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ABSTRACT

The objective of this study was to develop a chemical model for metal ion
complex formation by a macroligand system with multi-metal binding sites using 2,2’-
biimidazole as the starting molecule of the ligand system. Prior studies in this laboratory
guided the selection of diesters and hydroxyethyl derivatives of 2,2’-biimidazole as
model monomers. In addition, metal ion complexation studies with 2,2’-biimidazole
derivatives were conducted. As a result, crystal structures of 1,1°-di(methylpropionato)-
2,2-biimidazole, 2,2’-bis(1H-imidazolium) dinitrate and silver 2,2’-bis(1H-imidazolium)
trinitrate, were reported. The crystal structures indicated a dependence upon the binding
ability of the protonated 2,2’-biimidazole and counter ions. Transesterification of the
diesters and diols revealed oligomeric formation in dimers to pentamers. Upon mixing

the esters and oligomers with metal salts, associated metal salts formed.
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1 INTRODUCTION

1.1 OVERVIEW

The objective of this investigation was to initiate a study to establish the
mechanism by which metal ion complexation occurs in a biimidazole containing
macromolecular ligand system, thus developing a chemical model for metal ion complex
formation by a macroligand system with multi-metal binding sites using 2,2’-biimidazole
as the starting molecule for the ligand system. Three possible pathways were explored.
One possible route was to form a monomer complex with subsequent polymerization.
Secondly, the monomer could be polymerized first and then the metal complexed to it.
Thirdly, and ultimately, the monomer could be polymerized and complexed in a
concerted reaction. Prior success in the synthesis of 2,2’-biimidazole polymers, the
inherent metal-binding characteristics of 2,2’-biimidazole polymers, and the lack of
metal-binding studies with 2,2’-biimidazole polymers led to this study. The motivation
for this study came about due to the inherent metal-binding characteristics of
2,2’-biimidazole, prior success for the preparation of 2,2’-biimidazole polymers, and the
lack of metal-binding studies with 2,2’-biimidazole. The first report of 2,2’-biimidazole
(structure given in Scheme 1.1. (I)) was in 1858. [1] Since that time, research interest has
arisen based on its biheterocyclic composition, solid state stability and chemical
reactivity. The similarity of the amine group of the amino acid histidine
(Scheme 1.1. (II)) with the imidazole ring of 2,2’-biimidazole has led to studies of the
biological activity of 2,2’-biimidazole. [2-6] Cromer et al. reported the crystal structure
of 2,2’-biimidazole with the five atoms of the heterocycle were coplanar within 0.002 A

but the two rings had a dihedral angle of about 4.6° with a residual R-factor of 5.4%. [7]



The rigidity of these rings leads to limited solubility in common organic solvents.
Incorporating functional groups on the ring, specifically at the pyrrole nitrogen atom, less
stringent solubility tactics are required for the synthesis, selection and isolation of

product derivatives.

H,N COOH

3 N
> ]
[N \N I
H \=N
() (1h

Scheme 1.1. Structure of 2,2’-biimidazole (I) and histidine (II).

1.2 SIGNIFICANCE OF METAL ION BINDING POLYMER MODEL

DEVELOPMENT

The metal binding polymer model design, illustrated in Figure 1.1, incorporates
four key elements and how they relate to one another. These four components are:
1) monomer, 2) parent polymer, 3) monomer complex, and 4) polymer complex. The
generalized monomer structure can be represented quite easily. The other three key
points can have a variety of different architectures due to the nature of the metal and the
functionality of the heterocycle. Because of the characteristics of 2,2’-biimidazole and its
ability to protonate and deprotonate (diagram of redox pairs of 2,2’-biimidazole given in
Scheme 1.2 of different oxidation states), different morphologies of compounds exist.

[8, 9]



Monomer polymerization Parent
Ligand Polymer

polymerization

Mn+ Mn+

Polymer
Complex

polymerization

Figure 1.1. Strategic model for 2,2'-biimidazole-based esters.



H H
N \ ] N \ o
— — +2e +2e N N
L—~<J == D=0 == <]
\ / N N
H H \H H/ \H H/
pKaylf - H
H H
/ H /
N N3 N \ N N
— ~—3
- 2 -
EN> <N/ 2e @H\] = [N> <NE
\ N N \ /
pKa21 -H H H
2" H H 2
N \ / ]
_N N toe N\ N ioe N N
=T == [ =]
N N N N N N
\ \ /
H H H
f
H 3.
_\+ N N N/ N B
N N +2e +2e-
2~ L) == =]
\ \
H -H
pKay t 4
_N N tre N N ine N N—_|
1 _t2e -
=l O—CI =1
N N N N N N
R pKa, pKa, PKas pKay
’ Me 1.60 6.30 (14.15) | (18.17)
R N\ N R H (-0.24) 4.60 (12.31) | (16.33)
IN> <\NI cl (-552) |(-094) | 7.45 | 11.40
R \ R
H Br (-5.52) | (-0.94) 7.44 11.50
() = estimated CN (-9.68) | (-5.10) | 2.99 7.60

Scheme 1.2. Protonation and deprotonation of 2,2'-biimidazole with redox pairs and
corresponding pKas. [8, 9]



1.2.1 Specificity. The ultimate desire of this study is to understand the
mechanism of metal binding in a macromolecular system. This understanding
encompasses the selectivity of the compound to bind metals, the kinetics of metal
binding, and the impact of metal complexation on monomer polymerization pathways.
Metals can bind to a compound in one of four ways, illustrated in Figure 1.2, as a (1)
pendant; (2) bridging; (3) non-pendant, non-bridging or an (4) associated metal salt.

The ability of 2,2’-biimidazole to protonate and deprotonate as illustrated in
Scheme 1.2, results in a cis or trans effect about the central C2-C2’ bond connecting the
heterocyclic rings. Scheme 1.3 illustrates the preferred binding coordination of
biimidazole with various metals. The size and charge of the metal ion along with the
deprotonation and protonation of biimidazole display an interesting architecture in its
preferred binding coordination geometry. To study the kinetics of metal ion binding, the
resulting complex structure must be known so its formation can be spectroscopically
monitored over time. When the biimidazole species is crystallized, a definite
coordination compound structure can be established. Prior publications have reported
2,2’-biimidazole metal complexes to reveal heteronuclear metal binding as well as

various morphology of homonuclear metal crystals. [10-20]
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Figure 1.2. Macromolecular ligand-metal-ion binding models.



[\

/N%H
M
\NO NH

\~/
cu(ll), Fe(ll), Fe(ill), Ni(ll),
Co(Il), Rh(l), Cd(ll), Mo(ll),
Ru(ll), and Aulll)

O\
(&7
N/
N<>N
\//
Cu(Il), Ni(Il, Co(ll), Pd(il),
Mo(ll), Ru(ll), Ti(lll), Mn(ll),

Os(I1), Rh(l), Au(lll), and Ir(l)

M/sz\\M

X

M\NCDN/M
\—/

Au(l)

Scheme 1.3. Metal complexes.

Oh—w

9l

\
N\Q/N—M

Rh(l), Pd(ll), Au(l)

/N/C_>\NH
(T

N\Q/N——M

M—sz\—M

N\Q/N——M

Au(l)

Ok

X

HN\Q/N—M

cd(ll), Ag(l)



1.2.2 Equilibrium Process. The complete macroligand model can be
simplified into five equilibrium processes. Each pathway is expressed with a Roman
numeral in Scheme 1.3. The five reaction pathways display a generalized equilibrium
reaction scheme. Pathway I expresses the polymerization of the starting monomer.
Pathway II describes the metal complexation of the starting material. Pathway III
illustrates the polymerization of the metal complexed 2,2’-biimidazole derivative.
Pathway IV shows the polymer being complexed with a metal. Pathway V shows the
monomer and metal ion together in a one-step polymerization process. Although Figure
1.1 is equivalent to Scheme 1.4, Scheme 1.4 is specific in showing 2,2’-biimidazole in a
generalized representation.

Metal ion binding with the macroligand systems is expected to occur via
equilibrium reactions. With these equilibrium processes, a kinetic study can lead to
binding constant determination. Binding constants can then provide information on metal

selectivity and role the ligand plays in metal ion binding.

1.3 TRANSESTERIFICATION

Synthesis of 1,1’-di(methylacetato)-2,2’-biimidazole (DMAB), 1,1°-
di(ethylacetato)-2,2’-biimidazole (DEAB), 1,1°-di(methylpropionato)-2,2’-biimdazole
(DMPB), 1,1’-di(ethylpropionato)-2,2’-biimidazole (DEPB), 1,1’-di(methylacrylate)-
2,2’-biimidazole (DMA*B), 1,1’-di(ethylacrylate)-2,2’-biimidazole (DEA*B), 1-
hydroxyethyl-2,2’-biimidazole (mono-HEB), and 1,1’-di(hydroxyethyl)-2,2’-biimidazole
(HEB) was the initial step in development of this study. The monomer was polymerized
by a condensation process, transesterification, as described in Scheme 1.5. A

transesterification reaction involves the reaction of an ester and an alcohol in an acid or



base-catalyzed environment resulting in a different ester and a different alcohol. Or
simply stated, transesterification is a double displacement reaction. Acids tend to
catalyze the reaction by donating a proton to the carbonyl group whereas bases catalyze
the reaction by removing a proton from the alcohol. Since the focus of this study was
polymers, the use of difunctional esters and difunctional alcohols provide more
opportunity for the desired reaction, resulting in polymeric or at least oligomeric species

as illustrated in Scheme 1.6.

R'\ HC—CH
_N N [\
“°H N o’ \|‘|’“ polymerize N
/ \\ < C
He— W |
Vo
R,
+ Ml
Ry
\

N polymerize | N
Oy === A )
/ [ I

Scheme 1.4. General overview of synthetic pathways of a macromolecular coordination
compound with 2,2’-biimidazole moiety.
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0 0O
+ R; OH = )J\ R + R,——OH
R 1

R4
Scheme 1.5. General transesterification reaction scheme.

Catalysts in transesterification reactions have been used extensively along with
applying LeChatelier’s principle of collecting or removing the new alcohol to shift the
reaction to the right to increase the yield of the new ester. The search for the perfect
catalysts has been studied at length especially in the petroleum industry, particularly
biodiesels, and with regard to green chemistry. General examples of catalysts are acids,
alkaline metal hydroxides, alkoxides, carbonates, and enzymes. Schuchardt ef al. used
non-ionic bases such as amines, amidines, guanidines, and triamino(imino)
phosphoranes. [21] Xiang et al. reported using a distannoxane catalyst in
perfluorohexanes. [22] Additionally, Xiang lists four practical requirements for an
ultimate transesterification reaction. These four requirements are 1) having the ester and
alcohol reactants in a 1:1 ratio, 2) selecting a neutral catalyst that will readily separate
from the reaction mixture, 3) being able to remove the liberated alcohol with no special
technology, and 4) producing a yield and conversion rate of 100 %. [22]

Limited solubility is an issue when using 2,2’-biimidazole as a reactant. Most
synthetic procedures call for use of dimethylformamide, DMF, and heat to solubilize
2,2’-biimidazole. The use of DMF in the reaction mixture makes isolation of the product
unusually difficult when removing the solvent due to its high boiling point, which is due

to its polarity.
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Scheme 1.6. Transesterification reaction using diester and diol.

The reaction of metal salts with the 2,2’-biimidazole monomer and its diester and
diol derivatives have been analyzed. This required the selection of a soluble 2,2’-
biimidazole monomer that would allow the incorporation of the 2,2’-biimidazole moiety

in the polymeric species.
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2 2,2’-BIIMIDAZOLE

2.1 HISTORY OF 2,2’-BIIMIDAZOLE

First synthesized by Debus in 1858, the low yield preparation of 2,2’-biimidazole
resulted from the mixing of equal volumes of glyoxal and ammonia. [1] Although there
have been many reports to increase the yield up to 86% by modifying starting material
[23-27], the procedure of mixing glyoxal with ammonia is simple. Yet, its purification to
result in crystalline product remains tedious. In 1987, Cromer et al. reported on the
crystal structure of 2,2’-biimidazole with a residual R-factor of 5.4% where the five
atoms of the heterocycle were coplanar within 0.002 A but the two rings had a dihedral
angle of about 4.6° and a monoclinic P2,/c space group. [7]

Applications of 2,2’-bimidazole run the gamut of increasing chemical and
structural features utilization. The most logical avenues for applications are biological,
since 2,2’-biimidazole contains the functionality of the amino acid histidine, but other
applications include structural and electronic features all the way to its use to impart
wrinkle-resistance to fabrics. [28-30]

The interest in biological-related investigations is due in large part to the
correlation in structure to the amino acid histidine, formally named 2-amino-3-(3H-
imidazol-4-yl)propanoic acid having D and L. conformations. Derivatives of 2,2’-
biimidazole have been sought for biologically specific treatments such as antiprotozoal
[2, 31, 32], antibacterial and antiparasitic [33], cardiotonics [3] and antihypersensitives
[4, 34], antimestatic and antitumor [35, 36], and antihistaminic [37] applications.
Derivatives of 2,2’-biimidazole have even been found to retard the germination of barley

[38] and to also have moderate herbicidal activity [39].
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Noting the conjugation of 2,2’-biimidazole, interest in the investigation of charge
transfer and proton transfer have also been studied. These properties [40] have been used
in applications such as electroless copper plating [28], conducting film supports to assist
in the electrostatograph film process [41], anisotropic conductor [42], along with
photopolymerzation processes as initiators [43-47]. In the case of a quinone-biimidazole
hybrid, it was used for a dual response product as a leuco dye. [48] Hexaarylbiimidazole
is used as a photoinitiator when combined with a leuco dye, commercial Dylux® from
DuPont, producing instantly accessible colored images upon exposure to UV radiation
[49].

Metal chelation and polymerization of 2,2’-biimidazole and its derivatives have
also been studied. Polymerization research [50-52] has focused on methods to enhance
the characteristics of the polymer through the incorporation of the heterocycles; and on
the use of substituents on the rings in order to increase solubility. Another property
which makes 2,2’-biimidazole significant is that since it can chelate metals [53-70], the
addition of metal salts may also lead to a direct polymeric species [71-73]. This has
conveniently led to some crystal engineering [10, 13, 15, 74-80]. Even with oligomeric
species, this in turn has also led to macrocycles [81] and template effect [82] metal ion
complex studies. Furthermore, its use in catalysis, as in the preparation of monacyl
phosphine oxide [83], has been reported.

