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Abstract 

New insulin mimetic peroxovanadium compounds were prepared as 

polyguanidiniurn. ammonium and polyammonium salts, and their cation-anion interactions 

were characterized by UV-Vis, 51V NMR and iH NMR spectroscopy. The X-ray 
s m c  tures of four complexes [ ( ( N H ~ ) ~ C C H ~ C H ~ ) Z ]  [mpV(nta)], 

[EqN]mpV(phen)].2H20 was prepared and it's ability to act as a guest to second 

sphere coordinating poiyurea hosts, in chlorofonn/'DMSO, was studied using NOESY. 5 1 ~  

NMR and IH NMR; extraction, titration and VT experiments. 

The relative stability of 6 complexes in DMEM media, assessed using 51V NMR. is 
discussed with respect to decomposition products and toxicities in PC- 12 ceils. 
Decomposition rates depend upon the number of peroxo groups ( 1 >2) and the ancillary 

ligands . 



De nouveaux complexes de peroxovanadium mimiquant l'insuline ont kt6 pdpads 
sous formes de sels de polyguanidinium, d'ammonium et de polyammonium et l'interaction 

anion-cation de ces sels a C t i  caractiride par spectroscopic W-Vis et RMN de IH et 5 1 V. 

La structure des rayons X de quatre complexes ([((NH2)3CCH2CH&] [mpV(nta)], 

[(NH2NH)2C(NH2)] [mpV(Wpdc)I, 

[((~H~)~C(NH)(CH~)~)Z~NZC~~~~] [bpV(pic)I*?H20~ et 
[ (NH~CHZCH~)~]  [bpV(bipy]aH20, a CtC 6lucidie et est Cgalement analyde. 

[E@][bpV(phen)].2H20 a it6 pkpa1-6 et son aptitude B se cornporter comme un 
invite pour les hbtes de seconde sphkre de coordination de la polyuree, dims le 
cNorofome/DMSO a it6 Ctudik par NOESY, RMN de IH et s l ~ ;  extraction, tiuage et 

expdrience h temp6rature variable. 

La stabilite relative de six complexes en solution de DMEM, Cvalude par RMN du 

51V, est itudike en rapport avec Ies produits de ddcomposition et la toxicite dam les cellules 

PC-12. Les taux de dicomposition dependent du nombre de groupements peroxo (b2) et 
des ligands prksents. 
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Chapter 1 Peroxovanadium Complexes and Second Sphere Coordination 

1.1 Peroxovanadium (pV) Complexes 

Peroxovanadium (pV) complexes, (see pg.5, figure 1.5) predominantly studied in the context of 

their insulin mime tic properties, have developed into powerful biochemical reseasc h tools. They 

act as specific protein tyrosine phosphatase inhibitors.' These solid complexes are stable, easily 

synthesized, inexpensive and highly active. Their activity at the level of the phosphatase allows 

them to display diverse in vivo effects, depending upon the cellular system under investigation. 

Tyrosine phosphorylation is a highly significant biological signalling mechanism.' As well, there 

is interest regarding the role of pVs in haloperoxidases, natural vanadium containing enzymes?q3 

Other vanadium(1V and V) complexes, such as bisrnaltolatooxovanadium(1~)~ and N-(2- 

pyridylmethyl)iminodiacetoxooxovanadiurn(~), have also been investigated with respect to their 

biological applications. The bio-inorganic chemistry of vanadium complexes represents an area of 

continued growth and investigation. 

1.1.1 pV: Insulin Mimetic Activity 

1.1.1.1 Insulin Pathway 

Insulin is an important signalling molecule produced by the pancreatic p-cells found in the islets of 

Langerhans. It is released in response to elevated blood glucose levels. A precursor, once in the 

bloodstream, is cleaved to give the actual hormone, which then binds to its cell surface receptor. 



- -. . - + - 
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Figure 1.1 Schematic of pVs effects upon the IRK and PTPase 

This receptor, the Insulin Receptor Kinase (IRK), is a transmembrane receptor whose intracellular 

domain has kinase activity. Kinases act to form phosphate esters on target molecules. Upon 

binding of insulin, the phosphorylation of regulatory tyrosine residues of IRK results in its 

activation. Once active, IRK phosphorylates various intracellular substrates, initiating the 

biochemical cascade responsible for insulin's metabolic effects. Intimately associated with the IRK 

is a protein tyrosine phosphatase (PTPase). This PTPase enzyme regulates IRK activity by 

cleaving phosphate groups from important regulatory tyrosine residues of the IRK. The 

dephosphorylated form of the [RK is inactive (Figurr 1. 

