120.99(18)
Cl1 C12 C13 119.6(2)
C12 C13 Cl4 118.3(2)
C13 Cl4 C15 118.6(2)
N10 C15 Cl4 124.0(2)

Table D-5. Bond lengths (A) and angles (deg) for 3.15d (Molecule A).

0l C2 1.345(3)
01 Bl 1.457(3)
02 C2 1.206(3)
03 C4 1.352(3)
03 Bl 1.463(3)
04 C4 1.203(3)
N1 N2 1.303(2)
N1 Cl 1.344(3)
N2 C21 1.439(3)
N2 Bl 1.555(3)
N3 N4 1.305(2)
N3 Cl 1.332(3)
N4 C31 1.430(3)
N4 Bl 1.553(3)
Cl Cl1 1.484(3)
C2 C3 1.482(3)
C4 Cs 1.486(3)
Cl1 CI2 1.374(3)
Cl1 C16 1.382(3)
CI2 C13 1.385(3)
C13 Cl4 1.378(4)
Cl4 Cl15 1.379(4)
Cl4 C17 1.503(3)

C15 C16 1.378(3)



C21
C21
C22
C23
C24
C25
C31
C31
C32
C33
C34
C35
C2
C4
N2
N1
N1
C21
N4
N3
N3
C31
N1
N1
N3
01
01
02
O3
O3
04
Cl
Cl
Cl12
Cl1
C12
Cl13
C13
CI5
Cl4
Cl1
N2
N2

C22
C26
C23
C24
C25
C26
C32
C36
C33
C34
C35
C36
01
03
NI
N2
N2
N2
N3
N4
N4
N4
Cl
Cl
Cl
C2
C2
C2
C4
C4
C4
Cll1
Cl1
Cll1
C12
C13
Cl14
Cl4
Cl4
CI15
Cl6
C21
C21

1.376(3)
1.390(3)
1.379(3)
1.369(4)
1.382(4)
1.391(3)
1.385(3)
1.390(3)
1.376(3)
1.382(4)
1.379(4)
1.383(3)
Bl

Bl

Cl

C21

Bl

Bl

Cl

C31

Bl

Bl

N3

Cl1
Cl1

02

C3

C3

04

Cs

Cs

C12
C16
Cl6
C13
Cl4
Cl15
C17
C17
Cl6
Cl15
22
26

117.73(18)
119.66(18)
118.11(19)
114.55(18)
124.82(18)
120.34(18)
118.61(18)
113.83(18)
124.42(18)
121.64(18)
126.5(2)
117.0(2)
116.39(19)
123.1(2)
113.1(2)
123.9(2)
122.7(2)
112.3(2)
125.1(2)
120.5(2)
121.8(2)
117.7(2)
120.5(2)
122.3(2)
116.5(2)
122.2(2)
121.3(2)
121.7(2)
121.2(2)
120.8(2)
119.0(2)
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C22
C21
C22
C23
C24
C21
N4

N4

C21
C22
C23
C24
C25
C26
C31
C31

C26
C23
C24
C25
C26
C25
C32
C36

120.2(2)
119.4(2)
121.1(3)
119.8(2)
119.8(2)
119.6(2)
119.8(2)
120.0(2)
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Table D-6. Bond lengths (A) and angles (deg) for 3.15d (Molecule B).

Ol
01
02
O3
O3
04
N1
N1
N2
N2
N3
N3
N4
N4
Cl
C2
C4
Cl1
Cl1
C12
CI13
Cl4
Cl14
CI5
C21
C21
C22
C23
C24
C25
C31

C2
B1
C2
C4
B1
C4
N2
Cl
C21
B1
N4
Cl
C31
B1
Cl1
C3
(O8]
Cl12
Clé6
C13
Cl4
CI5
C17
Cl16
C22
C26
C23
C24
C25
C26
C32

1.342(3)
1.456(3)
1.200(3)
1.339(3)
1.464(3)
1.206(3)
1.303(2)
1.344(3)
1.439(3)
1.547(3)
1.304(2)
1.341(3)
1.435(3)
1.548(3)
1.473(3)
1.483(3)
1.493(3)
1.388(3)
1.394(3)
1.386(3)
1.384(3)
1.388(3)
1.509(3)
1.380(3)
1.380(3)
1.384(3)
1.382(4)
1.370(4)
1.374(4)
1.378(3)
1.382(3)




C31
C32
C33
C34
C35
C2
C4
N2
N1
N1
C21
N4
N3
N3
C31
N1
N1
N3
01
01
02
O3
O3
04
Cl
Cl
Cl12
CI1
C12
C13
Cl13
CI5
Cl14
CI1
N2
N2
C22
C21
C22
C23
C24
C21
N4

C36
C33
C34
C35
C36
01
O3
N1
N2
N2
N2
N3
N4
N4
N4
Cl
Cl
Cl
C2
C2
C2
C4
C4
C4
Cl1
Cl1
Cl1
Cl12
Cl13
Cl4
Cl4
Cl4
CI5
Cle6
C21
C21
C21
C22
C23
C24
C25
C26
C31

1.387(3)
1.385(3)
1.370(4)
1.371(4)
1.380(3)
Bl

Bl

Cl

C21

Bl

BI

Cl

C31

Bl

Bl

N3

Cl1
Cl1

02

C3

C3

04

Cs

Cs

C12
Cl6
C16
C13
Cl4
Cl15
C17
C17
C16
Cl15
C22
26
26
C23
24
C25
26
C25
C32

119.16(18)
120.97(18)
117.85(18)
114.69(18)
125.44(18)
119.49(18)
118.92(18)
114.70(18)
124.37(18)
120.84(18)
126.0(2)
117.82(19)
116.14(19)
123.5(2)
112.0(2)
124.4(2)
123.3(2)
111.7(2)
125.0(2)
121.8(2)
120.6(2)
117.5(2)
120.8(2)
121.7(2)
117.3(2)
121.5(2)
121.2(2)
121.3(2)
121.2(2)
120.0(2)
119.6(2)
120.4(2)
118.9(3)
121.0(3)
119.8(3)
120.3(3)
119.6(3)
120.0(2)
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206
N4 C31 C36 119.7(2)

Table D-7. Bond lengths (A) and angles (deg) for 3.15j.

01 C2 1.3405(16)
01 Bl 1.4556(16)
02 C2 1.2013(16)
03 C4 1.3380(15)
03 Bl 1.4683(16)
04 C4 1.2027(15)
N1 N2 1.2976(14)
N1 Cl 1.3376(16)
N2 C21 1.4327(16)
N2 Bl 1.5623(16)
N3 N4 1.3025(14)
N3 Cl 1.3361(16)
N4 C31 1.4310(16)
N4 Bl 1.5601(17)
Cl Cl1 1.4791(17)
C2 C3 1.4947(19)
C4 Cs 1.4992(19)
Cl1 Cl2 1.3932(18)
Cl1 C16 1.3869(19)
C12 C13 1.3821(19)
C13 Cl4 1.383(2)

Cl4 C15 1.378(2)

C15 C16 1.382(2)

C21 C22 1.3952(17)
C21 C26 1.3930(18)
C22 C23 1.3772(19)
C23 C24 1.388(2)

C24 C25 1.3921(19)
C24 C27 1.5035(19)
C25 C26 1.3841(19)
C31 C32 1.3893(18)
C31 C36 1.3887(18)
C32 C33 1.385(2)

C33 C34 1.386(2)

C34 C35 1.388(2)

C34 C37 1.5058(19)
C35 C36 1.3836(19)

C2 01 Bl 120.10(10)



C4
N2
N1
N1
C21
N4
N3
N3
C31
N1
N1
N3
01
01
02
O3
O3
04
Cl
Cl
C12
CI1
C12
C13
Cl14
CI1
N2
N2
C22
C21
C22
C23
C23
C25
C24
C21
N4
N4
C32
C31
C32
C33
C33

O3
N1
N2
N2
N2
N3
N4
N4
N4
Cl
Cl
Cl
C2
C2
C2
C4
C4
C4
Cl1
Cl1
Cl1
Cl12
Cl13
Cl4
CI5
Cl16
C21
C21
C21
C22
C23
C24
C24
C24
C25
C26
C31
C31
C31
C32
C33
C34
C34

Bl
Cl
C21
Bl
Bl
Cl
C31
Bl
Bl
N3
Cll1
Cll1
02
C3
C3
04
C5
C5
C12
Cleé
Cl6
C13
Cl4
CI15
Cl6
CI15
C22
C26
C26
C23
C24
C25
C27
C27
C26
C25
C32
C36
C36
C33
C34
C35
C37

120.41(9)

119.60(10)
114.04(10)
123.87(10)
122.03(10)
118.33(10)
114.19(10)
125.03(10)
120.69(10)
126.47(11)
116.59(11)
116.92(11)
123.41(12)
112.40(12)
124.19(13)
123.63(12)
112.38(11)
123.99(12)
120.92(12)
120.63(12)
118.45(12)
120.14(14)
120.75(14)
119.44(13)
119.99(14)
121.21(13)
119.84(11)
120.92(11)
119.19(12)
119.78(12)
122.00(13)
117.61(12)
120.63(13)
121.75(13)
121.49(12)
119.91(12)
120.51(11)
120.08(11)
119.41(12)
119.84(13)
121.62(13)
117.63(13)
121.68(14)
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C35 C34 C37 120.69(13)
C34 C35 C36 121.81(13)
C31 C36 C35 119.67(13)
01 Bl 03 103.77(9)

01 Bl N2 112.69(10)
01 Bl N4 111.12(10)
03 Bl N2 111.00(10)
03 Bl N4 112.63(10)
N2 Bl N4 105.80(9)

Table D-8. Bond lengths (A) and angles (deg) for 3.17d.