Information gained in a number of studies show the exact positioning of 2,2’-
biimidazole and whether the rings remain planar in addition to cis or trans coordination
about the C2-C2’ bond connecting the imidazole rings. This insight can dramatically aid

in template effects for constructing macrocyclic complexes along with crystal
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engineering. In the case of a hydrothermal reaction resulting in a polymeric cadmium
2,2’-biimidazole species, the resulting crystal structure describes a right and left-helical
three dimensional polymer [84].

Of the ten crystal structures [7, 85-91] three are of 2,2’-biimidazole, five are
singly protonated, and two are doubly protonated. These crystals result in space groups
of P-1, C2/m and P2, with additional properties. Results of these crystal structure
determinations have been compiled in Table 2.1.

In the case of a diprotonated species, Belanger and Beauchamp reported an
isolation by-product of rhenium(V)-oxo species with 2,2’-biimidazole. [91] They
reported a dicationic species countered by chloride with the monoclinic space group
C2/m having with a=9.500(2) A, b=10.031(3) A, c=4.910(2) A, B=97.40(2)°,
V=464.0(3) A3, and Z=2. [91] Comparing geometries reported by Cromer [7] and
Belanger and Beauchamp [91] protonation induces large variations in the geometry of
2,2’-biimidazole. The ring angle at the protonation site increases by 3.7°, the adjacent
angles decrease by 2.7° and 3.1° while the remote angles undergo small increases of 1.4°
and 0.7° in order to keep the ring planar.

Electrochemistry was used to determine the molar absorptivity of protonated
radical of 2,2’-biimidazole by Lemke er al. [94] Although this species is stable during
the reduction process, the neutral species generated by further reduction undergoes a
subsequent unknown reaction in which an absorption spectrum cannot be recorded. [94]
The potentials during a five minute reduction were listed as 0.0V, -1.10V, 1.15V, and

1.20V against a standard calomel electrode. [94]



Table 2.1. Crystal Structures of 2,2'-Biimidazole and Protonated 2,2'-Biimidazole

15

Space group and . 3
Compound residual R-factor, Density (g/ om’) Ref
counter ions
(%)

y Lee s P2,/c 1.454
2,2’-biimidazole 554 None [7]
Tris(2,2’-bi-1H-imidazole)
bis(2-(2-1H- P2, 1.68 [85]
imidazolyl)-1H-imidazolium) 5.28 lodide
bis(iodide)

Bis(2-(2-1H-imidazolyl)-1H-
- . . 1.408
imidazolium) bis(7,7,8,8-
. . P"l 7:7’8:8-
tetracyanoquinodimethane . [85]

. 8.38 tetracyanoquino-
radical) 7,7,8,8- dimethane
tetracyanoquinodimethane
Tris(2,2’-bi-1H-imidazole)
bis(2-(2-1H- P2,/a 1.68 [86]
imidazolyl)-1H-imidazolium) 0 lodide
bis(iodide)
2,2’-biimidazol-1-ium P21/c 1.679 87]
trichloroacetate 5.54 Trichloroacetate
2-(2-1H-imidazolyl)- Co/m 1.427
imidazolium chloride chloride, [88]

5.04

monohydrate water
2-(2-1H-imidazolyl)-1H-
. ) 1.433
imidazolium P2/n chloride [89]
chloride 4-aminobenzoic acid 4.26 . .

4-aminobenzoic acid
solvate
Bis(2,2’-bi-imidazol-1-ium) P2,/c 1.692 [90]
tetrachloro-iron(Ill)chloride 8.5 tetrachloroferrate(I1l)
2,2’-bis(1H-imidazolium) C2/m 1.482 [91]
dichloride 4.3 Chloride
2,2’-bis(1H-imidazolium) P2,2;2 1.630 [92]
dinitrate 6.34 Nitrate
2-(1H-imidazol-2-yl)-1H- C2/c 1.498 [93]
imidazol-3-ium nitrate 4.66 Nitrate
2,2’-bis(1H-imidazolium) P2i/c 2.038 93]
dibromide 3.88 Bromide
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In the case of dianionic 2,2°-biimidazole, specifically the ruthenium silver
complex reported by Majumdar et al., the biimidazolate chelates as a Type II tridentate
bridge exhibiting low pKa values. [95, 96] When studying hybrid inorganic-organic
materials, 2,2’-biimidazole and its monoanionic moiety have the ability to coordinate to
metal centers and act as a donor in hydrogen bonding interactions. Metal centers,
particularly Co®" and Ni**, allow the formation of a distorted octahedral coordination
environment with four nitrogen atoms of two H,biim ligands arranged trans to each
other, where water molecules help to maintain the 2D assembly. [97]

The significance of persistent carbocations has been well documented by Olah
[98], whose research noted that without the realization of extremely strong superacids,
the cationic species was a mere intermediate and not stable. In the case of organic
dications, Lammertsma et al. [99] used mass spectrometry and computational studies to
determine salient bonding features in small doubly-charged organic cations. The crystal
structure of bis(1H-imidazolium) dinitrate illustrates the creation of a persistent 1,2-
carbocation normally formed by superacids. [99]

There are unusual and fascinating properties of monometallic transition metal
complexes of 2,2°-biimidazole whereby oligomeric and polymeric species are formed.
These occur due to the ability of 2,2’-biimidazole and its derivatives ability to enter into
various modes of coordination. Fu et al. report on achiral 2,2’-biimidazole as having
three characteristics: (1) coordination in the neutral form as bidentate, single anionic form
as tridentate, and dianionic form as tetradentate; (2) twisting along the C2-C2’ bond,
particularly in the singly anionic form, shows higher prospects for helical structures; and

(3) the nitrogen atoms tend to coordinate with metal ions leading to a five-membered ring
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that can help to stabilize the metal-imino units. [84] Kamar et al. state the dianion base is
bis-bidentate, however, it can also act as a bridge, allowing three metal centers to
simultaneously attach, thus providing a platform for design and construction of
polymetallic systems with unusual structural features. [100] In the case of the reaction
between 2,2’-biimidazole and Cu,Cl, a polymeric compound results with a cis
conformation. [73] The bond distances were in agreement with that of Cromer et al.

[7]; however, the interest lies in the manner in which the free ligand crystallizes [73].
The free ligand crystallizes in the trans conformation whereas the Hpbiim ligand takes a
cis conformation. [72] The dihedral angle also changes from trans (4.6°) to cis (2.3(4)°).

[73]

2.2 SYNTHESIS OF 2,2°-BIIMIDAZOLE

Equal volumes, 1000 mL of ammonium hydroxide (28% NH3 by weight) and
1000 mL glyoxal, were poured into and mixed in a 5-gallon plastic bucket, adding ice
and stirring while in the hood. Scheme 2.1 denotes the reaction scheme of the synthesis
of 2,2’-biimidazole using ammonium hydroxide. Vigorous bubbling was observed along
with a strong smell of ammonia and evolution of large amounts of heat. The precipitate
was recovered by suction filtration and rinsed with distilled water three times. This
product was light tan in color and fluffy in appearance. For a crystalline product, the
fluffy product was placed in a 5-gallon plastic bucket along with distilled water. A steam
coil was placed in the plastic bucket to allow the solution to boil. After boiling for
approximately 30 minutes, a siphon tube was set up to extract the solution from the
plastic steam bucket to another 5-gallon plastic bucket passing through funnel with a

filter. This allowed the solubilized product to pass through the filter. The precipitate in
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the filter was returned to the 5-gallon plastic steam bucket and heated in distilled water.
Upon cooling, crystals were formed. These crystals were collected by gravity filtration
and allowed to air dry. The crystalline product was dissolved in the plastic steam bucket
and recrystallized by repeating the boiling, siphoning, and cooling process. The crystals

were collected via gravity filtration and dried in an oven overnight.

+ 4 NH OH = =10 H,0 + H / \

Scheme 2.1. Reaction scheme for the synthesis of 2,2’-biimidazole.

Although improvements in the synthesis of 2,2’-biimidazole by changing the
reactants were discussed earlier on page 12, using the less expensive glyoxal and
ammonium hydroxide, a yield of 3.14% was obtained. Elemental analysis resulted in:
53.41 % C, 3.87 % H, 41.29 % N (theoretical 53.72 % C, 4.51 % H, 41.77 % N). FTIR
confirmed peaks at: 3390 cm” (N-H stretch); 3100 cm™ (C-H stretch);

3000 cm™ (Ar-H stretch); 2850, 2800 cm™ (C-H stretch); 1550, 1450 cm™ (N-H bend),
1100 cm™ (C-N bend). The IR was prepared as a KBr pellet and the spectrum is located

in Appendix A.

2.3 SYNTHESIS OF 2,2-BIS(1H-IMIDAZOLIUM) DINITRATE
The synthesis of 2,2’-bis(1H-imidazolium) dinitrate was accomplished using
2,2’-biimidazole, silver nitrate, and nitric acid as reactants. The 2,2’-biimidazole was

prepared according to published procedures [1], using equal portions of 40% glyoxal and
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concentrated ammonium hydroxide (28-30%). Silver nitrate was used as received from
Aldrich and concentrated nitric acid was diluted to 0.1 M.

The crystal growth of [H,biim][NO;], was achieved by the synthetic procedure
reported by Hester er al. [71], using 0.1 M HNOs. A mass of 1.343 g (1.001 x 10 mol)
2,2’-biimidazole was dissolved in 15 mL of 0.1 M HNOs. Silver nitrate (3.410 g,

2.007 x 10 mol) was then added to the solution as a solid. A precipitate formed upon
mixing, and a few drops of 0.1 M HNOs were added to resolubilize the precipitate.
Golden crystals formed as the solution was allowed to slowly dry/evaporate over a period
of several days.

Crystal structure determination of [H,biim][NOs], and collection and reduction of
X-ray data was completed in the usual manner. Diffraction intensity data were collected
with a Bruker Smart Apex I CCD diffractometer. The space group was determined from
systematic absences. The structures were solved by direct methods and Fourier difference
syntheses and refined by full-matrix least-squares procedures on peak intensities (F?). All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were inserted in their
calculated positions. Software and atomic scattering factors are contained in the
SHELXTL program package [101].

The crystal structure has an orthorhombic P2,2,2 space group. The five-
membered rings are not exactly planar. The five atoms of one ring are out the plane by
0.3A and the other ring by 0.5A. These five member rings have a dihedral angle of 30.5°.
The shortest distance from the oxygen on a nitrate to the nitrogen in the five-member ring

is 3.184A. The nitrate symmetry can be seen down the c-axis in Figure 2.4.
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Comparing this structure to that of the monoclinic C2/m 2,2’-bis(1H-
imidazolium) dichloride by Bélanger and Beauchamp [91], the imidazole rings are not as
planar with respect to each other; the rings are only out of plane by 0.002A and the
chloride ions are out of plane by 0.42(6)A. Noting the stabilizing influence of the
counter ion and hydrogen bonding, the distance between the Cl--H-N is 3.067(2)A,
which is comparable to the O--H-N distance of 3.184A. [91] However, the dibrominated
species analyzed by Baughman [93] shows a similar trend with a fairly planar
biimidazole. The dibrominated species crystallized in a P2/c space group where the
imidazole rings are rotated by about 0.34°. Bond lengths were comparable amongst the
charged species and are listed in Table 2.2 using Scheme 2.2 for atom positions. Figure
2.1 illustrates the comparison of the diprotonated biimidazole species with bromide and
chloride counter ions.

The Baughman group resolved a monoprotonated 2,2’-biimdazole species with a
single nitrate counter ion along with a diprotonated 2,2’-biimidazole species with two
nitrates. [93] Table 2.2 compiles select bond lengths and angles and Figure 2.2 illustrates
the monoprotonated and diprotonated biimidazole species with the nitrate counter ions.
The monoprotonated species crystallized in a monoclinic C2/c space group, whereas, the
diprotonated species crystallized in an orthorhombic P2,2,2 space group. While the five-
member rings for the monoprotonated 2,2’-biimdiazole were rotated about 40.5°, the
imidazole rings of the dicationic 2,2’-biimidazole species were rotated 30.4°,

Figure 2.3 displays the OR TEP diagram of 2,2’-bis(1H-imidazolium) dinitrate
while Figure 2.4 presents the unit cell. Figure 2.7 allows an interesting view for

symmetry elements. Details of the crystal data for [Hybiim][NOs]; are provided in
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Appendix B Table B.1. The absolute structure parameter listed for [H,biim][NOs], of
0.7(18) is not within the acceptable value of three standard deviations and warrants a
matrix transformation. If the inversion does not allow the absolute structure parameter to
converge to zero, the structure should be refined as a racemic twin. The atomic
coordinates and equivalent isotropic displacement parameters are listed in Table B.2.
The observed bond lengths, angles, and contacts are listed in Table B.3. Listed in Table
B.4 are anisotropic displacement parameters. Table B.5 displays the hydrogen atoms
along with isotropic displacement parameters.

See Appendix C, Figures C.1 and C.2 for graphs of proton and carbon NMR
spectra in DMSO-ds: "H NMR (theoretical) in DMSO, dg: 87.50, s (87.1, s) [C-H]; 68.44,
broad (5134, s) [N-H]; *C NMR (theoretical) in DMSO, d¢: $39.5, m (8127.8) [C-H];

(8135.4) [C-C].



Scheme 2.2. Diagram of 2,2’-biimidazole for bond lengths.

Table 2.2. Selected Bond Lengths for Protonated 2,2'-Biimidazole

Bond 2-(1H-imidazol- | 2,2’-bi(1H- 2,2°-bi(1H- 2,2°-bi(1H-
2-yl)-1H- imidazolium) imidazolium) imidazolium)
imidazol-3-ium | dinitrate [92] dibromide [93] | dichloride [91]
nitrate [93]

Bond length, A | Bond length, A | Bond length, A | Bond length, A

C1-C4 1.44(1) 1.45(1) 1.43(3) 1.44(2)

C1-N1 1.33(0) 1.31(5) 1.31(9) 1.32(8)

C1-N2 1.32(7) 1.33(1) 1.34(2) 1.36(6)

N1-C2 1.36(3) 1.38(0) 1.37(2) 1.32(8)

N2-C3 1.36(3) 1.36(8) 1.37(7) 1.36(6)

C2-C3 1.34(4) 1.32(2) 1.34(6) 1.33(8)

22
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Diprotonated 2,2’-biimidazole

Bromide counter ion Chloride counter ion

Figure 2.1. Diprotonated 2,2’-biimidazole with bromide and chloride counter ions from
the x-y plane.