1.1.1.2 Protein Tyrosine Phosphatase (PTPase) 

Several PTPase enzymes, members of a family which includes more than fony cytosolic and 

receptorlike transmembrane forms? have been isolated and crystallographically chara~terized.~-l' 

These enzymes can be catagorized into vastly different subfamilies, such as the low and high 

molecular weight, and dual specificity PTPases. All PTPases share a highiy conserved sequence 

of eleven amino acids that forms the catalytic substrate binding site.'-l2 Within this cavity, the 

0 cysteine and arginine residues are essential for catalytic activity (Figure 1.2) and a mechanism for 

the PTPase enzyme has been postulated (Figure 1 .3)?-13 
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Figure 1.2 Conserved PTPase .4ctive Site Sequence and Catalytically Essential Ftesidues6 

Figure 1.3 Mechanism for the hydrolysis of phosphotyrosine by PTP8 



The sulfhydryl group of the cysteine residue, with a pKa of 4.9, is depmtonated at physiological 

pH and acts as the enzyme's nucleophile (Figure 1.3 a). The guanidiniurn group of the arginine 

residue coordinates the phosphorylated substrate, through strong hydrogen bonding. thus 

positioning and stabilizing it as the active site. A dianionic thio-phosphate ester complex is formed 

at the transition state (Figure 1.3 b). Preferential, hydrogen bond mediated, stabilization of this 

dianionic transition state. relative to the monoanionic substrate, may effectively lower the energy 

barrier. This would explain arginine's catalytic necessity. Molecular recognition at the enzyme 

active site, mediated by phosphate-guanidinium hydrogen bonding, has been noted for many 

enzymes that require coordination andlor activation of phosphate groups.14*15*16 For the PTPase 

enzyme, several other less highly conserved active site residues also form important hydrogen 

bonds in recognition of the phosphorylated substrate.12 In the find steps. (Figure 1.3 d,e) the 

thio-phosphate ester complex dissociates to produce phosphate and regenerate the enzyme's 

nucleophilic thioL7 

1.1.1.3 Mechanism of PTPase Inhibition by pV Complexes 

pV complexes are very active oxidizing species, well known for their ability to catalyze the 

oxidation of diverse organic  molecule^.'^ Their PTPase inhibitory activity probably results from 

oxidation of the catalytic cysteine residue to cysteine sulfinic acid.lwJ6 The oxidized residue is no 

longer nucleophilic and the PTPase enzyme is irreversibly inhibited (Figure 1.4). By inhibiting the 

PTPase, a downregulator of the IRKS kinase activity, pV species indirectly activate the IRK, 

mimicking the effects of insulin.17 
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Figure 1.4 pV oxidation of PTPase nucleophile 

1.1.1.4 The pV-phosphate Analogy: Structure, Transport and Specificity 

The structural analogy between phosphate esten and pV species provides a simplistic analysis of 

the biological specificity of these inhibitors towards cellular phosphatases. Their three dimensional 

similarity likely allows vanadate and pV to permeate the ceil membrane, via non specific anion 

channels, and thus enjoy intraceiiular bioavaiiability.17 

phosphate monoperoxovanadate 

Figure 1.5 pV-Phosphate structural analogy 

However, phosphate esten play many important biological roles, and simple structural mimicry 

does not provide an ample explanation for the PTPase specificity of pV complexes. Phosphoserine 

and phosphothreonine phosphatase enzymes are also vital cellular components that could 

conceivabiy bind pV. These phosphate cleaving enzymes incorporate the alcohol functional group 



of a tyrosine residue as the critical active site nucleophile.' This mechanistic difference in their 

phosphate ester cleavage activity renders phosphoserine and phosphothreonine phosphatases much 

less susceptible to oxidation by pV oxidation. Hence the highly reactive nature of pV towards 

sulfur containing nucleophiles appears to critically define its biological role and specificity.16 

Molybdate  MOO^^-), and tungstate (wo42-),12 as well as their peroxo c o m p l e ~ e s . ~ * ~ ~ - ~ ~  have also 

been investigated in the context of insulino-mimetic inorganic oxoanions. Structurally, these 

complexes are replicas of the vanadate (HVO$-) and pV species. however they cany an extra 

positive charge as W and Mo are present in their (VI) oxidation states. Amongst a series of 

picolinic acid bisperoxo complexes (Figure 1.6) only the vanadium analog proved active in kinase 

activation assays. Conversely, all three complexes were highly active in PTPase inhibition assays. 