N1 N2 1.325(2)
N1 Cl 1.304(2)
N2 Cl1 1.414(2)
N3 N4 1.269(2)
N3 Cl 1.392(2)
N4 C21 1.402(2)
N5 C2 1.137(2)
Cl C2 1.444(3)
Cl1 C12 1.400(2)
Cl1 C16 1.402(2)
C12 C13 1.387(3)
C12 C17 1.509(3)
C13 Cl4 1.382(3)
Cl4 Cl15 1.386(3)
Cl4 C18 1.507(3)
C15 C16 1.389(2)
C16 C19 1.507(2)
C21 C22 1.412(2)
C21 C26 1.418(2)
C22 C23 1.386(3)
C22 C27 1.507(3)
C23 C24 1.389(3)
C24 C25 1.394(3)
C24 C28 1.506(3)
C25 C26 1.389(3)
C26 C29 1.505(2)
N2 N1 Cl 116.38(15)
N1 N2 Cl1 122.54(14)

N4 N3 Cl 112.45(14)



N3

N1

N1

N3

N5

N2

N2

Cl12
Cl1
Cl1
Cl13
Cl12
Cl13
C13
CI5
Cl4
Cl1
Cl1
CI5
N4

N4

C22
C21
C21
C23
C22
C23
C23
C25
C24
C21
C21
C25

N4

Cl

Cl

Cl

C2

Cl1
Cl1
Cl1
C12
Cl12
C12
C13
Cl4
Cl4
Cl14
CI5
Cl6
Cl16
Cl6
C21
C21
C21
C22
C22
C22
C23
C24
C24
C24
C25
C26
C26
C26

C21
N3

C2

C2

Cl1

C12
Cl6
Cle6
CI3
C17
C17
Cl4
CI5
C18
CI18
Cleé
CI5
C19
C19
C22
C26
C26
C23
C27
C27
C24
C25
C28
C28
C26
C25
C29
C29

118.04(15)
122.24(16)
116.55(16)
121.19(15)
179.7(2)

115.99(15)
122.43(15)
121.48(16)
118.28(17)
121.61(16)
120.10(16)
122.25(17)
117.62(17)
120.98(18)
121.38(19)
123.31(17)
117.03(16)
123.96(16)
118.97(16)
112.51(15)
127.04(15)
120.44(16)
119.17(17)
121.20(16)
119.63(16)
121.77(17)
118.06(17)
121.57(17)
120.38(18)
123.05(17)
117.51(16)
124.45(16)
117.99(16)
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Table D-9. Bond lengths (A) and angles (deg) for 3.17e.

01
02
N1
N1
N2

Ci12
C22
N2
Cl
Cl1

1.3566(18)
1.3457(18)
1.3101(15)
1.3180(18)
1.3969(18)



N3
N3
N4
N5
Cl
Cl1
Cl1
C12
Cl13
Cl4
CI5
C21
C21
C22
C23
C24
C25
H2N
HIO
H20
N2
N1
N4
N3
N1
N1
N3
N5
N2
N2
C12
01
01
Cl1
C12
C13
Cl14
Cl1
N4
N4
C22
02
02

N4
Cl
C21
C2
C2
C12
C16
C13
Cl4
C15
C16
C22
C26
C23
C24
C25
C26
N4
N5b
N3
N1
N2
N3
N4
Cl
Cl
Cl
C2
Cl1
Cl1
Cl1
C12
C12
C12
C13
Cl4
C15
C16
C21
C21
C21
C22
C22

1.2904(15)
1.3798(18)
1.3937(19)
1.1427(18)
1.4403(18)
1.3955(19)
1.382(2)
1.388(2)
1.376(2)
1.382(2)
1.382(2)
1.407(2)
1.405(2)
1.388(2)
1.367(3)
1.387(3)
1.375(2)
1.91a
2.004
1.904

Cl

Cl1

Cl

C21

N3

C2

2

Cl

C12

C16

C16

Cl1

C13

C13

Cl4

Cl15

C16

Cl15

C22

26

C26

C21

C23
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118.13(11)
120.93(12)
115.11(11)
115.96(12)
132.01(12)
114.42(12)
113.51(12)
179.03(16)
115.84(13)
123.27(13)
120.89(14)
116.50(13)
124.42(13)
119.08(14)
119.70(15)
121.12(15)
119.81(16)
119.39(15)
126.04(14)
114.82(14)
119.14(14)
122.95(14)
118.01(15)



C21
C22
C23
C24
C21

C22
C23
C24
C25
C26

C23
C24
C25
C26
C25

119.04(16)
120.79(18)
121.03(16)
119.34(17)
120.65(17)

211

Table D-10. Bond lengths (A) and angles (deg) for 3.17f.

01
Ol
02
02
N1
N1
N2
N2
N3
N3
N4
N4
N5
Cl
Cl1
Cll1
C12
C13
Cl14
CI15
C21
C21
C22
C23
C24
C25
C12
C22
N2
N1
N4
N3
N1

Cl12
C17
C22
C27
N2
Cl
N4
Cl1
N4
Cl
C21
H2N
C2
C2
Cl12
Cl6
C13
Cl4
CI5
Clé6
C22
C26
C23
C24
C25
C26
01
02
N1
N2
N3
N4
Cl

1.358(3)
1.424(3)
1.366(3)
1.423(3)
1.292(3)
1.355(4)
2.597(3)t
1.413(4)
1.296(3)
1.353(4)
1.406(4)
1.95%
1.144(4)
1.447(4)
1.399(4)
1.387(4)
1.402(4)
1.383(4)
1.377(4)
1.385(4)
1.397(4)
1.406(4)
1.383(4)
1.387(4)
1.379(4)
1.369(4)
C17
C27

Cl

Cl1

Cl

C21

N3

118.2(2)
117.4(2)
117.3(3)
116.9(2)
115.5(2)
117.1(2)
132.3(3)
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N1 Cl C2 113.4(3)
N3 Cl C2 114.3(3)
N5 C2 Cl 179.6(3)
N2 Cl1 C12 117.5(3)
N2 Cl1 C16 122.1(3)
C12 Cl1 C16 120.4(3)
01 C12 Cl1 116.4(3)
01 C12 C13 124.5(3)
Cl1 C12 C13 119.1(3)
C12 C13 Cl4 119.5(3)
C13 Cl4 Cl15 121.0(3)
Cl4 C15 C16 120.1(3)
Cl1 C16 C15 119.8(3)
N4 C21 C22 116.5(3)
N4 C21 C26 124.1(3)
C22 C21 C26 119.4(3)
02 C22 C21 115.2(3)
02 C22 C23 124.6(3)
C21 C22 C23 120.2(3)
C22 C23 C24 119.5(3)
C23 C24 C25 120.7(3)
C24 C25 C26 120.6(3)
C21 C26 C25 119.7(3)
N2 H2N N4 128.8%

Table D-11. Bond lengths (A) and angles (deg) for 3.18b.

01 N5 1.2185(19)
02 N5 1.230(2)
N1 N2 1.305(2)
N1 Cl 1.320(2)
N2 Cl1 1.402(2)
N2 N4 2.606(2)4
N3 N4 1.2877(19)
N3 Cl 1.357(2)
N4 C21 1.412(2)
N4 H2N 1.94a

N5 Cl 1.462(2)
Cl1 C12 1.377(3)
Cl1 C16 1.386(3)

CI2 C13 1.378(3)



Cl13
Cl4
Cl14
CI5
C21
C21
C22
C23
C24
C24
C25
N2
N1
N4
N3
01
01
02
N1
N1
N3
N2
N2
Cl12
Cl1
Cl12
Cl13
C13
CI5
Cl4
Cl1
N4
N4
C22
C21
C22
C23
C23
C25
C24
C21
N2

Cl4
CI5
C17
Cl16
C22
C26
C23
C24
C25
C27
C26
N1
N2
N3
N4
N5
N5
N5
Cl
Cl
Cl
Cll1
Cl1
Cll1
C12
C13
Cl4
Cl4
Cl14
CI15
Cl6
C21
C21
C21
C22
C23
C24
C24
C24
C25
C26
H2N

1.387(3)
1.380(3)
1.501(3)
1.388(3)
1.393(2)
1.390(2)
1.374(3)
1.389(3)
1.396(3)
1.501(3)
1.372(3)
Cl

Cl1

Cl

C21

02

Cl

Cl

N3

N5

N5

C12
C16
C16
C13
Cl4
Cl15
Cl17
C17
C16
Cl15
C22
C26
C26
C23
C24
C25
C27
27
26
C25

N4

117.19(15)
120.75(15)
114.59(15)
115.24(15)
123.66(16)
119.20(16)
117.08(15)
134.25(17)
113.11(16)
112.61(15)
117.65(17)
122.86(17)
119.48(18)
120.37(19)
121.36(19)
117.51(18)
120.94(19)
121.55(19)
122.00(19)
119.27(18)
116.31(16)
124.36(16)
119.33(17)
120.38(18)
121.18(18)
117.56(18)
120.69(19)
121.75(19)
122.14(19)
119.42(17)
131.1@

213




214
Table D-12. Bond lengths (A) and angles (deg) for 3.18d.

01 N5 1.225(2)
02 N5 1.225(2)

N1 N2 1.299(2)

N1 Cl 1.322(2)

N2 N4 2.615(2)f

N2 Cl1 1.425(2)

N3 N4 1.282(2)

N3 Cl 1.357(2)

N4 C21 1.416(2)