Nitrate Counter lon

ST

Monoprotonated Diprotonated

Figure 2.2. Protonated 2,2’-biimidazole with nitrate counter ions.
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Figure 2.3. Asymmetric unit of [bimH;,][NOs]s.
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Figure 2.4. Unit cell of 2,2'-bis(1 H-imidazolium) dinitrate.
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Figure 2.5. Unit cell of 2,2'-bis(1H-imidazolium) dinitrate.

24 2,2-BIIMIDAZOLE ESTER DERIVATIVES

Derivatives of 2,2’-biimidazole have been made to accommodate a variety of
different chemical and physical properties of 2,2’-biimidazole, most notably its solubility.
In making derivatives of specific functionality, routes to form polymeric species with
metal complexation ability became a focus of study. Methyl derivatives studied by
Deady [102] investigated the substituent effect on the heterocycle. Rasmussen e al.
[103] synthesized tetracyano derivatives, described as colorless, and reported the

derivatives were usually dianionic and readily chelated as a bidentate ligand or
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quadridentate bridging ligand between pairs of metal ions. The Collier research group
[104-108] has published syntheses and characterizations of difunctional ester derivatives
noting their ability as a macromolecular precursor [107].

24.1 Previously reported 1,1°-diesters of 2,2’-biimidazole. The diesters
previously reported include 1,1°-di(methylacetato)-2,2’-biimidazole [104, 107], 1,1°-
di(methylproprionato)-2,2’-biimidazole [106, 108, 109], 1,1’-di(ethylpropionato)-2,2’-
biimidazole [104, 105], and 1,1°-di(ethylacrylate)-2,2’-biimidazole [106, 108, 109].
2.4.1.1 1,1’-Di(methylacetato)-2,2’-Biimidazole, DMAB. Synthesis of 1,1°-
di(methylacetato)-2,2’-biimidazole, dimethyl 2,2°-(2,2’-bi(1H-imidazole)-1,1°-
diyl)diacetate, structural drawing given in Scheme 2.3, was performed using the
technique reported by Barnett ef al. whereby a multi-step process was employed adding
the ligand in two separate steps of one equivalent portions to 2,2’-biimidazole. [104]
Following Barnett’s procedure, a mass of 12.696 g 2,2’-biimidazole (9.475 x 10 mol)
was added to a 1000 mL round bottom flask equipped with a condenser, 700 mL. DMF,
and a magnetic stir bar. The mixture was heated to 50°C, then 18.0 mL 6 M NaOH
(0.108 mol) was added. While the solution continued to be heated, 9.0 mL methyl
monochloroacetate (0.102 mol) was added. As the solution continued to be heated, it
turned dark green. The solution was heated for an additional 30 minutes, then 14.0 mL 6
M NaOH (0.084 mol) was added. The solution was heated an additional 20 minutes
before adding an equivalent of methyl monochloroacetate, 8.0 mL (0.090 mol). The

solution was heated and stirred for 2 hours.
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Scheme 2.3. Structure of 1,1'-di(methylacetato)-2,2'-biimidazole.

The reaction mixture was then vacuum distilled to remove DMF. Approximately
500 mL of refluxing acetone was added and then the product was rotoevaporated to
dryness. The product was cooled and washed with a small amount of methanol. The
product was recrystallized in 300 mL methanol to yield 9%.

The FTIR spectrum of the product confirmed synthesis of 1,1’-di(methylacetato)-
2,2’-biimidazole, dimethyl 2,2’-(2,2’-bi(1H-imidazole)-1,1’-diyl)diacetate with peaks at:
3480, 3150 cm™ (N-H stretch);3100 cm™ (C-H stretch); 3000 cm™ (Ar-H stretch);

2900, 2800 cm™ (C-H stretch); 1620 cm™ (C=0 stretch); 1600 cm™ (C=N stretch);

1400 cm™ (C-H bend); 1125 cm™ (C-O stretch). The IR was prepared as a KBr pellet and
the spectrum is given in Appendix A. Barnett ef al. previously reported the crystal
structure of DMAB, dimethyl 2,2’~(2,2’-bi(1H-imidazole)-1,1’-diyl)diacetate synthesized
by this method. [107]

2.4.1.2 1,1'-Di(methylpropionato)-2,2'-Biimidazole, DMPB. Synthesis of 1,1'-
di(methylpropionato)-2,2'-biimidazole, dimethyl 3,3’-(2,2’-bi(1H-imidazole)-1,1’-
diyl)dipropanoate (structural drawing in Scheme 2.4) was performed using the technique
reported by He. [106] Using the Michael addition approach by He, a mass 0f 4.791 g

2,2’-biimidazole (3.575 x 102 mol) was added to a 50 mL round bottom flask containing
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10.0 mL DMF, a stir bar, and condenser. The solution was heated at 120°C for

15 minutes. A mass of 0.5 g tetramethylammonium hydroxide pentahydrate

(5.49 x 107 mol) was added and the solution was heated an additional 10 minutes. While
the solution was being heated, 6.5 mL methyl acrylate (7.146 x 10 mol) was added

dropwise.

N N
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Scheme 2.4. Structure of 1,1'-di(methylpropionato)-2,2'-biimidazole.

The solution was refluxed for 12 hours at 120°C. DMF was vacuum distilled and
several drops of distilled water were added. The product was purified by recrystallization
in acetone to yield 6.164 g product or 56.3%. The melting point range was 91-93°C.
Elemental analysis resulted in 55.11 % C, 5.39 % H, 18.34 % N, 21.16 % O
(Theoretical 54.89 % C, 5.92 % H, 18.29 % N, 20.89 % O). The crystal structure of
DMPB was previously reported by He. [106]
2.4.1.3 1,1'-Di(ethylpropionato)-2,2'-Biimidazole, DEPB. Synthesis of 1,1°-
di(ethylpropionato)-2,2’-biimidazole, diethyl 3,3°-(2,2’-bi(1H-imidazole)-1,1’-
diyl)dipropanoate (structural drawing given in Scheme 2.5), was prepared using a
modified technique reported by Barnett ef al. [105] A mass of 2.818 g 2,2’-biimidazole

(2.103 x 10" mol) was added to a 500 mL round bottom flask with a magnetic stir bar
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and condenser. A volume of 200 mL DMF was added and the mixture was heated to
50°C. Once the temperature of 50°C was reached, 2.0 mL 1 N NaOH was added. The
solution was heated for approximately 20 minutes before the gradual drop-wise addition
of 4.6 mL ethyl acrylate (4.203 x 10 mol). The solution was heated for 4 hours and then
rotovapped in a hot water bath to remove DMF. It was then filtered and the solution was
chilled in an ice bath for approximately 10 minutes. Approximately 10 mL chilled
ethanol was added and the product was allowed to crystallize in the refrigerator
overnight. The product was recovered using glass frit suction filter and aspirator. This
resulted in 2.503 g product with a 35.6% yield and melting point range of 69-70°C.
Elemental analysis resulted in 57.44 % C, 5.84 % H, 16.75 % N, 19.97 % O

(Theoretical 57.47 % C, 6.63 % H, 16.76 % N, 19.14 % O).
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Scheme 2.5. Structure of 1,1'-di(ethylpropionato)-2,2'-biimidazole.
The FTIR spectrum revealed peaks at: 3450, 3140 cm™ (N-H stretch);
3120 cm™ (C-H stretch); 2990 em™ (Ar-H stretch); 2950, 2900 cm™ (C-H stretch);

1740 cm™ (C=0 stretch); 1440 cm™ (C=N stretch); 1375, 1370 cm™ (C-H bend);
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1240 ecm™ (C-O stretch). The IR was prepared as a KBr pellet and the spectrum is
located in Appendix A.

2.4.1.4 1,1’-Di(ethylacrylate)-2,2’-Biimidazole, DEA*B. The synthesis of 1,1°-
di(ethylacrylate)-2,2’-biimidazole, (2E,2’E)-diethyl 3,3°-(2,2’-bi(1H-imidazole)-1,1’-
diyl)diacrylate (structural drawing in Scheme 2.6), was prepared using the technique
reported by He. [106] A mass of 2.682 g 2,2’-biimidazole (2.001 x 107 mol) was added
to a 25 mL round bottom flask equipped with a stir bar and condenser and containing
10 mL DMF. After the solution was heated to 100°C, 0.800 g tetramethylammonium
hydroxide was added. The solution was heated for 20 minutes before a gradual drop-
wise addition of 5.2 mL ethyl propiolate (5.08 x 10 mol) over a period of 15 minutes.
The solution became homogeneous and dark in color. The solution was heated and
refluxed at 120°C for 12 hours. The precipitate was filtered and washed with acetone
until the filtrate became clear. An off-yellow powdered product was obtained
recrystallized in acetone. The product had a melting point range of 178-180°C and a
48 % yield. Theoretical composition for this compound: 58.17 % C, 5.49 % H,

16.96 % N, 19.37 % O.
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Scheme 2.6. Structure of 1,1'-di(ethylacrylate)-2,2'-biimidazole.
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The FTIR spectrum confirmed peaks at: 3400, 3120 cm™ (N-H stretch);
3100, 3090 cm™ (C-H stretch); 3000 cm™ (Ar-H stretch); 2980 cm™ (C-H stretch);
1740 cm™ (C=O0 stretch); 1700 cm™ (C=C stretch); 1400 cm™ (C=N stretch);
1350 cm™ (C-H bend); 1260, 1240 cm™ (C-O stretch); 1200, 1010 cm™ (C-O stretch).
The IR was prepared as a KBr pellet and the spectrum is located in Appendix A.

242 New 2,2’-biimidazole diesters synthesized. In an effort to have similar
linkage, two additional diesters were synthesized and characterized. They are 1,1°-
di(ethylacetato)-2,2’-biimidazole and 1,1’-di(methylacrylate)-2,2’-biimidazole.
2.4.2.1 1,1’-Di(ethylacetato)-2,2’-Biimidazole, DEAB. The synthesis of 1,1°-
di(ethylacetato)-2,2’-biimidazole (DEAB), diethyl 2,2°-(2,2’-bi(1H-imidazole)-1,1°-
diyl)diacetate (structural drawing in Scheme 2.7), has not yet been reported. Synthesis of
DEAB was performed using a modified technique reported by Barnett ef al. whereby a

multi-step process was used to add ligand in two-one equivalent portions. [104]
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Scheme 2.7. Structure of 1,1'-di(ethylacetato)-2,2'-biimidazole.
A mass of 10.295 g 2,2’-biimidazole (7.6828 x 10 mol) was added to a 1000 mL
round bottom flask equipped with a condenser, 700 mL DMF, and a magnetic stir bar.

The mixture was heated to 50°C, then 13.0 mL 6 M NaOH (7.80 x 10 mol) was added.

While the solution continued to be heated, 8.2 mL ethyl monochloroacetate
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(7.7 x 10”7 mol) was added. As the solution continued to be heated, it turned dark green.
The solution was heated for an additional 30 minutes, then 12.6 mL 6 M NaOH

(7.56 x 10”2 mol) was added. The solution was heated an additional 20 minutes before
adding an equivalent of ethyl monochloroacetate, 8.2 mL (7.7 x 10 mol). The solution
was heated and stirred for 2 hours.

The reaction mixture was then vacuum distilled to remove DMF. Approximately
500 mL of refluxing acetone was added and then the product was rotoevaporated to
dryness. The product was cooled and washed with a small amount of methanol. The
product was recrystallized in 300 mL methanol to yield 11%.

The FTIR spectrum of the product confirmed synthesis of 1,1°-di(ethylacetato)-
2,2’-biimidazole, with peaks at: 3480, 3150 cm” (N-H stretch); 3100 cm™ (C-H stretch);
3000 cm™ (Ar-H stretch); 2900, 2800 cm™ (C-H stretch); 1620 cm™ (C=0 stretch);

1600 cm™ (C=N stretch); 1400 cm™ (C-H bend); 1125 cm™ (C-O stretch). The IR was
prepared as a KBr pellet and the spectrum is given in Appendix A. Theoretical properties
of this compound yield 54.89 % C, 5.92 % H, 18.29 % N, 20.89 % O. Elemental analysis
resulted in 55.11 % C, 5.39 % H, 18.34 % N, 21.16 % O.

2.4.2.2 1,I’-Di(methylacrylate)-2,2’-Biimidazole, DMA*B. Synthesis of 1,1°-
di)methylacrylate)-2,2’-biimidazole, (2E,2’E)-dimethyl 3,3°-(2,2’-bi(1H-imidazole)-1,1°-
diyl)diacrylate (structural drawing in Scheme 2.8), was attempted modifying the
procedure of He [106]. A quantity of 2.207 g 2,2’-biimidazole, (1.647 x 10 mol) was
added to a round bottom flask containing 15 mL DMF and equipped with a stir bar and
condenser. A mass of 1.5 g NaOH (3.75 x 10”2 mol) was dissolved with a minimal

amount of distilled water and added to the 2,2’-biimidazole DMF solution. The solution
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was heated to 100°C for about 30 minutes. After this time, 3.5 mL methyl propiolate
(4.146 x 102 mol) was added slowly drop-wise. The solution was heated to 120°C and
allowed to reflux for 12 hours. A yellow precipitate resulted after gravity filtration. The
precipitate was washed in a small amount of acetone and resulted in 3.665 g of an off-
yellow powder, 73.61% yield. The product’s melting point was 243°C. The theoretical
composition for this compound is 55.63 % C, 4.67 % H, 18.53 % N, 21.17 % O, although
no elemental analysis was performed.
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Scheme 2.8. Structure of 1,1'-di(methylacrylate)-2,2'-biimidazole.

2.5 ALCOHOLS

In an effort to polymerize the 2,2’-biimidazole moiety, alcohols were needed for
the transesterification process. The three alcohols were chosen. Although two of the
alcohols contain the 2,2’-biimidazole moiety, the third was chosen for convenience,
availability and similar carbon chain length.