N4 H2N 1.97t

N5 Cl 1.468(2)

Cl1 C12 1.402(3)

Cl1 C16 1.392(3)

C12 C13 1.388(3)

C12 C17 1.501(3)

C13 Cl4 1.377(3)

Cl4 C15 1.388(3)

Cl4 C18 1.508(3)

C15 C16 1.391(3)

C16 C19 1.507(3)

C21 C22 1.412(2)

C21 C26 1.405(2)

C22 C23 1.390(2)

C22 C27 1.503(2)

C23 C24 1.385(3)

C24 C25 1.386(3)

C24 C28 1.506(2)

C25 C26 1.382(2)

C26 C29 1.508(3)

N2 N1 Cl 117.81(15)
N1 N2 Cl1 118.79(15)
N4 N3 Cl 114.44(15)
N3 N4 C21 117.55(14)
01 N5 02 123.61(17)
01 N5 Cl 118.77(17)
02 N5 Cl 117.62(15)
N1 Cl N3 134.26(17)
N1 Cl N5 112.75(15)
N3 Cl N5 112.97(16)
N2 Cl1 C12 120.70(17)
N2 Cl1 C16 117.45(16)

C12 Cl1 Cleé 121.82(17)



Cl1
Cl1
Cl13
C12
Cl13
C13
CI5
Cl4
Cl1
Cl1
CI5
N4

N4

C22
C21
C21
C23
C22
C23
C23
C25
C24
C21
C21
C25
N2

Cl12
Cl12
Cl12
C13
Cl4
Cl4
Cl4
CI5
Cl16
Cl16
Cl6
C21
C21
C21
C22
C22
C22
C23
C24
C24
C24
C25
C26
C26
C26
H2N

CI3
C17
C17
Cl4
CI5
C18
CI18
Cl16
CI5
C19
C19
C22
C26
C26
C23
C27
C27
C24
C25
C28
C28
C26
C25
C29
C29
N4

117.19(18)
122.61(17)
120.15(17)
122.83(18)
118.29(18)
120.93(19)
120.8(2)
121.69(19)
118.12(18)
122.02(18)
119.84(19)
124.41(15)
114.78(15)
120.69(16)
117.50(16)
124.16(16)
118.22(16)
122.92(16)
117.94(16)
120.99(17)
121.06(18)
122.19(17)
118.74(16)
121.28(16)
119.97(17)
129.4%
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Table D-13. Bond lengths (A) and angles (deg) for 3.19.

Cl

Cl

Cl

C2

Cl1
Cl1
Cl1
Cl12
Cl2
C13
CI3
Cl4
Cl4
CI5

N1
N3
C2
N5
Cl6
Cl12
N2
C13
Ol
Cl14
HI3
CI15
H14
Cl16

1.340(5)
1.354(5)
1.451(5)
1.138(5)
1.386(5)
1.407(5)
1.409(5)
1.372(5)
1.382(4)
1.395(5)
0.9500

1.383(5)
0.9500

1.378(5)




Cl15
Cl6
C17
C17
C17
C17
C21
C21
C21
C22
C22
C23
C23
C24
C24
C25
C25
C26
C27
C27
C27
C27
N1
N2
N3
N4
o1
02
Cul
N1
N1
N3
N5
Cle6
Cl6
Cl12
C13
C13
o)
Cl12
Cl12
Cl4
Cl15
Cl15
C13
Cle6

H15
H16
o1
H17A
H17B
H17C
C26
C22
N4
02
C23
C24
H23
C25
H24
C26
H25
H26
02
H27A
H27B
H27C
N2
Cul
N4
Cul
Cul
Cul
Cl1
Cl
Cl
Cl
C2
Cll1
Cl11
Cll1
Cl12
Cl12
C12
C13
C13
C13
Cl4
Cl4
Cl4
Cl15

0.9500
0.9500
1.444(4)
0.9800
0.9800
0.9800
1.383(5)
1.396(5)
1.415(5)
1.368(4)
1.383(5)
1.376(6)
0.9500
1.390(6)
0.9500
1.380(5)
0.9500
0.9500
1.425(4)
0.9800
0.9800
0.9800
1.297(4)
1.928(3)
1.286(4)
1.946(3)
2.068(3)
2.479(2)

2.2147(10)

N3
C2
C2
Cl
C12
N2
N2
Ol
Cll1
Cll1
Cl4
HI13
HI13
C13
H14
H14
Cl14

131.43)
114.2(3)
113.5(4)
178.7(4)
119.4(4)
125.4(4)
115.2(3)
125.0(4)
120.9(4)
114.1(4)
118.7(4)
120.7

120.7

121.1(4)
119.5

119.5

120.0(4)
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Cl6
Cl4
CI5
CI5
Cl1
01
01
HI7A
01
HI7A
H17B
C26
C26
C22
02
02
C23
C24
C24
C22
C23
C23
C25
C26
C26
C24
C25
C25
C21
02
02
H27A
02
H27A
H27B
N2
N1
N1
Cll1
N4
N3
N3
C21
C12
Cl12
C17

CI5
CI15
Cl6
Cl16
Cl6
C17
C17
C17
C17
C17
C17
C21
C21
C21
C22
C22
C22
C23
C23
C23
C24
C24
C24
C25
C25
C25
C26
C26
C26
C27
C27
C27
C27
C27
C27
NI
N2
N2
N2
N3
N4
N4
N4
Ol
Ol
Ol

H15
HI15
Cl1
H16
H16
H17A
H17B
H17B
H17C
H17C
H17C
C22
N4
N4
C23
C21
C21
C22
H23
H23
C25
H24
H24
C24
H25
H25
C21
H26
H26
H27A
H27B
H27B
H27C
H27C
H27C
Cl
Cll1
Cul
Cul
Cl
C21
Cul
Cul
Cl17
Cul
Cul
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120.0
120.0
120.0(4)
120.0
120.0
109.5
109.5
109.5
109.5
109.5
109.5

120.5(4)

123.4(3)

116.2(4)

124.5(4)

115.6(3)

119.8(4)

119.3(4)

120.3

120.3

121.2(4)

119.4

119.4

119.6(4)

120.2

120.2

119.6(4)

120.2

120.2

109.5
109.5
109.5
109.5
109.5
109.5

118.9(3)
115.6(3)
127.8(3)

116.6(2)

118.5(3)
115.4(3)
127.8(3)

116.6(2)

118.3(3)

113.4(2)

127.8(2)
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C22 02 27  118.3(3)
C22 02 Cul  101.6(2)
C27 02 Cul  126.9(2)
N2 Cul N4 87.62(13)
N2 Cul Ol  80.10(12)
N4 Cul 01  156.12(12)
N2 Cul Cll  155.37(9)
N4 Cul Cll  103.61(10)
01 Cul Cll  95.79(8)
N2 Cul 02  120.54(10)
N4 Cul 02  71.26(10)
01 Cul 02  97.47(9)
Cll Cul 02  84.01(6)

Table D-14. Bond lengths (A) and angles (deg) for 3.20a.

Fe 01 1.9121(17)
Fe 02 1.9218(18)
Fe N2 1.846(2)
Fe N4 1.849(2)
Fe N30 2.010(2)
Fe N40 1.997(2)
01 C12 1.324(3)
02 C22 1.320(3)
N1 N2 1.310(3)
N1 Cl 1.352(4)
N2 Cl1 1.407(3)
N3 N4 1.310(3)
N3 Cl 1.347(4)
N4 C21 1.401(3)
N5 C2 1.137(4)
N30 C31 1.343(4)
N30 C35 1.347(3)
N40 C41 1.350(3)
N40 C45 1.347(3)
Cl C2 1.447(4)
Cl1 C12 1.415(4)
Cl1 C16 1.398(4)
C12 C13 1.408(4)
C13 Cl4 1.383(4)
Cl4 C15 1.397(5)

C15 C16 1.382(4)



C21
C21
C22
C23
C24
C25
C31
C32
C33
C34
C41
C42
C43
C44
Cl1S
CI2S
01
01
01
01
01
02
02
02
02
N2
N2
N2
N4
N4
N30
Fe
Fe
N2
Fe
Fe
N1
N4
Fe
Fe
N3
Fe
Fe

C22
C26
C23
C24
C25
C26
C32
C33
C34
C35
C42
C43
C44
C45
CI1S
CI1S
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
01
02
N1
N2
N2
N2
N3
N4
N4
N4
N30
N30

1.420(4)
1.395(4)
1.406(4)
1.381(4)
1.395(5)
1.378(4)
1.381(4)
1.377(5)
1.385(5)
1.382(4)
1.382(4)
1.383(4)
1.388(4)
1.372(4)
1.712(6)
1.762(6)
02

N2

N4

N30
N40

N2

N4

N30
N40

N4

N30
N40
N30
N40
N40
C12
C22

Cl

N1

Cl1

Cl1

Cl

N3

C21

C21

C31

C35

94.17(7)
86.29(8)
178.82(8)
88.54(8)
88.97(8)
178.64(8)
86.08(8)
89.26(8)
87.76(8)
93.49(9)
92.03(9)
90.98(9)
90.31(9)
92.20(9)
175.96(8)
110.45(16)
110.27(15)
117.6(2)
128.83(17)
113.02(17)
118.1(2)
118.0(2)
128.45(18)
113.28(17)
118.3(2)
123.25(18)
118.61(18)
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C31
Fe
Fe
C41
N1
N1
N3
N5
N2
N2
Cl12
01
01
Cll1
Cl12
Cl13
Cl14
Cll1
N4
N4
C22
02
02
C21
C22
C23
Cc24
C21
N30
C31
C32
C33
N30
N40
C41
C42
C43
N40