2.5.1 1-Hydroxyethyl-2,2’-Biimidazole, mono-HEB. Synthesis of 1-
hydroxyethyl-2,2’-biimidazole, 2-(2,2’-bi(1H-imidazol)-1-yl)ethanol (structural drawing
in Scheme 2.9), was conducted using a modified procedure reported by Lin [110, 111]

and Lister [112]. Ina 1 L round bottom flask equipped with a stir bar, condenser, and
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addition funnel, 11.365 g 2,2’-biimidazole (8.481 x 10 mol) was added to 450 mL of
absolute ethanol. The solution was heated to 80°C before the addition of 3.595 g NaOH
(8.986 x 107 mol) dissolved in approximately 20 mL of distilled water. The solution was
heated at 80°C. The solution turned reddish brown and there were no visible signs of
2,2’-biimidazole. While the solution was heated at 80°C, 6.0 mL 2-chloroethanol
(8.950x 107 mol) suspended in ~50 mL absolute ethanol was slowly added drop-wise
from the addition funnel. The red solution turned cloudy with a salt like precipitate. The
reaction was allowed to proceed for 30 minutes. After which, 3.235 g NaOH

(8.088 x 102 mol) dissolved in ~20 mL distilled water was added to the flask and allowed
to react for 45 minutes. After the 45 minutes, 5.6 mL 2-chloroethanol (8.347 x 10 mol)
suspended in 50 mL absolute ethanol was added to the flask via addition funnel. The
temperature was maintained at 80°C for 18 hours. The reaction was filtered with fritted

funnel.

Scheme 2.9. Structure of 1-hydroxyethyl-2,2’-biimidazole.

The filtrate was rotoevaporated until no other liquid appeared to come off.
Approximately 200 mL chloroform was added to the residue. There were particles that
did not dissolve completely. The solution was filtered. Distilled water was added to the

filtrate and the solution was poured into a separatory funnel. The top aqueous layer was
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retrieved by pipette and put into the refrigerator. The bottom layer, chloroform portion,
was added to ~200 mL hot distilled water. The solution bubbled and some foam formed.
This solution was poured into a separatory funnel and allowed to cool at room
temperature overnight.

Needles formed in the filtrate left overnight in the refrigerator. A massof 0.113 g
was recovered with a fritted funnel. The solution left in the separatory funnel to cool
visually separated. The top portion was again removed by pipette and chilled four hours
in a refrigerator. A mass of 0.954 g of product was recovered via fritted funnel.

The crystal structure showing a trans configuration of 1-hydroxyethyl-2,2’-
biimidazole, 2-(2,2’-bi(1H-imidazol)-1-yl)ethanol was reported by Lin [112]. The
product’s melting point was measured at 139°C. Elemental analysis resulted in
54.04 % C, 6.63 % H, 26.21 % N, 13.12 % O (Theoretical 53.92 % C, 5.66 % H,

31.44 % N, and 8.98 % O). FTIR spectrum confirmed peaks at: 3370 cm™ (O-H stretch);
3130 cm™ (N-H stretch); 3125 cm™ (Ar-H stretch); 2990, 2940 cm™ (C-H stretch);

1700 cm™ (C=N stretch); 1550 cm™ (N-H bend); 1400 cm™ (O-H bend). The IR was
prepared as a KBr pellet and the spectrum is located in Appendix A.

2.5.2 1,1’-Di(hydroxyethyl)-2,2’-Biimidazole, HEB. The synthesis of 1,1°-
di(hydroxyethyl)-2,2’-biimidazole, 2,2’-(2,2’-bi(1 H-imidazole)-1,1’-diyl)diethanol
(structural drawing in Scheme 2.10), was prepared using a modified technique reported
by Lin [111] and Lister [112] and using the exact procedure listed previously for mono-
HEB. By using this approach, flash column chromatography was eliminated. Ina 1 L
round bottom flask equipped with a stir bar, condenser, and addition funnel, 11.365 g

2,2’-biimidazole (8.481 x 10" mol) was added to 450 mL of absolute ethanol. The
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solution was heated to 80°C before the addition of 3.595 g NaOH (8.986 x 102 mol)
dissolved in approximately 20 mL of distilled water. The solution was heated at 80°C.
The solution turned reddish brown and there were no visible signs of 2,2’-biimidazole.
While the solution was heated at 80°C, 6.0 mL 2-chloroethanol (8.950 x 1072 mol)
suspended in ~50 mL absolute ethanol was slowly added drop-wise from the addition
funnel. The red solution turned cloudy with a salt like precipitate. The reaction was
allowed to proceed for 30 minutes. After which, 3.235 g NaOH (8.088 x 10 mol)
dissolved in ~20 mL distilled water was added to the flask and allowed to react for 45
minutes. After the 45 minutes, 5.6 mL 2-chloroethanol (8.347 x 10 mol) suspended in
50 mL absolute ethanol was added to the flask via addition funnel. The temperature was

maintained at 80°C for 18 hours. The reaction was filtered with fritted funnel.

Scheme 2.10. Structure of 1,1°-di(hydroxyethyl)-2,2’-biimidazole.

The filtrate was rotoevaporated until no other liquid appeared to come off.
Approximately 200 mL chloroform was added to the residue. There were particles that
did not dissolve completely. The solution was filtered. Distilled water was added to the
filtrate and the solution was poured into a separatory funnel. The top layer, water

portion, was retrieved by pipette and put into the refrigerator. The bottom layer,
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chloroform portion, was added to ~200 mL hot distilled water. The solution bubbled and
had some foam formed. This solution was poured into a separatory funnel and allowed to
cool overnight.

Needles formed in the filtrate left overnight in the refrigerator. A mass of 0.113 g
was recovered with a fritted funnel. The solution left in the separatory funnel to cool
visually separated. The top portion was again removed by pipette and chilled four hours
in a refrigerator. A mass of 0.954 g of product was recovered via fritted funnel.

The residue recovered from the first separation was golden brown in color.
Chloroform was added and the solution was filtered again. The residue had a mass of
12.728 g but seemed to decrease over time due to solvent evaporation. This product
recovery resulted in a 67.6 % yield. Elemental analysis resulted in 43.08 % C, 4.80 % H,
21.69 % N, 30.43 % O (Theoretical 54.04 % C, 6.35 % H, 25.21 % N, 14.40 % O).

FTIR confirmed peaks at: 3438 cm’ (O-H stretch); 3167 cm™ (N-H stretch);

3065, 3000 cm™ (Ar-H stretch); 2875, 2780 cm™ (C-H stretch); 1430 cm™ (O-H bend);
1125 em™ (C-N stretch). The IR spectrum was prepared as a smear on a KBr plate and is
located in Appendix A.

253 N, N’- Bis(2-hydroxyethyl)ethylenediamine, mock-HEB. The diol
N,N’-bis(2-hydroxyethyl)ethylenediamine, 1,1°-(ethane-1,2-diylbis(azanediyl))diethanol
(structural drawing in Scheme 2.11), was purchased from Aldrich and used as received.
This compound was chosen because it was commercially available and similar in linkage
to 1,1’-di(hydroxyethyl)-2,2’-biimidazole when comparing Schemes 2.10 and 2.11. The
elemental composition consists of 48.63 % C, 10.88 % H, 18.90 % N, 21.59 % O with a

melting point of 98-100°C. This compound will be referred to as mock-HEB.
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Scheme 2.11. Structure of N,N'-bis(2-hydroxyethyl)ethylenediamine.
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3 METAL COMPLEXES OF 2,2’-BIIMIDAZOLE

3.1 METAL COMPLEXES OF 2,2’-BIIMIDAZOLE

Metal chelation and complexation of 2,2’-biimidazole and its derivatives have
been studied for reasons of crystal engineering [10, 13, 15, 74-80] and mimicking
enzymes [113, 114]. Crystallographic studies reveal information on the exact positioning
of 2,2’-biimidazole and whether the rings remain planar along with cis or trans
coordination. This information can lead to insight which can dramatically aide in
template effects for constructing macrocyclic complexes in addition to crystal
engineering. In general, the coordination properties of the metal ion, to include
coordination number and geometry, are matched to the donor properties of the ligands.
The interaction between the two defines the organic-inorganic ensemble, like discrete
polygons or polyhedra, one-, two-, or three-dimensional coordination networks [115].
Scheme 3.1 shows 2,2’-biimidazole and various metals.

A review of metal complexes of 2,2’-biimidazole have yielded 130 crystal
structures. The first reported crystal structure was that of diaquobis (2,2°-
biimidazole)nickel(Il) dinitrate by Mighell et. al in 1969 [116]. These crystal structures

are grouped by metals and listed in Table 3.1.
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Table 3.1. Crystal Information for Various Metal - 2,2'-Biimidazole Compounds
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Metal | Coordination | Space Reference
Group
Ag 5 P-1, P3,, P3,1,, [71, 95, 117-120]
3 Pnna, Cc
2
Cd 6 P-1, P2i/n, P2y/c, [72, 84, 121-128]
C2/c, R-3, Pna2,,
Pbcn, P3212
Co 6 P2, P2i/c, P2;/n [10, 19,97, 121, 126, 129-135]
5 P212121, P-l, R-3C,
4 C2/¢c, C2/m, Ccc2
Cr 6 141, C2/m, [136, 137]
P42/n, P-31, R-3¢
Cu 6 P-1, P2, [14, 18,127, 138-144]
5 P2/n, C2/c,
4 Fdd2
Fe 6 P2,/c, P2i/n, 14, [61, 145]
Ir 4 P2,2,2, [146]
Mn 5 Pna2, [147]
Mo 5 P-1 [148, 149]
Ni 6 P-1, P-3, P4,151,, [10, 11, 16, 79, 80,97, 116, 135,
P2,/c, P2i/n, Pccn, Pbea, 150, 151]
Pca2;, C2/m,
C2/c, Cec2, Cceca,
Os 6 P-1 [152-154]
Re 6 P-1, P2/c, Pca2,, [155-157]
Fdd2, I4/m
Ru 6 Pbca, P-1, P2, [10, 96, 158, 159]
4 C2/c, Ce,
Pnna
\% 6 P2i/n [160, 161]
Zn 6 Pbca, C2/c, [121, 124, 125,127, 133, 139,
5 P2i/c, P2i/n, 162, 163]
4 P-1, 14,
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3.1.1 Silver Complexes. The general characteristics and properties of silver
include an oxidation state of one, a crystal structure of face centered cubic. Of the seven
reported crystal structures of silver complexed with 2,2’-biimidazole compounds, five
exhibit a catena structure and the other two are bis. Silver usually has a coordination
geometry of 2, however, when complexed, the crystal structures show a coordination
geometry of 3 and 5. [71, 95, 117-119] Constable reports the reemergence of interest in
silver-containing coordination polymers stating its variable coordination numbers and
geometries, combinations of metal-ligand and other supramolecular interactions, silver-
silver interactions, and photophysical, electronic, and biomedical applications. [115].

3.1.2 Cadmium Complexes. The general characteristics and properties of
cadmium metal include an oxidation state of two, a crystal structure of hexagonal close-
packed. Of the twenty-one reported crystal structures, six coordination geometries of
cadmium 2,2’-biimidazole compound complexes, having either +2 or +1 charge, were
predominately exhibited with the exception of a five coordination geometry with that of
the counter clock-wise crystal structure. [72, 84, 121-128]

3.13 Cobalt Complexes. The general characteristics and properties of cobalt
include oxidation states of two and three with two being the most stable, a crystal
structure of face-centered cubic. Eighteen coordination compounds of cobalt complexed
with 2,2’-biimidazole or its derivatives, having charges of either +2 or +3, have been
reported. [97, 121, 126, 129-135] All but two of geometries are six coordination,
whereby one has a coordination number of five and the other one a coordination
geometry of four. Three of these structures are of the exact same compound, having

different resolutions with data collection at different temperatures. [97,121,126,129-135]
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3.14 Chromium Complexes. The general characteristics and properties of
chromium include oxidation states of two, three, and six with three listed as the most
stable, a crystal structure of body-centered cubic. All of the six reported crystal
structures of chromium complexed with 2,2’-biimidazole compounds exhibited six
coordination geometry. [136, 137]

3.15 Copper Complexes. The general characteristics and properties of copper
include oxidation states of one and two with two being the most stable, a crystal structure
of face-centered cubic. The thirteen reported crystal structures of copper, all of
copper(Il) with 2,2’-biimidazole compounds, had varying coordination geometries of
four to six. [127, 138-144]

3.1.6 Iron Complexes. The general characteristics and properties of iron
include oxidation states of two and three with three listed as the most stable, a crystal
structure of body-centered cubic. All five crystal structures of iron complexed with 2,2’-
biimidazole or its derivatives, four of iron(Il) and one iron(III), exhibited six coordination
geometry. [61, 145]

3.1.7 Iridium Complexes. The general characteristics and properties of iridium
include oxidation states of two, three, four, and six with four listed as the most stable, a
crystal structure of face-centered cubic. The only reported iridium compound complexed
with 2,2’-biimidazole has a coordination geometry of four, charge of +3 and space group
of P2,2,2,. [146]

3.1.8 Manganese Complexes. The general characteristics and properties of
manganese include oxidation states of two, three, four, six, and seven with two listed as

the most stable, a crystal structure of cubic. The lone crystal structure of manganese
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complexed with 2,2’-biimidazole, with +2 charge, exhibited a coordination geometry of
five and a space group of Pna2,. [147]

3.1.9 Molybdenum Complexes. The general characteristics and properties of
molybdenum include oxidation states of two, three, four, five, and six with six listed as
the most stable, a crystal structure of body-centered cubic. The two reported crystal
structures of molybdenum complexed with 2,2’-biimidazole compounds have P-1 space
groups and a coordination geometry of five, with one of the crystal structures also
containing rhenium. [148, 164]

3.1.10 Nickel Complexes. The general characteristics and properties of nickel
include oxidation states of two and three, with two listed as the most stable, a crystal
structure of face-centered cubic. There are twenty reported crystals structures of nickel
2,2’-biimidazole complexes, all performed at room temperature, eight of which have
structures containing nickel(II),and all having a coordination geometry of six. [79, 97,
116, 135, 150, 151, 165]