N30
N40
N40
N40
Cl

Cl

Cl

C2

Cl1
Cl1
Cl1
Cl12
C12
Cl12
Cl13
Cl4
CI5
Cl16
C21
C21
C21
C22
C22
C22
C23
C24
C25
C26
C31
C32
C33
C34
C35
C41
C42
C43
C44
C45

C35
C41
C45
C45
N3

C2

C2

Cl

C12
Cle6
Cl6
Cll1
CI3
C13
Cl4
CI15
Cl6
CI15
C22
C26
C26
C21
C23
C23
C24
C25
C26
C25
C32
C33
C34
C35
C34
C42
C43
C44
C45
C44
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118.1(2)
123.06(17)
118.58(17)
118.3(2)
133.6(2)
113.3(2)
113.0(2)
178.4(3)
111.7(2)
126.4(3)
121.9(2)
118.5(2)
123.3(2)
118.2(2)
119.5(3)
121.4(3)
120.6(3)
118.4(3)
111.6(2)
126.7(3)
121.7(2)
118.7(2)
123.5(2)
117.8(2)
119.7(3)
121.5(3)
120.3(3)
118.9(3)
122.4(3)
119.3(3)
118.9(3)
118.9(3)
122.5(3)
122.4(2)
118.8(3)
118.8(3)
119.5(3)
122.1(2)
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Table D-15. Bond lengths (A) and angles (deg) for 3.20b.

Co
Co
Co
Co
Co
Co
o1
02
N1
N1
N2
N3
N3
N4
N5
N30
N30
N40
N40
Cl
Cll1
Cl11
Cl12
C13
Cl4
Cl15
C21
C21
C22
C23
C24
C25
C31
C32
C33
C34
C41
C42
C43
C44
o1
o)

01

02

N2

N4

N30
N40
Cl12
C22
N2

Cl

Cll1
N4

Cl

C21
C2

C31
C35
C41
C45
C2

Cl12
Clé6
Cl13
Cl4
Cl15
Clé6
C22
C26
C23
C24
C25
C26
C32
C33
C34
C35
C42
C43
C44
C45
Co

Co

1.8979(18)
1.9075(18)
1.856(2)
1.860(2)
1.966(2) c33
1.954(2) €32
1.324(3)
1.321(3)
1.288(3)
1.357(4)
1.409(3)
1.286(3)
1.358(4)
1.400(3) 01
1.143(4) cu
1.341(4)
1.342(3) C42
C43

C14 C13

1.346(3)
1.345(3)
1.442(4)
1.412(4)
1.398(4)
1.409(4)
1.380(4)
1.398(5)
1.379(5)
1.417(4)
1.394(4)
1.402(4)
1.379(4)
1.395(5)
1.383(4)
1.380(4)
1.381(4)
1.375(4)
1.384(4)
1.382(4)
1.384(4)
1.387(4)
1.374(4)
02 93.41(8)
N2 86.42(9)



o1
o)
o1
02
02
02
02
N2
N2
N2
N4
N4
N30
Co
Co
N2
Co
Co
N1
N4
Co
Co
N3
Co
Co
C31
Co
Co
C41
N1
N1
N3
N5
N2
N2
Cl12
o1
o)
Cll1
Cl12
C13
Cl4
Cll1

Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
o)
02
N1
N2
N2
N2
N3
N4
N4
N4
N30
N30
N30
N40
N40
N40
Cl
Cl
Cl
C2
Cl1
Cll1
Cl11
Cl12
Cl12
Cl12
C13
Cl4
Cl15
Cle6

N4

N30
N40
N2

N4

N30
N40
N4

N30
N40
N30
N40
N40
C12
C22
Cl

NI

Cll1
Cl1
Cl

N3

C21
C21
C31
C35
C35
C41
C45
C45
N3

C2

C2

Cl1

C12
Cl6
Cleé
Cll1
C13
CI3
Cl4
CI5
Cleé
CI5

178.75(8)
88.82(8)
89.47(8)
178.91(8)
85.97(9)
89.70(8)
88.26(8)
94.22(10)
91.37(9)
90.66(9)
90.09(9)
91.60(9)
177.26(8)
110.48(16)
110.32(16)
117.5(2)
128.17(19)
112.71(17)
119.1(2)
117.8(2)
127.79(19)
113.41(18)
118.8(2)
124.06(18)
118.04(18)
117.9(2)
123.90(17)
117.89(17)
118.2(2)
134.4(2)
113.1(2)
112.4(2)
178.6(4)
111.2(2)
127.0(3)
121.8(3)
119.1(2)
122.7(2)
118.3(2)
119.5(3)
121.3(3)
120.5(3)
118.6(3)
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N4 C21 C22 110.8(2)
N4 C21 C26 127.6(3)
C22 C21 26 121.6(2)
02 C22 C21 119.4(2)
02 C22 C23 122.6(2)
C21 C22 C23 118.0(2)
C22 C23 C24 119.9(3)
C23 C24 C25 121.5(3)
C24 C25 C26 120.0(3)
C21 C26 C25 119.0(3)
N30 C31 C32 122.6(3)
C31 C32 C33 119.2(3)
C32 C33 C34 118.5(3)
C33 C34 C35 119.4(3)
N30 C35 C34 122.4(3)
N40 C41 C42 122.6(2)
C41 C42 C43 118.9(3)
C42 C43 C44 118.5(2)
C43 C44 C45 119.6(3)
N40 C45 C44 122.2(2)

Table D-16. Bond lengths (A) and angles (deg) for 3.21.

Cl N1#1 1.3449(19)
Cl N1 1.3449(19)
Cl C2 1.442(4)
C2 N3 1.141(4)
Cl1 CI2 1.395(3)
Cl1 Cl16 1.395(3)
Cl1 N2 1.459(2)
CI2 C13 1.397(3)
CI2 C17 1.500(3)
C13 Cl4 1.374(4)
C13 H13 0.9500
Cl4 Cl15 1.378(4)
Cl4 H14 0.9500
C15 C16 1.397(3)
Cl15 H15 0.9500
C16 C18 1.504(3)
Cl17 H17A 0.9800
Cl17 H17B 0.9800
Cl17 H17C 0.9800

CI18 HI18A 0.9800
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C18 H18B 0.9800

C18 H18C 0.9800

N1 N2 1.288(2)

N2 Nil 1.8270(15)

Nil N2#1 1.8270(15)

Nil 01 1.854(2)

Nil 0142 1.854(2)

Nil O1B 1.938(5)

Nil O1B#1 1.938(5)

Nil O1B#3  1.947(5)

Nil OIB#2  1.947(5)

Nil Nil#2 2.8984(7)

01 OIB#3  0.494(5)

01 Nil#2 1.854(2)

01 H1 0.96(5)

O1B O1B#3 0.985(10)

O1B Nil#2 1.947(5)

O1B Hl 1.04(5)

Cll C19 1.795(9)

C19 CI2 1.810(12)

C19 H19A 0.9900

C19 H19B 0.9900

C12 C1944 0.663(19)

Cl13 C20 1.811(13)

I3 C20#4 1.811(13)

C20 Cl3#4 1.811(13)

C20 H20A 0.9900

C20 H20B 0.9900

NI#1  Cl N1 129.9(2)
NI#1  Cl C2 114.96(12)
N1 Cl 2 114.96(12)
N3 C2 Cl 179.5(4)
C12 Cl1 C16 123.31(18)
CI2 Cl1 N2 119.05(17)
C16 Cl1 N2 117.64(17)
Cl1 CI2 C13 116.7(2)
Cl1 C12 C17 121.96(19)
C13 C12 C17 121.3(2)
Cl4 C13 C12 121.6(2)
Cl4 C13 H13 119.2
C12 C13 H13 119.2
C13 Cl4 Cl15 120.2(2)
C13 Cl4 H14 119.9
Cl15 Cl4 H14 119.9

Cl4 C15 C16 121.0(2)



Cl4
Cl16
Cll1
Cl1
CI5
Cl12
Cl12
HI7A
C12
HI7A
H17B
Cl16
Cl6
HIZA
Cl6
HIZA
HI18B
N2
N1
N1
Cll1
N2
N2
N2#1
N2
N2#1
Ol
N2
N2#1
01
Ol#2
02
N2#1
01
Ol#2
Ol1B
N2
N2#1
Ol
O1#2
OlB
O1B#1
N2
N2#1
Ol
O1#2

CI5
CI15
Cl6
Cl16
Cl6
C17
C17
C17
C17
C17
C17
C18
CI8
C18
CI18
C18
C18
N1
N2
N2
N2
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil

HI15
HI5
CI5
C18
CI18
HI7A
H17B
H17B
HI17C
H17C
H17C
HI8A
HI18B
HI18B
HI&C
HI18C
HI8C
Cl
Cll1
Nil
Nil
N2#1
Ol
01
Ol#2
O1#2
Ol#2
O1B
Ol1B
O1B
Ol1B
O1B#1
O1B#1
O1B#1
O1B#1
O1B#1
O1B#3
O1B#3
O1B#3
O1B#3
O1B#3
O1B#3
O1B#2
O1B#2
O1B#2
O1B#2