3.1.11 Osmium Complexes. The general characteristics and properties of
osmium include oxidation states of two, three, four, six, and eight with four listed as the
most stable, a crystal structure of hexagonal close-packed. The four crystal structures of
osmium compounds, with osmium(III) complexed with 2,2’-biimidazole compounds,
exhibited a coordination geometry of six and P-1 space group. The x-ray determination
of the osmium complexes was performed at 173K; the crystal measurements of all other
metal 2,2’-biimidazole compound complexes listed in Table 3.1 were taken at room

temperature. [153]
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3.1.12 Rhenium Complexes. The general characteristics and properties of
rhenium include oxidation states of negative one, two, four, six, and seven, with seven
listed as the most stable, a crystal structure of hexagonal close-packed. From the nine
reported crystal structures of rhenium 2,2’-biimidazole compound complexes, six were of
rhenium(III) and three were of rhenium(V), all of which exhibited a coordination
geometry of six and were performed at room temperature. [155-157]

3.1.13 Ruthenium Complexes. The general characteristics and properties of
ruthenium include oxidation states of two, three, four, six, and eight with four listed as
the most stable, a crystal structure of hexagonal close-paced. Of the seven reported
crystal structures of ruthenium complexes with 2,2’-biimidazole or its derivatives, five of
the compounds had a coordination geometry of six, primarily for ruthenium(IV), and two
had a coordination geometry of four. [159]

3.1.14 Vanadium Complexes. The general characteristics and properties of
vanadium include oxidation states of two, three, four, and five, with five listed as the
most stable, a crystal structure of hexagonal body-centered. The two reported crystal
structures of vanadium-biimidazole complexes consisted of vanadium(IV), a coordination
geometry of six and P2,/n space group. [160, 161]

3.1.15 Zinc Complexes. The general characteristics and properties of zinc
include an oxidation state of two, the crystal structure of hexagonal close-packed. Out of
the fourteen reported crystal structures of zinc 2,2’-biimidazole compound complexes,
one has a coordination geometry of four, five have a coordination of five, and eight have

the typical coordination geometry of six. [121, 124, 125, 127, 133, 139, 162, 163]
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3.2 SILVER BIS(1H-IMIDAZOLIUM) TRINITRATE

Synthesis of silver bis(1H-imidazolium) trinitrate, [ Ag(biimH)2(NO3)3], was
prepared by using the same technique as that for the creation of 2,2’-bis(1 H-imidazolium)
dinitrate [71], employing a 1:2 mole ratio for 2,2’-biimidazole and silver nitrate
respectively. The synthesis of [Ag(biimH),(NOs)3] was accomplished using
2,2’-biimidazole, silver nitrate, and nitric acid as starting materials. The 2,2’-biimidazole
was prepared according to published procedures [1], using equal portions of 40% glyoxal
and concentrated ammonium hydroxide (28-30%). Silver nitrate, A.C.S. grade, was used
as received from Aldrich and concentrated nitric acid was diluted to 0.1 M.

The crystal growth of [Ag(biimH),(NO3)3] was achieved by the synthetic
procedure reported by Hester ef al. [71], using 0.1 M HNOs;. A mass of 0.222 g
(1.65 x 10 mol) 2,2’-biimidazole was dissolved by the drop-wise addition of 0.1 M
HNOs. Silver nitrate (0.586 g, 3.45 x 102 mol) was then added to the solution as a solid.
The solution became cloudy. A few more drops of 0.1 M HNO; were added to the vial
and the solution was stirred. After 24 hours, the solution had a pink hue with a visible
precipitate. Crystals formed as the solution was allowed to slowly dry/evaporate over a
period of several days.

Crystal structure determination of [Ag(biimH),(NOs)3] and collection and
reduction of X-ray data was completed in the usual manner. Diffraction intensity data
were collected with a Bruker Smart Apex CCD diffractometer. The space group was
determined from systematic absences. The structures were solved by direct methods and
Fourier difference syntheses and refined by full-matrix least—squares procedures on peak

intensities (F2). All non-hydrogen atoms were refined anisotropically. Hydrogen atoms
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were inserted in their calculated positions. Software and atomic scattering factors are
contained in the SHELXTL program package [101].

The enhanced crystallographic information file (CIF) revealed that the silver
bis(1H-imidazolium) trinitrate [Ag(biimH),(NO;3)3] product has a monoclinic crystal
system with Cc space group and a residual R-factor of 4.72 % with refinement. Figure
3.1 gives a diagram of [Ag(biimH),(NOs);] and Figure 3.2 is a unit cell representation of
[Ag(biimH),(NOs);] along the x-y face. Details of the crystal data for
[Ag(biimH),(NOj3)3;] are provided in Appendix B.6. The atomic coordinates and
equivalent isotropic displacement parameters are listed in Appendix B.7. The observed
bond lengths, angles, and contacts are listed in Appendix B.8. Listed in Appendix B.9
are anisotropic displacement parameters. Appendix B.10 displays the coordinates of the
hydrogen atoms along with isotropic displacement parameters. Appendix B.11 lists the
torsion angles.

On the resolved structure, the Ag atom is weakly bonded or semi-coordinated to
N on two different 2,2’-biimidazole entities with a distance of 2.11(8) A. The nearest
contact with O from a nitrate group is 3.07(0) A. The other nitrate is hydrogen bonded to
the other side of the uncoordinated ring of 2,2’-biimidazole. The rings semi-coordinated
to Ag have a dihedral angle of 6.1° whereas the dihedral angle on the imidazole rings of
2,2’-biimidazole averages 32.1°. This differs from the other silver complexed
2,2’-biimdiazole crystal reported by Hester et al. [71]

Deviations from the helical shape obtained by Hester include coordination of the
ligand with biimidazole as a bidentate ligand when complexed or bonded to same metal

ion, rings seem to be ‘forced’ to a somewhat planar geometry with N-Ag-N “semi-bond”
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angle of 6.1°, and the non-bonded heterocycle on the same side of the other non-bonded

heterocycle.

014
o1

L
L N P

Figure 3.2. Unit cell silver bis(1H-imidazolium) trinitrate along x-y face.



49

3.3 METAL COMPLEXATION OF 2,2’-BIIMIDAZOLE DERIVATIVES

In reviewing the Cambridge crystallographic database [166], there was a plethora
of crystal structures that incorporated the 2,2’-biimidazole somewhere within the
molecular structure. By focusing on those compounds in which “biimidazole” appeared
explicitly in the name, only three types of derivatives have been crystallized with a metal.
The crystal structures reported included the tetramethyl, tetracyano, and bibenzimidazole
derivatives [167-173] which have been compiled in Table 3.2.

Bernarducci et al. [167] examined the tetramethyl derivative and reported on the
copper (II) and zinc complexes. The Rasmussen group reported on the tetracyano

derivatives [169-173], and Uson et al. on the bibenzimidazole [65-67, 168].

Table 3.2. Crystal Structures of Metals with 2,2'-Biimidazole Derivatives

Metal Derivative Space Group(s) Reference
c Tetramethyl PI [167]
Tetracyano P1 [169]
P2,2,2,
Ir Tetracyano Pnnm [172]
P1
Mo Tetracyano P2i/n [173]
o4 Tetramethyl P1 [171]
Bibenzimidazole P1 [168]
Pt Tetracyano P1 [170]
- Tetracyano Pl [172]
Bibenzimidazole P1 [168]
Zn Tetramethyl P1 [167]
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Figure 3.3 shows crystallographic evidence of a partially resolved structure of
silver nitrate with 1,1°-di(ethylpropionato)-2,2’-biimidazole which was determined at the
Missouri University of Science and Technology. From the image, silver nitrate is bound
to nitrogen on the imidazole ring, however, precise bond lengths cannot be given at this
time. Also, the diester does not act as a bidentate ligand to the same silver atom since the
bottom portion of the illustration shows a complete 1,1’-di(ethylpropionato)-2,2°-
biimidazole molecule and the silver atom is connected to a different nitrogen atom from a

separate diester.

& %od-
:()
G

Figure 3.3. Preliminary crystallographic determination of silver nitrate with 1,1°-
di(ethylpropionato)-2,2’-biimidazole.
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4 POLYMERIZATION OF 2,2’-BIIMIDAZOLE AND DERIVATIVES

41 BACKGROUND ON POLYMERS OF 2,2’-BIIMIDAZOLE

A SciFinder search [174] on polymers with the 2,2’-biimidazole moiety yields
few published reports on these materials. Most of the reported literature reveals block-
like polymers of biimidazole. Yamamoto et al. reported on n-congugated
poly(imidazole) synthesized in a nitrogen environment by dehalogenation of halogenated
imidazole derivatives using a zero valent nickel complex and recovered a brown powder
with electrochemically active properties. [175]. Forster reported the 2,2°-biimidazole
moiety as a pendant group [176] and studied charge transport dynamics and its potential

as an enzyme-based biosensor and a biofuel cell.

4.2 TRANSESTERIFICATION

Transesterification is typically defined by the reaction of an ester and an alcohol.
Scheme 4.1 depicts a general transesterification reaction while Scheme 4.2 illustrates a
difunctional alcohol and ester. There is a simple exchange of R groups from the ester and
alcohol. With the end goal being a polymer containing the 2,2’-biimdazole moiety,
diesters and diols containing this molecular component were chosen as the logical
reactants for this desired product. The transesterification process requires the use of a
catalyst for the reaction to proceed. Generally, the reaction is catalyzed by an acid or

base. However, enzymes like lipase also have this ability.



0 o)
)L + R, OH —/— )J\ R + R,——OH
R ~ 1
R, o/ R, o)

Scheme 4.1. General transesterification reaction scheme.

R1_OH

Scheme 4.2. Transesterification reaction using diester and diol.
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4.2.1 Acid vs. Base Catalyzed. In an acid-catalyzed reaction, the acid donates
a proton to the carbonyl group to promote a nucleophilic attack from the alcohol,
illustrated in Scheme 4.3 [177]. Although high yields are reported in alkyl esters, the
reactions are slow and require temperatures above 100°C. It should also be noted that
this is an equilibrium process and the reaction can be shifted.

In a base-catalyzed reaction, the base removes a proton from the alcohol creating

anucleophile. This process requires the absence of water since its presence gives rise to
hydrolysis or saponification which ultimately reduces ester yields. The base-catalyzed

transesterification reaction is illustrated in Scheme 4.4 [177].

/H /H
O . o 0
)J\ R L | R = L R
rd -
Rt O Ry ~0” Ry ~o~
H H
H 7’ ’
. o} o)
1 o R R
+
R/C\O/R = R1/ ~o” - R1/ \Of’
]
\) Ry—O, R0
Rz_o\ H
H
,H &
g i
C R = - + R—OH
et =)
R,—0 H R,—O

0
C — H |

R1/| * RTOH = g 0—R, + R—OH
0o

Scheme 4.3. Acid-catalyzed transesterification mechanism. [178]
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RZ_O‘ + Hzo

R—O- + H,0 — R—OH + -O-H

Scheme 4.4. Base-catalyzed transesterification mechanism. [178]

4.2.2 Enzyme Catalyzed. Enzymes are used as catalysts because they are
reasonably stable, readily available, and are easy to handle. Typically, the reaction
conditions must be optimized to establish suitable conditions for the enzyme, e.g.,
solvent, temperature, and pH. Although enzymes possess great potential for
regioselective synthesis, reaction yields and reaction times are not as good as that of a
base-catalyzed reaction system [21].

4.2.3 Viscometry. Viscometry is a relative method to determine molecular
weight. Because of the inherent nature of a molecule’s interaction, particularly a
polymer, with a solvent, the viscosity of the two combined is greater than that of the
solvent alone. Although determining relative and reduced viscosity using a capillary
viscometer is inexpensive, it is quite time consuming and factors are specific for solvent
systems at specified temperatures.

Several relationships need to be defined eventually to determine intrinsic

viscosity. The equations involved can be found in a fundamental polymer text by Painter.
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[178] Relative viscosity, N, is the ratio of the solution viscosity to the solvent viscosity,
defined by Equation 4.1. Whereby the solution viscosity is defined as n and the solvent
viscosity is defined as n,. Equation 4.2 defines the specific viscosity, 1, as the ratio of
the difference of the solution viscosity and solvent viscosity to the solvent viscosity. The
reduced viscosity, Nreq, is the ratio of the specific viscosity to the concentration, ¢, in
terms of mass per deciliter, defined in Equation 4.3. Inherent viscosity (Equation 4.4) is
defined as the natural log of the ratio of the solution viscosity to solvent viscosity. The
intrinsic viscosity (Equation 4.5), [n], is described as the limit of the reduced viscosity as
the polymer solute concentration approaches zero or the limit of the inherent viscosity as

the solution polymer concentration approaches zero.

Nyel = — Equation 4.1
No
N—Mo .
= Equation 4.2
Tsp No 1
n
Nreda = _ZB Equation 4.3
= ] n i
Ninh = nn— Equation 4.4
0

: 1 :
[n] = lim.,, % = lim,,q lnnl Equation 4.5
(0]
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The Huggins equation, Equation 4.6, shows that the intrinsic viscosity is
proportional to the reduced viscosity. The graph of reduced viscosity versus
concentration should exhibit a linear positive slope which equals that of k’[n]? and the
y-intercept equals the intrinsic viscosity. Kraemer uses a similar relationship using
" inherent viscosity, where the graph of In (1} / 1) versus concentration exhibits a negative
linear slope and the y intercept is indicative of the intrinsic viscosity. The negative slope
is equal to k’'[n]2. See equation 4.7. The difference between k’and k’’should have a
value of five tenths on the same graph to indicate the process was done correctly. The
Mark-Houwink-Sakurada relationship, Equation 4.8, states that the intrinsic viscosity is
proportional to the molecular weight of the polymer, where M is the viscosity average
molecular weight, with K and a as constants specific for solvent and polymer systems.
The idealized relationship between the Huggins and Kraemer equations are shown in
Figure 4.1. Extrapolation of both the Huggins equation and the Kraemer equation to zero
concentration denotes the Mark-Houwink-Sakurada definition of intrinsic viscosity. For

the ideal representation to occur, interaction between the polymer and the solvent does

not occur.
Nrea = k'[n)%c + [n] Huggins Equation Equation 4.6
Ninn = k"' [n]%c + [1] Kraemer Equation Equation 4.7

[n] = KM% Mark-Houwink-Sakurada Equation Equation 4.8
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Huggins, Nred

[n]

Kraemer, 1,

Viscosity

Concentration

Figure 4.1. The ideal Huggins, Kraemer, and Mark-Houwink-Sakurada relationships.
[180]

In the case of 2,2’-biimidazole polymers, the proportionality constants used in the
Huggins, Kraemer, and Mark-Houwink-Sakurada equations are as yet undefined.
However, by plotting the reduced and inherent viscosities versus concentration and using
the Huggins and Kraemer equations, insight into intermolecular attractions can be gained
for the systems studied. The relationship is not always a linear function, as when the
solvent and polymer have strong intermolecular interactions. It should also be noted that
although extrapolation to zero concentration leads to intrinsic viscosity, there are serious
limitations and this region is generally where the greatest error in measurement occurs.
[178] Large errors specifically occur with systems containing strong intermolecular
interactions between solvent and polymer, with extreme examples of polyelectrolytes and

ionic polymers. [178]
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4.2.4 Experimental. The procedure used by the author for the synthesis of the
polymeric species was a similar process for the following reactions and typical for
polymerizétion syntheses. All systems were prepared by adding a 1:1 molar ratio of
diester and diol. A distillation apparatus was also employed.