119.5
119.5
117.1Q2)
121.50(18)
121.4(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
119.32(17)
110.89(14)
128.60(13)
120.50(11)
92.42(10)
172.39(10)
95.20(10)
95.20(10)
172.39(10)
77.19(18)
163.94(15)
94.02(15)
14.76(14)
78.63(14)
94.02(15)
163.94(15)
78.63(14)
14.76(14)
76.2(3)
163.85(15)
94.23(15)
14.67(14)
78.40(14)
29.4(3)
83.5(2)
94.23(15)
163.85(15)
78.40(14)
14.67(14)
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Ol1B
O1B#1
O1B#3
N2
N2#1
01
O1#2
O1B
O1B#1
O1B#3
O1B#2
O1B#3
O1B#3
Nil
O1B#3
Nil
Nil#2
O1B#3
O1B#3
Nil
O1B#3
Nil
Nil#2
Cl1
Cll
CI2
Cl1
Cl12
HI%A
C19#4
C20
C13
C13
Cl3#4
CI3
Cl3#4
H20A

Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Ol
Ol
01
Ol
01
01
Ol1B
OlB
O1B
OlB
O1B
OlB
C19
C19
C19
C19
C19
C19
Cl12
C13
C20
C20
C20
C20
C20
C20

O1B#2
O1B#2
O1B#2
Nil#2
Nil#2
Nil#2
Nil#2
Nil#2
Nil#2
Nil#2
Nil#2
Nil
Nil#2
Nil#2
HI

HI

HI
Nil
Nil#2
Nil#2
HI

HI

HI
CI2
HI9%A
HI9%A
HI19B
HI19B
HI19B
C19
C20#4
Cl3#4
H20A
H20A
H20B
H20B
H20B

83.5(2)
29.4(3)
75.8(3)
133.79(5)
133.79(5)
38.59(9)
38.59(9)
41.86(14)
41.86(14)
41.62(14)
41.62(14)
93.4(7)
92.3(7)
102.81(18)
85.5(8)
128.59(9)
128.59(9)
75.8(4)
74.8(4)
96.5(2)
61.8(14)
115.3(8)
114.7(9)
112.3(13)
109.1
109.2
109.1
109.2
107.8
103(3)
68.6(17)
111.4(17)
109.5
109.2
109.2
109.5
107.9
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Table D-17. Bond lengths (A) and angles (deg) for 3.22.

Cl
Cl
Cl
Cl1
Cl1

N3
N1
N5
Cl2
Cl16

1.330(3)
1.337(3)
1.457(3)
1.389(4)
1.391(4)



Cl1
Cl2
Cl12
CI13
C13
Cl14
Cl4
CI5
CI15
Cl6
C17
C17
C17
C21
C21
C21
C22
C22
C23
C23
C24
C24
C25
C25
C26
C27
C27
C27
C27
C27
C27
N1
N2
N3
N4
N5
N5
Nil
Nil
N3
N3
N1
Cl12
Cl12
Cl16

N4
Cl13
HI12
Cl14
HI3
CI5
C17
Cl6
HI5
H16
HI7A
H17B
H17C
C22
C26
N2
C23
H22
C24
H23
C25
C27
C26
H25
H26
H27A
H27B
H27C
H27D
H27E
H27F
N2
Nil
N4
Nil
02
Ol
N2#1
N4#1
Cl
C1
Cl1
Cl1
Cll1
Cl1

1.427(3)
1.381(4)
0.9500
1.388(4)
0.9500
1.389(4)
1.503(4)
1.376(4)
0.9500
0.9500
0.9800
0.9800
0.9800
1.380(4)
1.386(4)
1.437(3)
1.393(4)
0.9500
1.381(4)
0.9500
1.392(4)
1.512(4)
1.384(4)
0.9500
0.9500
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.293(3)
1.867(2)
1.295(3)
1.880(2)
1.227(3)
1.235(3)
1.867(2)
1.880(2)
N1
N5
N5
C16
N4
N4
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128.1(3)
114.8(3)
113.8(3)
119.9(3)
117.2(3)
122.8(3)



C13
C13
Cl1
C12
C12
Cl4
C13
C13
Cl15
Cl6
Cl16
Cl4
Cl15
C15
Cl1
Cl4
Cl4
H17A
Cl4
H17A
H17B
C22
C22
C26
C21
C21
C23
C24
C24
C22
C23
C23
C25
C26
C26
C24
C25
C25
C21
C24
C24
H27A
C24
H(7A
H27B
C24

Cl12
Cl12
Cl2
C13
Cl13
C13
Cl14
Cl4
Cl14
CI15
CI5
CI15
Cl6
Cl16
Cl6
C17
C17
C17
C17
C17
C17
C21
C21
C21
C22
C22
C22
C23
C23
C23
C24
C24
C24
C25
C25
C25
C26
C26
C26
C27
C27
C27
C27
C27
C27
C27

Cl1
HI12
HI12
Cl4
HI3
HI3
CI5
C17
C17
Cl4
HI5
HI5
Cll1
HI16
H16
HI7A
H17B
H17B
HI17C
H17C
H17C
C26
N2
N2
C23
H22
H22
C22
H23
H23
C25
C27
C27
C24
H25
H25
C21
H26
H26
H27A
H27B
H27B
H27C
H27C
H27C
H27D

119.8(3)
120.1
120.1
121.2(3)
119.4
119.4
117.8(3)
120.5(3)
121.7(3)
122.2(3)
118.9
118.9
119.1(3)
120.5
120.5
109.5
109.5
109.5
109.5
109.5
109.5

121.0(3)
117.2(2)
121.8(2)

118.9(3)
120.6
120.6

121.6(3)
119.2
119.2

117.9(3)

121.0(3)

121.1(3)

121.8(3)
119.1
119.1

118.8(3)
120.6
120.6

109.5

109.5

109.5

109.5
109.5

109.5

109.5
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H27A  C27 H27D  141.1
H27B  C27 H27D 563
H27C (27 H27D 563

C24 27 H27E 1095
H27A  C27 H27E 563
H27B  C27 H27E 1411
H27C (27 H27E 563
H27D (27 H27E 1095

C24 27 H27F  109.5
H27A (27 H27F  56.3
H27B (27 H27F  56.3
H27C €27 H27F  141.1
H27D  C27 H27F  109.5
H27E (27 H27F  109.5

N2 N1 Cl 116.8(2)
N1 N2 C21 113.5(2)
N1 N2 Nil 122.97(18)
C21 N2 Nil 123.31(17)
N4 N3 Cl 116.8(2)
N3 N4 Cl1 115.5(2)
N3 N4 Nil 122.79(18)
Cl1 N4 Nil 121.34(18)
02 N5 01 123.8(3)
02 N5 Cl 118.2(3)
01 N5 Cl 118.0(3)
N2 Nil N2#1 180.000(1)
N2 Nil N4 85.66(10)
N2#1  Nil N4 94.34(10)
N2 Nil N4#1  94.34(10)
N2#1  Nil N4#l  85.66(10)
N4 Nil N4#1 180.000(1)
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Table D-18. Bond lengths (A) and angles (deg) for 3.24.

Ni Ol1A 1.891(5)
Ni O1A’  1.884(5)
Ni O1B 1.894(5)
Ni OIB>  1.893(5)
Ni N2 1.8304(13)
Ni N4 1.8305(13)
02 N5 1.2208(19)
03 N5 1.225(2)
N1 N2 1.2882(18)

N1 Cl 1.332(2)
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N2 Cl1 1.4561(19)

N3 N4 1.2860(18)

N3 Cl 1.338(2)

N4 C21 1.4615(19)

N5 Cl 1.458(2)

Cl1 C12 1.397(2)

Cl1 C16 1.395(2)

C12 C13 1.392(2)

C12 C17 1.509(3)

C13 Cl4 1.384(3)

Cl4 Cl15 1.387(3)

Cl4 C18 1.513(3)

C15 C16 1.392(2)

C16 C19 1.504(3)

C21 C22 1.400(3)

C21 C26 1.386(3)

C22 C23 1.397(3)

C22 C27 1.502(3)

C23 C24 1.375(3)

C24 C25 1.381(3)

C24 C28 1.519(3)

C25 C26 1.400(2)

C26 C29 1.510(3)

O1A Ni O1A°  80.0Q2)
O1A Ni N2 94.58(15)
O1A Ni N4 168.56(13)
OlA’  Ni N2 168.09(13)
OlA’  Ni N4 94.55(15)
O1B Ni O1B°  80.5(2)
O1B Ni N2 94.25(15)
O1B Ni N4 167.97(14)
O1B>  Ni N2 168.27(15)
01B>  Ni N4 94.54(15)
N2 Ni N4 92.54(6)
Ni O1A NP’ 100.0(2)
Ni O1B N 99.5(2)
N2 N1 Cl 118.36(13)
Ni N2 N1 127.91(11)
Ni N2 Cl1 120.44(10)
N1 N2 Cl1 111.60(12)
N4 N3 Cl 118.22(13)
Ni N4 N3 128.20(11)

Ni N4 C21 120.78(10)



N3
02
02
O3
N1
N1
N3
N2
N2
C12
Cl1
Cl1
Cl13
Cl12
Cl13
C13
CI5
Cl4
Cl1
Cl1
CI5
N4
N4
C22
C21
C21
C23
C22
C23
C23
C25
C24
C21
C21
C25

N4

N5

N5

N5

Cl

Cl

Cl

Cl1
Cl1
Cl1
C12
Cl12
C12
C13
Cl14
Cl4
Cl4
CI5
Cl6
Cleé
Cl6
C21
C21
C21
C22
C22
C22
C23
C24
C24
C24
C25
C26
C26
C26

C21
03

Cl1

Cl

N3

N5

N5

C12
Cl6
Cleé
CI13
C17
C17
Cl4
CI5
C18
CI18
Cle6
CI5
C19
C19
C22
C26
C26
C23
C27
C27
C24
C25
C28
C28
C26
C25
C29
C29

110.99(12)
123.03(15)
118.43(14)
118.54(14)
132.00(14)
113.71(14)
113.98(14)
118.71(14)
119.04(14)
122.25(15)
117.67(16)
122.05(16)
120.27(16)
121.90(17)
118.57(17)
120.9(2)

120.49(19)
122.10(17)
117.48(17)
121.37(16)
121.15(16)
117.23(15)
119.95(15)
122.82(15)
117.20(18)
121.58(17)
121.21(18)
121.92(18)
118.86(17)
120.2(2)

121.0(2)

122.20(19)
116.97(17)
121.95(16)
121.08(18)
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Table D-19. Bond lengths (A) and angles (deg) for 3.25b (Molecule A).

Pd
Pd
Pd

O3
04

N2

2.0464(13)
2.0310(13)
1.9859(15)
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Pd N4 1.9811(15)

F1 C2 1.303(3)

2 C2 1.313(3)

F3 C2 1.327(3)

F4 C6 1.337(2)

F5 C6 1.328(2)

F6 C6 1.328(2)

01 N5 1.222(3)

02 N5 1.225(3)

03 C3 1.263(2)

04 Cs 1.257(2)

N1 N2 1.279(2)

N1 Cl 1.333(3)

N2 Cl1 1.436(2)

N3 N4 12772)

N3 Cl 1.327(3)

N4 C21 1.436(2)

N5 Cl 1.465(2)

C2 C3 1.532(3)

C3 C4 1.388(3)

C4 Cs 1.387(3)

Cs C6 1.536(3)

Cl1 C12 1.386(3)

Cl1 C16 1.393(3)

C12 C13 1.384(3)

C13 Cl4 1.388(3)

Cl4 C15 1.383(4)

Cl4 C17 1.510(3)

C15 C16 1.387(3)

C21 C22 1.375(3)

C21 26 1.392(3)

C22 C23 1.389(3)

C23 C24 1.384(3)

C24 C25 1.390(4)

C24 27 1.506(3)

C25 C26 1.381(4)

03 Pd 04 89.42(5)
03 Pd N2 93.75(6)
03 Pd N4 175.71(6)
04 Pd N2 175.34(6)
04 Pd N4 89.88(6)
N2 Pd N4 86.71(6)

Pd 03 C3 124.26(12)



Pd
N2
Pd
Pd
N1
N4
Pd
Pd
N3
01
01
02
N1
N1
N3
F1
F1
F1
F2
F2
F3
O3
O3
C2
C3
04
04
C4
F4
F4
F4
F5
F5
Fé6
N2
N2
C12
Cl1
C12
C13
Cl13
CI15
Cl14

04
N1
N2
N2
N2
N3
N4
N4
N4
N5
N5
N5
Cl
Cl
Cl
C2
C2
C2
C2
C2
C2
C3
C3
C3
C4
C5
Cs
C5
C6
C6
C6
Cé6
C6
Cé6
Cl1
Cll1
Cl1
Cl12
Cl13
Cl4
Cl4
Cl4
CI5

C5
Cl
NI
Cl1
Cll1
Cl
N3
C21
C21
02
Cl1
Cl
N3
N5
N5
F2
F3
C3
F3
C3
C3
C2
C4
C4
C5
C4
C6
Co6
F5
Fo6
Cs
Fo6
C5
C5
Cl12
Cleé
Cl6
C13
Cl4
CI15
C17
C17
Cl6

125.31(12)
120.48(16)
122.91(13)
122.29(12)
114.58(15)
119.52(17)
123.80(13)
119.41(12)
115.43(16)
124.41(19)
117.39(19)
118.20(19)
130.92(17)
113.23(17)
113.87(18)
108.5(2)

107.1(2)

111.0(2)

106.3(2)

110.19(19)
113.52(19)
111.84(17)
129.58(18)
118.58(18)
121.78(17)
128.78(17)
112.40(16)
118.77(17)
108.29(17)
106.81(16)
109.54(15)
107.14(16)
112.14(16)
112.68(16)
118.94(16)
121.13(18)
119.93(19)
119.66(19)
121.5(2)

117.9(2)

121.0(2)

121.1(2)

121.8(2)
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Cl1
N4

N4

C22
C21
C22
C23
C23
C25
C24
C21

Cl6
C21
C21
C21
C22
C23
C24
C24
C24
C25
C26

CI5
C22
C26
C26
C23
C24
C25
C27
C27
C26
C25

119.1(2)
118.53(17)
120.87(19)
120.6(2)
119.83(19)
120.7(2)
118.5(2)
120.1(3)
121.5(2)
121.6(2)
118.7(2)
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Table D-20. Bond lengths (A) and angles (deg) for 3.25b (Molecule B).

Pd
Pd
Pd
Pd
F1B
F2B
F3B
F4B
F5B
F6B
F1C
F2C
F3C
F4C
F5C
F6C
01
02
O3
04
N1
N1
N2
N3
N3
N4
N5
C2

O3
04
N2
N4
C2
C2
C2
C6
Cé6
C6
C2
C2
C2
C6
Cé6
C6
N5
N5
C3
C5
N2
Cl
Cl1
N4
Cl
C21
Cl
C3

2.0394(12)
2.0460(12)
1.9912(14)
1.9866(15)
1.291(3)¢
1.306(3)4
1.289(3)¢
1.308(3)«
1.302(3)¢
1.305(3)a
1.295(3)a
1.296(3)a
1.308(3)¢
1.298(3)«
1.304(3)a
1.307(3)a
1.223(2)
1.227(2)
1.253(2)
1.255(2)
1.284(2)
1.327(2)
1.440(2)
1.276(2)
1.332(2)
1.441(2)
1.472(2)
1.538(3)




C3
C4
C5
Cl1
Cl1
C12
Cl13
Cl4
Cl4
CI5
C21
C21
C22
C23
C24
C24
C25
O3
O3
O3
04
04
N2
Pd
Pd
N2
Pd
Pd
N1
N4
Pd
Pd
N3
01
01
02
N1
N1
N3
F1B
F1B
F1B
F2B

C4
(O]
Co6
Cl12
Cl6
C13
Cl4
CI5
C17
Cl16
C22
C26
C23
C24
C25
C27
C26
Pd
Pd
Pd
Pd
Pd
Pd
03
04
N1
N2
N2
N2
N3
N4
N4
N4
N5
N5
N5
Cl
Cl
Cl
C2
C2
C2
C2

1.386(3)
1.391(3)
1.540(3)
1.380(3)
1.396(2)
1.389(3)
1.391(3)
1.389(4)
1.513(3)
1.380(3)
1.370(3)
1.398(2)
1.388(3)
1.390(3)
1.393(3)
1.509(3)
1.382(3)
04

N2

N4

N2

N4

N4

C3

C5

Cl

N1

Cl1
Cl1

Cl

N3

C21
C21

02

Cl

Cl

N3

N5

N5

F2B
F3B

C3

F3B

89.99(5)
90.57(6)
176.60(5)
176.76(6)
91.12(5)
88.15(6)
123.91(12)
123.92(12)
120.65(15)
123.86(12)
122.16(12)
113.50(14)
120.72(15)
124.10(12)
122.27(11)
113.35(14)
124.75(17)
117.86(17)
117.38(16)
131.99(17)
113.91(15)
112.69(16)
104.5(6)
112.8(6)
109.1(5)
108.1(5)
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F2B
F3B
F1C
F1C
F1C
F2C
F2C
F3C
O3

O3

C2

C3

04

04

C4

F4B
F4B
F4B
F5B
F5B
F6B
F4C
F4C
F4C
F5C
F5C
F6C
N2

N2

C12
Cl1
C12
Cl13
C13
CI5
Cl4
Cll1
N4

N4

C22
C21
C22
C23

C2
C2
C2
C2
C2
C2
C2
C2
C3
C3
C3
C4
C5
C5
C5
C6
C6
C6
C6
Cé6
C6
Cé6
C6
Cé6
C6
Cé6
C6
Cll1
Cl1
Cll1
Cl12
C13
Cl4
Cl4
Cl4
CI15
Cl6
C21
C21
C21
C22
C23
C24

C3
C3
F2C
F3C
C3
F3C
C3
C3
C2
C4
C4
C5
C4
Co6
C6
F5B
F6B
(O]
F6B
(O8]
C5
F5C
F6C
Cs5
F6C
Cs5
Cs
C12
Cl6
Cleé
CI3
Cl4
CI5
C17
C17
Cleé
CI5
C22
C26
C26
C23
C24
C25

110.7(3)
111.3(4)
105.6(6)
99.4(6)
112.5(5)
107.9(5)
116.1(3)
113.8(4)
113.42(15)
129.62(17)
116.94(16)
122.18(17)
129.23(17)
112.99(16)
117.77(16)
103.8(6)
106.8(6)
111.6(4)
109.6(8)
110.2(5)
114.3(5)
110.8(8)
108.9(9)
111.2(5)
103.5(8)
111.2(6)
111.0(6)
119.47(16)
119.82(18)
120.69(18)
119.29(19)
121.3(2)
118.1(2)
120.8(2)
121.0(2)
121.8(2)
118.8(2)
119.12(16)
119.91(16)
120.90(17)
119.52(18)
121.17(19)
118.12(18)
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C23
C25
C24
C21

C24
C24
C25
C26

C27
C27
C26
C25

120.9(2)
120.92(19)
121.56(18)
118.68(18)
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Table D-21. Bond lengths (A) and angles (deg) for 3.25d.