Reaction [ -- HEB:DMPB: The ester alcohol system of 1,1°-
di(methylpropionato)-2,2°-biimidazole (DEPB) and 1,1-di(hydroxyethyl)-2,2’-
biimidazole (HEB) was prepared by using a 1:1 molar ratio of diester and diol. Ina
25 mL round bottom flask equipped with a condenser and magnetic stir bar, 2.687 g HEB
(1.210 x 107 mol) and 4.001 g DMPB (1.197 x 10 mol) were added. The two
components were allowed to mix while weighing 0.051 g tetramethylammonium
hydroxide (TMAH). The TMAH was added to the flask. Approximately 5 mL of water
and 5 mL of ethanol were added to the flask. The materials were heated at 80°C for
4 hours.

Reaction II -- HEB:DEPB: The ester alcohol system of 1,1’-di(ethylpropionato)-
2,2’-biimidazole (DEPB) and 1,1-di(hydroxyethy!)-2,2’-biimidazole (HEB) was prepared
by using a 1:1 molar ratio of diester and diol. The addition of lipase was also used in this
system as a catalyst. In a 25 mL round bottom flask equipped with a condenser and
magnetic stir bar, 2.764 g HEB (1.244 x 10 mol) and 4.016 g DEPB (1.201 x 10 mol)
were added along with 0.05 g lipase. The materials were heated at 80°C for 4 hours.

Reaction III -- DEPB:mock-HEB with EtOH: The ester alcohol system of 1,1°-
di(ethylpropionato)-2,2’-biimidazole (DEPB) and N,N’-bis(2-hydroxyethyl)-
ethylenediamine (mock-HEB) was prepared by using a 1:1 molar ratio of diester and diol.

In a 25 mL round bottom flask equipped with a condenser and magnetic stir bar, 1.531 g
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mock-HEB (1.033 x 10% mol), 3.014 g DEPB (9.014 x 10 mol), and 5 mL ethanol
(EtOH) were added. The materials were heated at 100°C for 5 hours.

Reaction IV -- DEPB:mock-HEB with H,O: The ester alcohol system of 1,1’-
di(ethylpropionato)-2,2’-biimidazole (DEPB) and N,N’-bis(2-hydroxyethyl)-
ethylenediamine (mock-HEB) was prepared by using a 1:1 molar ratio of diester and diol.
In a 25 mL round bottom flask equipped with a condenser and magnetic stir bar, 3.197 g
DEPB (9.564 x 107 mol), 1.505 g mock-HEB (1.016 x 10 mol), and 5 mL water were
added. The materials were heated at 100°C for 5 hours.

4.2.5 Results and Discussion. Viscosity measurements were taken on four
systems in dimethylformamide at 25°C to determine intrinsic viscosity, establish polymer
size and establish constants for the Mark-Houwink-Sarakuda relationship pertaining to
2,2’biimidazole polyesters. TGA measurements were taken to determine degradation
temperatures and characteristics for the 2,2’-biimidazole ester products. With DSC, the
melting and crystallization temperatures were sought. Initial TGA measurements were
taken using a Perkin-Elmer TG/S/2 thermographic analyzer with output to an XY plotter.
Subsequent measurements were performed at the Materials Research Center at the
Missouri University of Science and Technology using a NETZSCH and a TA-DSC using
Al,O3 as reference.
4.2.5.1 Reaction I - HEB:DMPB. The viscosity plot of the HEB-DMPB reaction,
Figure 4.2, is not a classic example of an ideal polymer and solvent representation of the
Huggins and Kraemer equations. To determine molecular weight average, the plotted
points are forced into a linear relationship. The forced linear equations of the reduced

and inherent viscosity have a good fit when considering the correlation coefficient.
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However, extrapolation to zero concentration does not exhibit a viable intrinsic viscosity
value. Since the polyester biimidazole system has yet to be fully documented and
reported, it is probable that there may be a small range where the concentration is
particularly suitable to fit the extrapolation of the Huggins and Kraemer equations to
determine the Mark-Houwink-Sakurada relationship. Although in the single crystal study
of DMPB there was evidence of non-aromatic rings [106], the hydrogen bonding would

indicate interaction with the solvent which would lead to non-linear fitting of viscometry

measurements.
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Figure 4.2. Plot of Mg and Mgy versus concentration of HEB:DMPB in DMF at 25°C.

The DSC overlay of the spectra of HEB, DMPB and the HEB:DMPB product

(Figure 4.3) show exothermic transitions for the HEB:DMPB system occurring at lower
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temperatures than the initial diol, HEB, and diester, DMPB, alone. The first major
transition occurs around 60°C for HEB, at 75°C for the blend, and at 90°C for DMPB.
Spectra for TGA and IR were done as a comparison of the four reaction systems and
displayed over the same coordinates. However, the individual IR spectrum can be found
in Appendix A. It is not unusual to have broader transitions for mixtures relative to the
individual components. With these exothermic transitions, consideration should also be
taken that the distribution and completion of the reaction are quite different.

4.2.5.2 Reaction II - HEB:DEPB. The reaction of HEB with DEPB produced the
viscosity plot in Figure 4.4 is not typical of a classic example of the Huggins and
Kraemer equations. To use the Huggins and Kraemer equations, the reduced and
inherent viscosity were linearly fit and the difference between the forced linear slopes is
0.26. Although the reduced viscosity has a nice fit with a correlation factor around 0.97,
the linear representation of the inherent viscosity does not fit well. Depending on the
distribution of products, there could be an ideal range in which a linear representation of
both the reduced and inherent viscosity exists. However, it should also be noted that
there could be strong intermolecular interactions between the products and solvent and

thus make a non-linear fit more applicable.
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Figure 4.3. DSC overlay of HEB, DMPB, and HEB:DMPB product.
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Figure 4.4. Plot of Treq and iy versus concentration of HEB:DEPB in DMF at 25°C.

In Figure 4.5, the DSC spectrum displays exothermic transitions for the
HEB:DEPB system occurring at a lower temperature than the reactants of diol, HEB, and
diester, DMPB, alone. The first major transition occurs around 55°C for HEB:DEPB, at
65°C for the blend, and around 75°C for DEPB. The IR and TGA spectra are illustrated
in comparison to the other three reaction systems on the same coordinates. However, the
individual IR spectrum can be found in Appendix A. It is not unusual to have broader
transitions for mixtures relative to the individual components. It appears that this

reaction product is more uniform and exhibits a smooth transition.



Heat Flow, mW

10

15 N,\/N\/ﬁg M7 0 1}

-20

-30

N- N. - “OH

e HE B

- ;_Déipéi e [5\}' _— e —

P N /d
~ 7

HO =
: ——HEB + DEPB 5\ N
B ,ﬁﬁ/_uz_/\yo\(’/-\/u\// o

r | o -

N e
N

T W e
7 N = (¢ ah

=/

Temperature,°C
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4.2.5.3 Reaction III - DEPB:mock-HEB with EtOH. Viscometry measurements were
taken for the reaction of DEPB and mock-HEB to determine reduced, inherent, and
intrinsic viscosity. To establish the Huggins and Kraemer equations for reduced and
inherent viscosity, a linear expression is required. The viscosity plot of the DEPB —
mock-HEB reaction, Figure 4.6, does not represent an ideal system. Neither the reduced
nor the inherent viscosity expression exhibits a linear fit since the correlation factor is far
less than 0.50. Again, the linear Huggins and Kraemer relationships may not be suited
for the 2,2’-biimidazole derivative system due to its inherent amphoteric nature and
strong intermolecular interactions. The possibility of a more dilute concentration range

might also lead to a classic type fit.
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Figure 4.6. Plot of neq and miny versus concentration of DEPB:mock-HEB with ethanol in
DMF at 25°C.

The DSC spectrum, Figure 4.7, shows exothermic transitions for both of the

DEPB:mock-HEB systems. The system in ethanol, DEPB + mock-HEB EtOH curve,
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appears to just degrade after 65°C since there are no clear transitions, whereas, the water
system has three exothermic transitions with the most drastic occurring at 200°C. The
reactants of DEPB and mock-HEB had initial transitions occur around 70°C and 85°C
respectively. IR and TGA spectra were displayed over the same coordinates for
comparison, however, the individual IR spectra can be found in Appendix A. It appears
that this reaction product is broad and difficult to define.

4.2.5.4 Reaction IV — DEPB:mock-HEB with H>O. The viscosity plot in Figure 4.8 is
not typical of a classic example of the Huggins and Kraemer equations. To determine
intrinsic viscosity, linear expressions for the reduced and inherent viscosities are used.
By making the measurements fit a linear relationship, it is clear by the correlation factors
for reduced viscosity line and the inherent viscosity line that a non-linear fit would be
more appropriate. A non-linear fit would definitely give a better resolution and indicate
strong intermolecular interactions of the components in DMF. However it must also be
noted that a particular range of concentrations could exhibit a classic Huggins Kraemer
relationship where an intrinsic viscosity could be determined and an average molecular

weight calculated.
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Figure 4.8. Plot of Meq and migh versus concentration of DEPB:mock-HEB with water
using DMF at 25°C.

The TGA analysis of the compounds show stability temperatures at 10% of 270°C
for 2,2’-biimidazole, 145°C for mock-HEB, 175°C for DEPB, and 215°C for the reaction
of DEPB and mock-HEB at a scan rate of 5 degrees/minute. The stability temperatures,
usually reported at 10% mass loss, along with the temperatures for 50% mass loss is
listed in Table 4.1. In the case of reaction 1V, the scan rate increase indicated a change in
the mass reduction occurring at least 50°C later. This could indicate the intermolecular
forces versus intramolecular forces exhibited within the product.

The DSC spectrum, Figure 4.7, shows exothermic transitions for both of the
DEPB:mock-HEB systems. The system in ethanol does not exhibit clear transitions and
appears to just degrade, whereas, the water system has three exothermic transitions with

the most drastic occurring at 200°C. The reactants of DEPB and mock-HEB had initial
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transitions occur around 70°C and 85°C respectively. IR and TGA spectra were
displayed over the same coordinates for comparison, however, the individual IR spectra

can be found in Appendix A.

Table 4.1. TGA Values of 2,2'-Biimidazole, mock-HEB, DEPB and Reaction Product

Scan rate
Compound 10% | 50%

(deg/min)
2,2’-Biimidazole 2700C | 3100C 5
Mock-HEB 1450C | 2250C 5
DEPB 1750C | 2430C 5
DEPB + mock-HEB | 2150C | 2550C 5
DEPB + mock-HEB | 2650C | 3100C 20

4.2.5.5 Comparison of Reactions. The IR spectra were obtained by spreading a thin
film of the viscous compound over a KBr plate. When plotting IR spectra over the same
coordinates for the four transesterifcation reaction, similar characteristic bands are
evident, illustrated in Figure 4.9. It is interesting to note that the ethanol system had a
broader OH band than that of the same components but with water.

The TGA analysis of the compounds demonstrate stability at around 90% mass or
10% mass loss. For the transesterification products, the stability temperatures were
around 240°C for the HEB:DMPB product, 260°C for the HEB:DEPB product, 200°C
for the DEPB:mock-HEB with ethanol product, and 210°C for DEPB:mock-HEB with
water product listed in Table 4.2 with the spectra given in Figure 4.10. At 50% mass
loss, the temperatures are 390°C, 290°C, 405°C, and 425°C correspondingly. These

products could be exhibiting intramolecular and intermolecular interactions.
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Table 4.2. TGA Values of Reaction Products

Reaction Product 10% | 50%
HEB:DMPB 2400C | 3900C
HEB:DEPB 2600C | 2900C

DEPB:mock-HEB w EtOH | 2000C | 4050C
DEPB:mock-HEB w H20 | 2100C | 4250C

The compilation of DSC spectra, illustrated Figure 4.11, shows exothermic
transitions for all the transesterification products. The system in ethanol appears to just
degrade, whereas, the water system has three exothermic transitions with the most drastic
occurring at 200°C. All the systems have different transitions and may reflect a skewed

distribution in condensation of the ester and alcohol.
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4.2.6 Molecular Weight Determination. The use of boiling point elevation was used
to determine molecular weight. The relationship is defined in Equation 4.9. Using the
weight of the solute, W5, and weight of the solvent, W, along with the boiling point
constant for the solvent, ethanol, Ky, and the change in temperature, AT, the molecular
weight, M, can be calculated. Table 4.3 shows the average molecular weight and then
the number of mers in the particular system. The mers were calculated by dividing the
average molecular weight as calculated from the change in temperature, by the sum of the

alcohol and ester molecular weights, Equation 4.10.

1000/,

Ko
ATW, Equation 4.9

Average
MW qiconol+MWester

Mer = Equation 4.10

Table 4.3 shows the average molecular weight determination and then the number
of mers in the particular system. The resulting data shows that oligomeric and not

polymeric species were formed, ranging from about two to five mers.

Table 4.3. Molecular Weight and Mer Determination

Reaction Alcohol MW | Ester | MW | Avg Mer
HEB:DMPB HEB 222.24 | DMPB | 306.32 | 1.6 x 10* | 3.0
HEB:DEPB HEB 22224 | DEPB | 334.37 [ 2.6 x 10 | 4.7

DEPB:mock-HEB wEtOH | mockHEB | 148.20 | DEPB | 334.37 | 1.2x10° | 2.4
DEPB:mock-HEBwHZO_ mockHEB 148.20 | DEPB | 33437 | 8.6x10° | 1.8
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5 METAL COMPLEXATION OF POLYMERIC 2,2’-BIIMIDAZOLE AND
DERIVATIVES

5.1 METAL COMPLEX POLYMERIZED

From the general overview diagram, illustrated in Figure 5.1, this section
represents the monomer complex undergoing polymerization resulting in a polymer
complex. However, noting the metal complexes listed in Table 3.1 and Table 3.2
(Section 3) possible metal ion candidates can be determined. There are currently no
reported crystal structures of metal complexes of any ester derivatives of 2,2°-
biimidazole, although a crystal structure of silver nitrate with 1,1°-di(ethylpropionato)-
2,2’-biimidazole was partially resolved at Missouri University of Science and

Technology, Figure 3.8.

Monomer polymerization Parent
Ligand Polymer

polymerization

Mr*

Polymer
Complex

polymerization

Figure 5.1. Strategic model for 2,2'-biimidazole-based esters.
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5.2 POLYMER CHELATED BY A METAL

Figure 5.1 also shows the general reaction pathway of the parent polymer in the
top right corner reacting with a metal ion to produce a macromolecular coordination
compound with 2,2’-biimidazole moiety. Lister [112] and Lister and Collier [116]
reported on the metal ion binding of copper with polyester containing 2,2’-biimidazole.

However no crystal structure was reported.

5.3 2,2-BIIMIDAZOLE OR 2,2’-BIIMIDAZOLE DERIVATIVE DIRECTLY

POLYMERIZED BY A METAL SALT

The pathway in Figure 5.1 from the monomer going diagonally to the polymer
complex also represents a viable route for a macromolecular metal complex of 2,2’-
biimidazole. In an effort to get metal complexed esters of 2,2°-biimidazole, copper(Il)
acetate was combined with 2,2’-biimidazole and esters of 2,2°-biimidazole. As a result,
some metal complexed polymeric species were produced. Currently, the example for this

process is the helical silver biimidazole structure reported by Hester ez al. [71].

5.4 EXPERIMENTAL — SYNTHESIS OF LIGAND WITH COPPER(II)

ACETATE

Into a 10 mL Erlenmeyer flask, 1.257 g Cu(CH;COO),-H,0 were added along
with 2 mL hot distilled H,O. The flask was gently agitated. To this flask, 1.0 mL hot
ethanol was added. The flask was placed in a sand bath for 5 minutes.

In a 10 mL Erlenmeyer flask, 3.856 x 10" g pink ester ligand were added along
with 1.0 mL hot distilled H;O. The flask was gently agitated and placed in the sand bath

for 3 minutes.
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The ester/ligand solution was added to the copper(Il) acetate solution dropwise
and gently agitated. After the flask was cool enough to touch, the flask was then placed

in an ice bath for 15 minutes.

See Table 5.1 for amounts used for the ligand copper acetate syntheses.

Table 5.1. Amounts of Copper(II) Acetate and Ligands Used and Mixture Recovered

g Cu(CH3CO0OO0)2-H20 | g Ligand Amount recovered
1.257 g 0.3856 g DEAB 1.011¢g

0.9366 g 0.3895 g DEPB 0.589 ¢

1.0448 g 0.50678 g DMPB 0.5888 g

1.01870 g 0.33931 g DEA*B 09275 ¢
1.35115¢g 0.14010 g HEB:DMPB | 1.0433 g

0.96137 g 0.23568 g DMAB 0.5582 ¢

Table 5.2 indicates the elemental analysis for the ligand copper acetate mixtures
and their relative ratios to one another. These relationships are more indicative of an
associated metal salt as opposed to a single crystal or metal ligand adduct. However the

products did not undergo a second recrystallization.
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Table 5.2. Elemental Analysis of Copper(Il) Acetate and Ligand Recovered with Metal

Ligand Ratios
Ligand Analyzed Theoretical L Product image at
%C, %H, %N %C, %H, %N 10X magnification*
DEAB 24.89, 2,89, 0.70 | 27.74,3.47,0.70 H42:1
DEPB 24.21,2.41,0.23 | 26.87,3.38,0.23 [130:1
DMPB 24.20,2.86,0.27 | 26.86,3.37,0.27 [112:1
DEA*B 35.63,3.47,5.86 | 34.87,4.10,543 @4:1
HEB:DMPB | 24.09,2.80,0.12 | 26.60,3.35,0.12 [500: (1:1)| g e
- 9
.
DMAB 24.22,3.05,0.22 | 26.71,3.35,0.22 |140:1
Cu-acetate 26.44,3.33,0

*Products were not recrystallized.
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6 SUMMARY

6.1 OUTCOMES

This investigation of the preliminary model development of the complex
formation of a macroligand system with multi-metal binding sites of 2,2°-biimidazole can
be viewed through five pathways. Figure 6.1 illustrates the general model. The results

will be grouped by focusing on a specific portion of the strategic model.

Monomer polymerization Parent
Ligand Polymer

polymerization

M

Monomer
Complex polymerization Polymer
Complex

Figure 6.1. Strategic model for 2,2'-biimidazole-based esters.

No biological activity was tested, however, given the background on anti-
protozoal, anti-fungal, and anti-parasitic activity, the ester derivatives should be studied
for effectiveness and possible applications as such.

6.1.1 Monomer Ligand. Selection of monomers included those suitable for
transesterification, esters and alcohols. The monomers chosen were those previously
reported by the Collier group along with two additional diesters. [104-108] Figure 6.2

represents the general global schematic with the monomer ligand highlighted.
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The synthesis of 1,1’-di(methylacetato)-2,2’-biimidazole (DMAB), 1,1°-
di(methylpropionato)-2,2’-biimdazole (DMPB), 1,1’-di(ethylpropionato)-2,2°-
biimidazole (DEPB), 1,1’-di(methylacrylate)-2,2’-biimidazole (DMA*B), 1-
hydroxyethyl-2,2’-biimidazole (mono-HEB), and 1,1’-di(hydroxyethyl)-2,2’-biimidazole

. (HEB) were previously reported and successfully reproduced. In addition, the synthesis
of 1,1’-di(ethylacetato)-2,2’-biimidazole (DEAB) and 1,1’-di(ethylacrylate)-2,2’-
biimidazole (DEA*B) were added along with the use of N,N’-bis(2-

hydroxyethyl)ethylenediamine, which is commercially available.

Monomer polymerization Parent
Ligand Polymer

polymerization
‘ Mn1—
Monomer

Complex polymerization Polymer
Complex

Figure 6.2. Strategic model for 2,2'-biimidazole-based esters with focus on monomer.

The crystal structure determination of two single crystals, 2,2’-bis(1H-
imidazolium) dinitrate and silver bis(1H-imidazolium) trinitrate along with the crystal
data from the Baughman group of 2,2’-bis(1H-imidazolium) dibromide and 2-(1H-
imidazol-2-yl)-1H-imidazol-3-ium nitrate reveal stability of the cationic biimidazole and
the effect of the acid and counter anion. [93] Based on the higher electronegative counter
anion, the rings become more planar and may lead to a less stericly hindered

polymerization process of the imine nitrogen of the imidazole ring.
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6.1.2 Parent Polymer. Polymerization was performed via transesterification.

Figure 6.3 illustrates the general global schematic with the parent polymer highlighted.

Monomer polymerization Parent
Ligand Polymer
polymerization
' "
Monomer

Complex polymerization Polymer
Complex

Figure 6.3. Strategic model for 2,2'-biimidazole-based esters with focus on parent
polymer.

Polymer synthesis and determination via the Huggins and Kraemer equations is
not conclusive or typical of an ideal and well defined polymer system. Since there are no
constants for the 2,2°-biimidazole ester system, it is possible that a more dilute
concentration range may be needed or studied. However, due to the amphoteric nature of
biimidazole, it is highly likely that a linear fit will not define the solvent polymer system.
Multiple trials should be employed to establish and determine Mark-Houwink-Sakurada
parameters for this unknown system. Additional experimentation should be performed
using different catalysts to determine efficiency, reaction rates, and polymer size.

DSC curves of all four systems exhibited exothermic transitions. Molecular
weight determinations based on the colligative property of boiling point elevation

revealed oligomeric systems ranging from two mers to five mers.
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6.1.3 Monomer Complex. Figure 6.4 highlights the monomer complex. Metal
complexation experiments of monomers were studied resulting in some viable crystals
that were not reported here. The cobalt complexes seemed to form readily and did not

exhibit polymeric species, but the biimidazole ligand showed bidentate binding.

Monomer polymerization Parent
Ligand Polymer

polymerization

Mot

Monomer
Complex polymerization Polymer
Complex

Figure 6.4. Strategic model for 2,2'-biimidazole-based esters with focus on monomer
complex.

Simple reactions with metal salts revealed crystalline products. These products
were associated within the crystalline matrix of the metal salt and not directly bound to
the metal. However a crystal structure was partially resolved in the case of silver nitrate
with 1,1’-di(ethylpropionato)-2,2’-biimidazole.

No biological activity was tested, however, given the background on anti-
protozoal, anti-fungal, and anti-parasitic activity, the ester derivatives should be studied
for effectiveness and possible applications as such.

6.1.4 Polymer Complex. The last stage of the model system focuses on the
polymer complex, highlighted in Figure 6.5. This illustration shows that there are three

possible routes.
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Monomer polymerization Parent
Ligand Polymer

polymerization

M

Monomer
Complex polymerization Polymer
Complex

Figure 6.5. Strategic model for 2,2'-biimidazole-based esters with focus on polymer
complex.
The copper(Il) acetate reactions with the esters of 2,2’-biimidazole had relative
ratios of metal to ligand from 1:4 to 1:500 revealing a mixture. These relationships are
more indicative of an associated metal salt as opposed to a single crystal or metal ligand

adduct. However, multiple recrystallizations were not conducted.

6.2 FURTHER STUDY

The ability to understand and determine the rate of formation is quite desirable.
Once the metal complexed derivatives can be completely characterized, the specified
parameters can be monitored to determine kinetic information. This could possibly lead
to morphological differences and design based targets, engineering a specific binding
geometry or particular linkage. Moreover, given the amphoteric nature of 2,2’-
biimidazole potentiostatic and galvanic studies as a function of pH can aid in the
determination of structure property relationship, and further describe its polymorphic

ability.
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Derivatives of 2,2’-biimidazole should be viewed in terms of polymerization.
Other derivatives, like a vinyl or carboxylate, may have interesting properties to easily
polymerize and effectively determine rate and distribution of polymerization. These
polymer systems may be easier to study. Additionally, the ability to differentiate
between 2,2’-biimidazole, 4,4’-biimidazole, and bisimidazole systems would assist in

metal selection.
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INFRARED SPECTRA
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Figure A.1. Infrared spectrum of 2,2’-biimidazole.
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Figure A.2. Infrared spectrum of 1,1’-di(methylacetato)-2,2’-biimidazole.
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Figure A.3. Infrared spectrum of 1,1°-di(ethylpropionato)-2,2’-biimidazole.
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Figure A.5. Infrared spectrum of 1-hydroxyethyl-2,2’-biimidazole.
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CRYSTALLOGRAPHIC TABLES



Table B.1. Crystal Data and Structure Refinement for [bitmH,]|[NOs]3

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.42°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

fincham
CgH10.67N50s
346.91

298 K
0.71073 A

- Orthorhombic

P2(1)2(1)2

a=12.9534(10) A o = 90°.
b=7.2114(6) A B =90°.
c=11.3479(9) A ¥ = 90°.
1060.03(15) A3

3

1.630 Mg/m3

0.146 mm-1

536

2x ?x 2 mm3

1.79 to 28.42°.
-17<h<17,-9<k <9,-14<1<15
11298

2653 [R(int) = 0.1402]

100.0 %

None

Full-matrix least-squares on F2
2653 /0/165

1.108

R1 = 0.0634, wR2 =0.1488
R1=0.0699, wR2 = 0.1546
0.7(18)

0.325 and -0.503 e.A-3

97
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Table B.2. Atomic Coordinates ( x 104) and Equivalent Isotropic Displacement
Parameters (Azx 103) for [biimH,][NOs]s. U(eq) is Defined as One Third of the Trace of
the Orthogonalized Ul Tensor

X y z U(eq)
0@31) 0 10000 6042(3) 72(1)
N(2) 985(1) 2205(2) 1143(2) 36(1)
N(11) 1373(2) 7352(2) 2500(1) 35(1)
C() 1788(1) 2031(3) 1857(2) 31(1)
N(10) 1030(1) 2655(2) 3806(2) 38(1)
N(7) 2659(2) 3202(3) 3638(2) 43(1)
N(5) 2554(1) 1253(3) 1268(2) 41(1)
O(11) 2310(2) 7225(3) 2556(1) 66(1)
C(6) 1825(2) 2611(3) 3074(2) 33(1)
O(13) 894(1) 8503(2) 3112(2) 51(1)
0(12) 884(1) 6323(3) 1815(2) 59(1)
C@) 2226(2) 928(3) 143(2) 50(1)
C(8) 2382(2) 3624(3) 4765(2) 53(1)
C@3) 1257(2) 1514(3) 63(2) 47(1)
C©®) 1381(2) 3279(3) 4875(2) 50(1)
0(22) 4182(1) 10098(3) 2603(2) 73(1)
0Q21) 5000 10000 960(2) 68(1)
N(21) 5000 10000 2048(3) 43(1)
N@31) 0 10000 7132(2) 41(1)

0(32) 675(2) 9180(3) 7704(2) 66(1)




Table B.3. Bond Lengths [A] and Angles [°] for [biimH,][NOs];

0(31)-N(31) 1.237(4)
N(2)-C(1) 1.325(2)
N(2)-C(3) 1.368(3)
N(11)-0(11) 1.219(3)
N(11)-0(12) 1.247(2)
N(11)-0(13) 1.248(2)
C(1)-N(5) 1.322(2)
C(1)-C(6) 1.443(3)
N(10)-C(6) 1.323(3)
N(10)-C(9) 1.372(3)
N(7)-C(6) 1.327(3)
N(7)-C(8) 1.363(3)
N(5)-C(4) 1.366(3)
C(4)-C(3) 1.328(4)
C(8)-C(9) 1.327(4)
0(22)-N(21) 1.234(2)
0(21)-N(21) 1.235(4)
N(21)-0(22)#1 1.234(2)
N(31)-0(32)#2 1.239(2)
N(31)-0(32) 1.239(2)
C(1)-N(2)-C(3) 108.12(18)