Pd
Pd
Pd
Pd
F1
F2
F3
F4
F5
Fé6
01
02
O3
04
N1
N1
N2
N3
N3
N4
N5
C2
C3
C4
(O]
Cl1
Cl1
Cl12
Cl12
C13
Cl14
Cl4
CI5
Cl16

O3
04
N2
N4
C2
C2
C2
Cé6
C6
Cé6
N5
N5
C3
Cs5
N2
Cl
Cl1
N4
Cl
C21
Cl
C3
C4
Cs5
C6
Cl12
Cl6
C13
C17
Cl4
CI5
C18
Cl6
C19

2.030(2)
2.042(2)
1.959(3)
1.963(3)
1.291(5)
1.309(5)
1.299(5)
1.308(4)
1.309(5)
1.314(4)
1.220(4)
1.220(4)
1.257(4)
1.254(4)
1.280(4)
1.329(4)
1.447(4)
1.277(4)
1.339(4)
1.458(4)
1.460(4)
1.533(5)
1.382(5)
1.372(5)
1.534(5)
1.392(5)
1.394(5)
1.380(5)
1.498(5)
1.387(6)
1.382(6)
1.513(5)
1.385(5)
1.511(5)




C21
C21
C22
C22
C23
C24
C24
C25
C26
O3
O3
O3
04
04
N2
Pd
Pd
N2
Pd
Pd
N1
N4
Pd
Pd
N3
01
01
02
N1
N1
N3
F1
F1
F1
F2
F2
F3
O3
O3
C2
C3
04
04

C22
C26
C23
C27
C24
C25
C28
C26
C29
Pd
Pd
Pd
Pd
Pd
Pd
O3
04
N1
N2
N2
N2
N3
N4
N4
N4
N5
N5
N5
Cl
Cl
Cl
C2
C2
C2
C2
C2
C2
C3
C3
C3
C4
C5
C5

1.390(5)
1.384(5)
1.394(5)
1.498(5)
1.383(6)
1.373(6)
1.518(6)
1.401(5)
1.503(6)
04

N2

N4

N2

N4

N4

C3

Cs

Cl

N1

Cl1

Cl1

Cl

N3

C21
C21

02

Cl

Cl

N3

N

N5

F2

F3

C3

F3

C3

C3

2

C4

C4

Cs

C4

C6

90.48(9)
89.51(11)
178.09(11)
177.48(11)
90.46(10)
89.48(11)
123.7(2)
122.9(2)
120.6(3)
125.22)
119.3(2)
114.6(3)
120.4(3)
125.42)
119.4(2)
114.9(3)
123.6(3)
118.3(3)
118.1(3)
132.0(3)
114.0(3)
113.4(3)
107.4(4)
107.7(4)
111.4(3)
106.8(4)
109.8(4)
113.5(4)
111.5(3)
128.4(3)
120.1(3)
123.5(3)
129.1(3)
112.6(3)

238



C4

F4

F4

F4

F5

F5

Fé6

N2

N2

Cl12
Cl1
Cl1
C13
Cl12
C13
Cl13
CI15
Cl14
Cl1
Cl1
CI15
N4

N4

C22
C21
C21
C23
C22
C23
C23
C25
C24
C21
C21
C25

C5

Co6

Cé6

C6

Cé6

C6

C6

Cl1
Cl1
Cl1
Cl12
C12
C12
Cl13
Cl4
Cl4
Cl4
CI5
Cle6
Cl6
Cle6
C21
C21
C21
C22
C22
C22
C23
C24
C24
C24
C25
C26
C26
C26

C6

F5

Fo6

C5

Fo6

C5

C5

C12
Cleé
Cl16
C13
C17
C17
Cl4
CI15
CI18
C18
Cl16
CI15
C19
C19
C22
C26
C26
C23
C27
C27
C24
C25
C28
C28
C26
C25
C29
C29

118.3(3)

108.5(3)
106.4(4)
111.5(3)
107.1(3)
110.1(3)
112.9(3)
118.8(3)
119.0(3)
122.1(3)
117.8(4)
122.1(3)
120.0(4)
121.9(4)
118.7(4)
121.7(4)
119.6(4)
121.7(4)
117.8(4)
121.7(3)
120.4(4)
117.9(3)
118.6(4)
123.5(4)
117.0(4)
122.4(3)
120.6(4)
121.7(4)
119.2(4)
120.6(5)
120.1(5)
121.8(4)
116.9(4)
122.9(4)
120.2(4)
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Table D-22. Bond lengths (A) and angles (deg) for 4.7a.

01
N1l

C12

N12

1.222(3)
1.368(3)



N1l
Nl11
N12
N13
N13
N13
N14
Cl

Cl

Cl

C2

C13
Cl13
Cl16
Cl6
N12
N12
Cl12
N1l
N14
N14
Cl12
N13
C2

C2

C3

Cl

Cl

N12
N12
N14
01

01

N1l
N1l
N1l
Cl4
N13
N13
C17

C12
C13
Cl1
N14
C12
Cl16
Cll1
C2
C3
Cl1
c3'
Cl4
CI5
C17
CI18
N1l
NI1
N1l
NI12
N13
NI13
N13
N14
Cl
Cl
Cl
C2
C3
Cl1
Cl1
Cl1
Cl12
C12
Cl12
Cl13
C13
Cl13
Cleé
Cl6
Cleé

1.371(4)
1.478(4)
1.329(4)
1.365(3)
1.378(4)
1.476(3)
1.330(4)
1.393(4)
1.390(4)
1.475(4)
1.381(4)
1.515(5)
1.509(5)
1.512(4)
1.508(5)
C12
C13
C13
Cl1
C12
C16
C16
Cl1

C3

Cl1
Cl1

c3'

2’

N14

Cl

Cl

N11
N13
N13
Cl4
Cl15
Cl15
C17
C18
C18

124.4(2)
114.3(2)
121.2(2)
114.9(2)
124.0(2)
116.1(2)
119.8(2)
115.2(2)
118.9(3)
120.6(3)
120.5(3)
120.8(3)
120.3(3)
127.0(2)
115.9(2)
117.1(2)
122.8(3)
122.8(3)
114.4(2)
109.2(3)
110.2(3)
112.1(3)
110.1(2)
109.5(2)
112.7(3)
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Table D-23. Bond lengths (A) and angles (deg) for 4.7b.

01 C12 1.2229(17)
02 C22 1.2176(16)

N11 N12 1.3705(16)

N11 C12 1.376(2)

N11 C13 1.4831(18)

NI12 Cl1 1.3313(18)

NI13 N14 1.3659(16)

NI3 C12 1.3770(19)

N13 C16 1.4730(19)

N14 Cl1 1.3276(18)

N21 N22 1.3662(15)

N21 C22 1.3793(18)

N21 C23 1.4853(17)

N22 C21 1.3276(17)

N23 N24 1.3626(16)

N23 C22 1.3777(18)

N23 C26 1.4794(18)

N24 C21 1.3288(18)

Cl C2 1.3907(19)

Cl C6 1.390(2)

Cl Cl1 1.4840(18)

C2 C3 1.3908(18)

C3 C4 1.3896(19)

C3 C21 1.4873(18)

C4 Cs 1.382(2)

C5 C6 1.383(2)

C13 Cl4 1.505(3)

C13 C15 1.501(3)

C16 C17 1.500(3)

C16 C18 1.500(3)

C23 C24 1.514(2)

C23 C25 1.508(2)

C26 C27 1.516(2)

C26 C28 1.494(3)

N12 N11 C12 124.35(12)
NI12 N11 C13 115.27(12)
C12 N11 C13 120.04(12)
N11 N12 Cl1 114.91(12)
N14 N13 C12 124.53(12)
N14 N13 C16 114.76(12)

Cl12 N13 Cleé 120.38(12)



N13
N22
N22
C22
N21
N24
N24
C22
N23
C2
C2
Cé6
Cl
C2
C2
C4
C3
C4
Cl
N12
N12
N14
01
01
N1l
N1l
N1l
Cl4
N13
N13
C17
N22
N22
N24
02
02
N21
N21
N21
C24
N23
N23
C27

N14
N21
N21
N21
N22
N23
N23
N23
N24
Cl

Cl

Cl

C2

C3

C3

C3

C4

Cs5

C6

Cll1
Cl1
Cll1
C12
Cl12
C12
C13
Cl13
C13
Cl6
Cle6
Cl6
C21
C21
C21
C22
C22
C22
C23
C23
C23
C26
C26
C26

Cll1
C22
C23
C23
C21
C22
C26
C26
C21
Co6

Cll1
Cll1
C3

C4

C21
C21
(O8]

Co6

G5

N14
Cl1

Cl

NI11
N13
NI13
Cl4
CI5
CI15
C17
C18
CI18
N24
C3

C3

N21
N23
N23
C24
C25
C25
C27
C28
C28

115.05(12)
124.51(11)
115.17(11)
120.23(11)
114.96(11)
124.76(12)
114.89(11)
120.34(11)
114.93(11)
119.36(13)
119.86(12)
120.77(12)
120.62(12)
119.52(12)
119.77(12)
120.71(12)
119.80(13)
120.78(13)
119.90(13)
127.06(13)
117.18(12)
115.76(12)
123.09(14)
122.93(14)
113.98(12)
110.48(14)
109.75(14)
111.89(18)
109.68(14)
110.92(14)
112.10(16)
127.10(12)
116.87(12)
116.03(12)
123.20(13)
123.14(13)
113.65(11)
110.09(12)
110.03(13)
111.29(14)
109.42(13)
110.34(14)
112.45(17)
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Table D-24. Bond lengths (A) and angles (deg) for 4.13.

Cu Cll 2.2234(5)

Cu C12 2.1965(5)

Cu N2 1.9992(14)

Cu N10 1.9921(15)

0 C2 1.210(2)

N1 N2 1.349(2)

N1 C2 1.385(2)

N1 C3 1.463(2)

N2 Cl 1.358(2)

N3 N4 1.342(2)

N3 2 1.379(3)

N3 C4 1.463(2)

N4 Cl 1.306(2)

N10 Cl1 1.343(2)

N10 Cl15 1.339(2)

Cl Cl1 1.469(2)

Cl1 C12 1.387(3)

C12 C13 1.380(3)

C13 Cl4 1.381(3)

Cl4 C15 1.3793)

Cll Cu C12 102.02(2)
Cll Cu N2 142.31(5)
Cll Cu N10 96.03(5)
C12 Cu N2 99.56(4)
C12 Cu N10 147.44(5)
N2 Cu N10 81.34(6)
N2 N1 C2 124.09(15)
N2 N1 C3 117.34(15)
C2 N1 C3 117.85(15)
Cu N2 N1 127.43(11)
Cu N2 Cl 111.77(11)
N1 N2 Cl 114.34(14)
N4 N3 C2 124.11(15)
N4 N3 C4 116.64(16)
C2 N3 C4 119.14(16)
N3 N4 Cl 115.90(15)
Cu N10 Cl1 114.56(12)
Cu N10 C15 126.69(13)
Cl1 N10 Cl15 118.75(16)
N2 Cl N4 126.96(16)
N2 Cl Cl1 114.64(15)

N4 Cl Cll1 118.38(16)



N1

N10
N10
Cl

Cl1
Cl12
Cl13
N10

C2

C2

C2

Cl1
Cl1
Cl1
C12
C13
Cl14
CI5

NI
N3
N3
Cl
Cl12
Cl12
CI13
Cl4
CI5
Cl4

122.39(18)
123.30(18)
114.28(16)
113.74(15)
122.75(17)
123.49(16)
117.79(18)
119.75(19)
119.14(18)
121.80(18)
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Table D-25. Bond lengths (A) and angles (deg) for 4.14.

Cu
Cu
Cu
Cu
0]
N1
N1
N1
N2
N3
N3
N3
N3
N4
N10
N10
Cl1
C3
C3
C6A
Co6A
C6B
C6B
Cl11
Cl12
C13
Cl4
Cll1

Cl1
C12
N2
N10
C2
N2
C2
C3
Cl1
N4
C2
C6A
Co6B
Cl
Cl1
Cl15
Cl1
Cc4
C5
C7A
C8A
C7B
C8B
Cl12
C13
Cl4
C15
Cu

2.2136(13)
2.2140(11)
2.058(3)
2.009(3)
1.219(6)
1.355(5)
1.402(6)
1.482(6)
1.351(5)
1.348(6)
1.375(8)
1.483(2)t
1.481(2)t
1.313(5)
1.334(5)
1.337(5)
1.473(6)
1.520(7)
1.523(7)
1.520(2)t
1.5192)
1.520(2)t
1.520(2)t
1.388(6)
1.383(7)
1.368(7)
1.385(6)
C12

96.46(5)



Cl1
Cll1
C12
Cl2
N2
N2
N2
C2
Cu
Cu
N1
N4
N4
N4
C2
C2
N3
Cu
Cu
Cl11
N2
N2
N4

N1
N1
N1
C4
N3
N3
C7A
N3
N3
C7B
N10
N10
Cl
Cl1
Cl12
Cl13
N10

Cu
Cu
Cu
Cu
Cu
N1
N1
N1
N2
N2
N2
N3
N3
N3
N3
N3
N4
N10
N10
N10
Cl
Cl
Cl
C2
C2
C2
C3
C3
C3
C6A
C6A
C6A
C6B
C6B
C6B
Cl1
Cll1
Cl11
Cl12
C13
Cl4
Cl15

N2
N10
N2
N10
NI10
C2
C3
C3
NI
Cl
Cl1
C2
C6A
C6B
C6A
C6B
Cl1
Cll1
CI5
CI15
N4
Cll1
Cll1
N1
N3
N3
C4
C5
C5
C7A
C8A
C8A
C7B
C8B
C8B
Cl
C12
C12
CI3
Cl4
CI5
Cl4
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154.36(11)
95.27(10)
94.63(9)
164.26(10)
78.98(13)
121.9(4)
115.0(4)
120.8(4)
128.8(3)
107.6(3)
115.2(3)
123.2(4)
107.3(6)
129.1(5)
129.4(6)
104.5(6)
115.4(4)
113.0(3)
128.1(3)
118.7(4)
127.5(4)
113.4(3)
119.0(4)
121.2(6)
122.8(5)
115.9(4)
113.3(5)
109.6(4)
112.9(4)
112.2(13)
106.9(7)
118.5(16)
104.9(16)
104.9(7)
107.3(16)
114.2(3)
123.0(4)
122.8(4)
117.6(4)
119.5(4)
119.6(4)
121.5(4)
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Table D-26. Bond lengths (A) and angles (deg) for 4.15.

Cu 021 1.971(2)
Cu 022 2.234(2)
Cu 031 1.985(2)
Cu 032 1.948(2)
Cu N2 2.544(3)
Cu N11 1.961(3)
F21 C21 1.314(4)
F22 C21 1.291(5)
F23 C21 1.308(5)
F24 C25 1.291(4)
F25 C25 1.314(5)
F26 C25 1.299(5)
F31 C31 1.305(4)
F32 C31 1.324(5)
F33 C31 1.334(5)
F34 C35 1.316(5)
F35 C35 1.299(5)
F36 C35 1.329(5)
01 2 1.207(4)
021 C22 1.260(4)
022 C24 1.231(4)
031 C32 1.260(4)
032 C34 1.256(4)
N1 N2 1.361(4)
N1 C2 1.381(4)
N1 C3 1.451(4)
N2 Cl 1.327(4)
N3 N4 1.359(4)
N3 C2 1.376(4)
N3 C4 1.465(4)
N4 Cl 1.328(4)
N11 Cl1 1.334(4)
N11 C12 1.372(4)
N12 Cl1 1.353(4)
NI12 C13 1.366(4)
N12 Cl4 1.468(4)
Cl Cl1 1.470(4)
C12 C13 1.344(5)
C21 C22 1.535(5)
C22 C23 1.373(5)
C23 C24 1.406(5)

C24 C25 1.539(5)



C31
C32
C33
C34
021
021
021
021
021
022
022
022
022
031
031
031
032
032
N2

Cu
Cu
Cu
N2
N2
C2

Cu
N1
N4
N4
C2
N3

Cu
Cl1
Cll1
Cl1
C13
N2
N2
N4
0]
0]
N1
N11

N1l
N1l
N11
N12
N12
N12
Cl
Cl
Cl
C2
C2
C2
Cll1

1.531(5)
1.384(4)
1.378(5)
1.526(5)
022
031
032
N2
N11
031
032
N2
N11
032
N2
N11
N2
N11
N11
C22
24
C32
C34
2
C3
C3
N1
Cl
Cl
C2
C4
C4
Cl
Cl1
C12
C12
C13
Cl4
Cl4
N4
Cl1
Cl1
N1
N3
N3
NI12

88.65(9)
177.93(9)
87.20(10)
97.73(9)
91.31(10)
90.37(9)
92.91(10)
165.90(9)
95.48(10)
91.04(9)
83.63(9)
90.59(10)
99.92(9)
171.44(10)
71.92(10)
126.0(2)
120.4(2)
124.5(2)
126.2(2)
124.1(3)
116.3(3)
119.6(3)
136.0(2)
108.37(19)
115.0(3)
125.3(3)
115.6(3)
119.0(3)
114.0(3)
124.1(2)
129.8(2)
105.9(3)
106.9(3)
128.8(3)
124.3(3)
127.8(3)
113.4(3)
118.7(3)
122.8(3)
123.4(3)
113.8(3)
110.4(3)
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N1l
N12
N1l
N12
F21
F21
F21
F22
F22
F23
021
021
C21
C22
022
022
C23
F24
F24
F24
F25
F25
F26
F31
F31
F31
F32
F32
F33
031
031
C31
C32
032
032
C33
F34
F34
F34
F35
F35
F36

Cl1
Cl1
Cl12
C13
C21
C21
C21
C21
C21
C21
C22
C22
C22
C23
C24
C24
C24
C25
C25
C25
C25
C25
C25
C31
C31
C31
C31
C31
C31
C32
C32
C32
C33
C34
C34
C34
C35
C35
C35
C35
C35
C35

Cl1

Cl1

CI13
Cl12
F22
F23
C22
F23
C22
C22
C21
C23
C23
C24
C23
C25
C25
F25
F26
C24
F26
C24
C24
F32
F33
C32
F33
C32
C32
C31
C33
C33
C34
C33
C35
C35
F35
F36
C34
F36
C34
C34

121.1(3)
128.5(3)
109.4(3)
107.3(3)
107.5(3)
106.3(3)
114.3(3)
104.9(4)
112.2(3)
111.0(3)
111.8(3)
130.7(3)
117.6(3)
123.6(3)
128.5(3)
116.0(3)
115.5(3)
106.2(4)
108.5(4)
113.1(3)
104.9(4)
111.1(3)
112.6(3)
107.6(3)
107.1(3)
112.2(3)
106.6(3)
112.9(3)
110.1(3)
113.4(3)
128.7(3)
117.8(3)
121.3(3)
128.2(3)
112.9(3)
118.9(3)
108.3(4)
106.3(4)
113.4(3)
106.3(4)
111.2(3)
111.1(4)
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