O(11)-N(11)-0(12) 119.58(18)
O(11)-N(11)-0(13) 121.07(18)
0(12)-N(11)-0(13) 119.3(2)

N(5)-C(1)-N(2) 108.67(18)
N(5)-C(1)-C(6) 125.59(17)
N(2)-C(1)-C(6) 125.74(16)
C(6)-N(10)-C(9) 107.80(19)
C(6)-N(7)-C(8) 108.1(2)

C(1)-N(5)-C(4) 108.21(19)
N(10)-C(6)-N(7) 108.84(17)

N(10)-C(6)-C(1) 125.57(16)
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Table B.3. (Continued) Bond Lengths [A] and Angles [°] for [biimH;][NOs]3

N(7)-C(6)-C(1) 125.58(17)
C(3)-C(4)-N(5) 107.6(2)
C(9)-C(8)-N(7) 107.7(2)
C(4)-C(3)-NQ) 107.4(2)
C(8)-C(9)-N(10) 107.6(2)

OQ2#1-NQ2D)-022)  118.7(3)
O(22)#1-N(21)-0(21)  120.67(16)
0(22)-N(21)-0(21) 120.67(16)
OB1)-N(31)-0(32#2  121.57(15)
0(31)-N(31)-0(32) 121.57(15)
O(B2#2-N(31)-0(32)  116.9(3)

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y+2,z #2 -x,-y+2,z
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Table B.4. Anisotropic Displacement Parameters (Azx 103) for [biimH,][NOs];. The

Anisotropic Displacement Factor Exponent Takes the Form: 2n2[h2a*2Ull + | +2h

k a* b* U12 ]

ull 22 U33 U23 ul3 ul2
o3l  75(2) 98(2) 41(1) 0 0 9(2)
N@)  35(1) 41(1) 31(1) 2(1) 2(1) 4(1)
N(11)  30(1) 38(1) 38(1) 6(1) 2(1) 0(1)
Cc(1)  29(1) 35(1) 30(1) 4(1) 1(1) 1(1)
N(10)  40(1) 44(1) 29(1) 2(1) 3(1) 2(1)
N(7)  38(1) 55(1) 35(1) 4(1) -9(1) -12(1)
NG)  38(1) 51(1) 35(1) 5(1) 6(1) 10(1)
o(11)  31(1) 115(2) 52(1) -8(1) -1(1) 4(1)
Cc@©)  35(1) 38(1) 27(1) 4(1) -3(1) -4(1)
0(13)  39(1) 50(1) 62(1) -14(1) 2(1) 1(1)
0(12)  39%(1) 58(1) 80(1) 24(1) -8(1) 3(1)
Cé4)  68(2) 51(1) 31(1) 2(1) 13(1) 11(1)
C@O®  74(2) 53(1) 32(1) 0(1) -15(1) -20(1)
C(3)  67(2) 47(1) 26(1) 2(1) -6(1) 4(1)
CO  752) 50(1) 25(1) -3(1) 2(1) -3(1)
0(22)  39(1) 104(2) 74(1) 37(1) 17(1) 16(1)
0@21) 81(2) 80(2) 42(1) 0 0 21(2)
NQD  33(1) 48(1) 48(2) 0 0 -4(1)
NG1)  34(1) 46(1) 43(1) 0 0 0(1)
0(32) 55(1) 84(1) 59(1) “7(D) 1) 30(1)
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Table B.5. Hydrogen Coordinates ( x 104) and Isotropic Displacement Parameters
(A2 x 103) for [biimH,][NOs]s

X y z U(eq)
H(2) 395 2671 1325 43
H(10) 405 2348 3641 45
H(7) 3269 3302 3344 51
H(5) 3155 995 1546 50
H(4) 2612 392 -458 60
H(8) 2817 4073 5352 64
H(3) 840 1464 -603 56

H(9) 988 3432 5554 60




Table B.6. Crystal Data and Structure Refinement for Ag(biimH),(NO3);

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.36°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

sad

C12H14AgN|1 09

564.21

298(2) K

0.71073 A

Monoclinic

Cc

a=24.095(6) A a=90°
b=12.037(3) A B=91.319(6) °
c=6.8262(18) A F90°
1979.3(9) A

4

1.893 Mg/m®

1.094 mm™

1128

0.05 x 0.1 x 0.5 mm’

1.69 to 28.36°.
-32<h<32,-16 <k<16,-9<1<9
9952

2467 [R(int) = 0.0669]

99.6 %

SADABS

Full-matrix least-squares on F?
2467/0/163

0.998

R, = 0.0472, wR; = 0.0983

R; =0.0718, wR, = 0.1098
0.511 and -0.430 e.A™
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Table B.7. Atomic Coordinates ( x 10%) and Equivalent Isotropic Displacement
Parameters (A*x 10°) for Ag(biimH),(NOs)s. U(eq) is Defined as One Third of the
Trace of the Orthogonalized Uj; Tensor

X y z U(eq)
N(5) 10000 2473(5) 7500 51(1)
Ag(l) 10000 5401(1) 7500 47(1)
o(1) 9967(2) 3011(3) 5933(5) 72(1)
0(2) 10000 1460(4) 7500 88(2)
0Q3) 8549(1) 8071(3) 1638(5) 74(1)
04) 7785(1) 8052(3) 3229(4) 58(1)
O(5) 7819(2) 8774(4) 349(5) 97(1)
N(1) 9121(1) 5447(3) 7454(4) 40(1)
N(2) 8236(1) 5862(3) 7127(5) 47(1)
NQ@3) 9294(1) 7974(3) 8094(5) 44(1)
N(4) 8583(2) 8185(3) 6179(5) 49(1)
N(6) 8055(2) 8294(3) 1686(6) 54(1)
C() 8813(2) 4480(3) 7442(6) 46(1)
C(2) 8267(2) 4741(4) 7231(6) 51(1)
C@3) 8759(1) 6265(3) 7270(5) 38(1)
C@4) 8882(1) 7443(3) 7182(5) 38(1)
C(5) 8816(2) 9210(4) 6473(7) 59(1)

C(6) 9258(2) 9085(3) 7681(6) 53(1)
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Table B.8. Bond Lengths [A] and Angles [°] for Ag(biimH),(NOs)s

N(5)-0(2) 1.220(7)
N(5)-O(1)#1 1.251(4)
N(5)-0(1) 1.251(4)
N(5)-Ag(1) 3.525(6)
Ag(1)-N(1) 2.118(3)
Ag(1)-N(1)#1 2.118(3)
0(3)-N(6) 1.221(4)
O(4)-N(6) 1.285(4)
0(5)-N(6) 1.211(5)
N(1)-C(3) 1.319(5)
N(1)-C(1) 1.380(5)
N(2)-C(3) 1.352(5)
N(2)-C(2) 1.353(6)
N(3)-C(4) 1.326(5)
N(3)-C(6) 1.369(5)
N(4)-C(4) 1.327(5)
N(4)-C(5) 1.368(6)
C(1)-C(2) 1.358(6)
C(3)-C(4) 1.449(5)
C(5)-C(6) 1.341(7)
0(2)-N(5)-0(1)#1 121.1(3)

0(2)-N(5)-0(1) 121.1(3)

O(1)#1-N(5)-0(1) 117.7(5)

0(2)-N(5)-Ag(1) 180.000(1)
O(1)#1-N(5)-Ag(1) 58.9(3)

O(1)-N(5)-Ag(1) 58.9(3)

N(1)-Ag(1)-N(1)#1 177.00(17)
N(1)-Ag(1)-N(5) 91.50(9)
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Table B.8. (Continued) Bond Lengths [A] and Angles [°] for Ag(biimH)2(NO3);
N(1)#1-Ag(1)-N(5) 91.50(9)

C(3)-N(1)-C(1) 105.9(3)
C(3)-N(1)-Ag(1) 132.8(3)
C(1)-N(1)-Ag(1) 121.03)
C(3)-NQ2)-C(2) 107.7(3)
C(4)-N(3)-C(6) 109.3(4)
C(4)-N(4)-C(5) 108.4(4)
0(5)-N(6)-0(3) 121.7(4)
0(5)-N(6)-O(4) 119.3(4)
0(3)-N(6)-0(4) 119.0(4)
C(2)-C(1)-N(1) 109.0(4)
N(2)-C(2)-C(1) 106.7(4)
N(1)-C(3)-N(2) 110.6(3)
N(1)-C(3)-C(4) 126.8(3)
N(2)-C(3)-C(4) 122.6(3)
N(3)-C(4)-N(4) 108.0(4)
N(3)-C(4)-C(3) 127.1(3)
N(4)-C(4)-C(3) 124.8(3)
C(6)-C(5)-N(4) 107.8(4)
C(5)-C(6)-N(3) 106.4(4)

Symmetry transformations used to generate equivalent atoms:
#1 -x+2.y,-z+3/2
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Table B.9. Anisotropic Displacement Parameters (A% 10°) for Ag(biimH)>,(NO3);. The

Anisotropic Displacement Factor Exponent Takes the Form: -27t2[ h? a*2U” +.. +2hk

a* b* Uy ]

Un Un Uss U Uis Up
NG)  46(3) 52(3) 54(3) 0 5(2) 0
Ag(l)  34(1) 47(1) 60(1) 0 2(1) 0
o)  90(3) 722) 53(2) 120) 202 -16(2)
02)  94(4) 46(3) 122(5) 0 -8(3) 0
03) 5402 77(2) 91(3) 92) 22(2) 17(2)
04 44(2) 76(2) 53(2) 11(2) 6(1) 3(1)
0O(5) 73(2) 149(4) 67(2) 39(3) -11(2) 73)
N(1) 392 412) 41Q2) 202) -1(1) 2(1)
N(2) 33(2) 56(2) 51(2) 3(2) -2(1) 0(2)
NG)  442) 47Q2) 4102) 1(2) 12) 2(2)
N@)  51Q) 48(2) 46(2) 6(2) 3(2) 7(2)
NG6)  49(2) 53(2) 59(2) 202) 302) 202)
c(ly  47Q2) 42(2) 48(2) 1(2) 12) 3(2)
C(2) 47(2) 54(3) 52(3) 2(2) -1(2) -14(2)
C(@3) 32(2) 44(2) 37(2) -2(2) -3(1) 1(2)
C4) 36(2) 41(2) 36(2) 1(2) 2(2) 3(2)
;) 713) 41(2) 65(3) 72) 11(2) 8(2)
C(6) 61(3) 42(2) 56(3) -6(2) 16(2) -5(2)




Table B.10. Hydrogen Coordinates ( x 10%) and Isotropic Displacement Parameters
(A% 10%) for Ag(biimH),(NOs)s

X y z U(eq)
H(1) 8956 3766 7559 55
HQ) 7971 4246 7171 61
H(5) 8689 9875 5932 71
H(6) 9494 9642 8145 63
H(2N) 7925(18)  6230(30)  7230(60) 50(12)
H(3) 9508(16)  7630(30)  8930(60) 44(12)
H(4) 8296(19)  8090(40)  5310(70) 69(15)
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Table B.11. Torsion Angles [°] for Ag(biimH),(NO3)3

0(2)-N(5)-Ag(1)-N(1) 0(100)
O(1)#1-N(5)-Ag(1)-N(1) -93.8(2)
O(1)-N(5)-Ag(1)-N(1) 86.2(2)
0(2)-N(5)-Ag(1)-N(1)#1 0(100)
O(1)#1-N(5)-Ag(1)-N(1)#1 86.2(2)
O(1)-N(5)-Ag(1)-N(1)#1 -93.8(2)
N(1)#1-Ag(1)-N(1)-C(3) 6.7(3)
N(5)-Ag(1)-N(1)-C(3) -173.3(3)
N(D#1-Ag(1)-N(1)-C(1) -179.9(3)
N(5)-Ag(1)-N(1)-C(1) 0.1(3)
C(3)-N(1)-C(1)-C(2) 0.5(4)
Ag(1)-N(1)-C(1)-C(2) -174.5(3)
C(3)-N(2)-C(2)-C(1) 0.1(5)
N(1)-C(1)-C(2)-N(2) -0.4(5)
C(1)-N(1)-C(3)-N(2) -0.5(4)
Ag(1)-N(1)-C(3)-N(2) 173.7(3)
C(1)-N(1)-C(3)-C(4) -179.2(4)
Ag(1)-N(1)-C(3)-C(4) -5.0(6)
C(2)-N(2)-C(3)-N(1) 0.2(5)
C(2)-N(2)-C(3)-C(4) 179.0(3)
C(6)-N(3)-C(4)-N(4) 0.5(4)
C(6)-N(3)-C(4)-C(3) -178.2(4)
C(5)-N(4)-C(4)-N(3) -0.1(5)
C(5)-N(4)-C(4)-C(3) 178.7(4)
N(1)-C(3)-C(4)-N(3) -33.4(6)
N(2)-C(3)-C(4)-N(3) 148.0(4)
N(1)-C(3)-C(4)-N(4) 148.1(4)
N(2)-C(3)-C(4)-N(4) -30.5(6)

C(4)-N(4)-C(5)-C(6) -0.4(5)
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Table B.11. (Continued) Torsion Angles [°] for Ag(biimH)>,(NO3);
N(4)-C(5)-C(6)-N(3) 0.7(5)
C(4)-N(3)-C(6)-C(5) -0.7(5)

Symmetry transformations used to generate equivalent atoms:

#1 -x+2,y,-z+3/2
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Figure C.1. Proton NMR spectra at 20°, 50°, and 75° C (from bottom to top) of 2,2’-
bis(1H-imidazolium) dinitrate.
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Figure C.2. Carbon NMR spectra at 20°, 50°, and 75°C (from bottom to top) of 2,2’-
bis(1H-imidazolium) dinitrate.
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Figure D.1. Thermal gravimetric spectrum of 2,2°-biimidazole.
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Figure D.2. Thermal gravimetric spectrum of mock-HEB.
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Figure D.3. Thermal gravimetric spectrum of DEPB.
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