Figure 1.6 M=Mo, W; n=O, M=V: n=i picolinic acid bisperoxo seriest1 

Both the kinase and phosphatase assays equally denote the overall state of the insulin pathway, 

however, they differ experimentally. The PTPase inhibition assay is carried out with isolated 

m a s e  enzyme, whereas the IRK activation assay involves whole cells. In order to show activity 

in the IRK activation assay, a PTPase inhibitor must also be capable of permeating the cell 

membrane to reach its intracelluiar target.' A similar dependence of activity upon experimental 

protocol, in studies with in situ preparations of pMo and pW, has been aoted.lg Transmembranal 

transport is implicated as an important variable that is capable of determining insulin mimetic 

potential for very similar o x ~ a n i o n s . ~ ~ ~  



1.1.1.5 Diverse Biological Effects 

Protein tyrosine phosphorylation is important in regulating diverse fundamental cellular processes. 

such as growth, proliferation and differentiation? The tyrosyl phosphorylation state of a protein 

in the cell reflects the cellular balance between competing protein tyrosine kinases and the protein 

tyrosine phosphatases. Specifically, PTPase activity is known to modulate important cellular 

kinases, including mitogen activated protein kinase (MAP kinase), insulin receptor kinase (IR 

kinase). and epidermal growth factor receptor kinase (EGFR kinase).' pV mediated inhibition 

prevents dephosphorylation of regulatory tyrosine residues of these kinases. and likely that of 

other yet unidentified PTPase substrates. This sustained state of tyrosine phosphorylation allows 

these kinases to remGn in their active forms and is responsible for many of the biological effects of 

pV complexes. 

Besides the aforementioned insulin mimetic activity. pV complexes have shown interesting 

biological effects in several different cell lines. In osteoblast cells, 

monoperoxo(nitrilotriacetato)oxovanadate, mpV(nta), enhanced cell proliferation, glucose 

consumption and protein content, while inhibiting differentiati~n.'~ Pervanadate. a mixture of 

aqueous pV species prepared in s i~u , '~  elicits proliferation of C3H lOTlR mouse fibroblasts. and 

causes translocation of activated MAP kinase to the cell nucleus.25 In addition, pV activates 

phospholipase D (PLD) in HL-60 granulocytes,26 and stimulates inositol phosphate formation in 

four cell lines. including rat hepatoma (Fao), murine muscle (BC3H- I),  Chinese hamster ovary 

(CHO) and rat basophilic leukemia ( R B L ) . ~ ~  DNA cleavage has been reported for 

NH4[V0(02)2(phen)19 bpV(phen), in the presence of W radiation or reducing agents.28 Potential 

for use of these complexes as anti bacterial and anti tumor agents has also been discussed. 2930 

As a result of their broad spectrum of activity, pV complexes are a very active area of chemical and 

biological research. Continued study of these complexes within different cellular systems will 

likely uncover new biological pathways that ace stimulated by pV treatment. 

7 



The first 

Chemical Structure 

pV complexes were reported in 1959.'~ Since this time many new and interesting 

inorganic complexes have been isolated. Structurally, mononuclear pV complexes most commonly 

display seven coordinate distorted pentagonal bipynmidal geometry. Other geometry's include the 

crystallographically characterized six coordinate complexes, octahedral mp~(dipic)~l ,  tetrahedral 

~ ~ v ( N H ~ ) . ) '  and the pentagonal pyramidal bp~(imidazole).33 The pentagonal plane is usually 

defined by q2 bound peroxo ligands. A single axial position is occupied by an 0x0 ligand, while 

the remaining axial and equatorial positions are occupied by the ancillary ligand. This ancillary 

ligand plays an important role in determining the overall stability of the complex. Vanadium, in its 

5+ oxidation state, displays a clear preference for nitrogen and oxygen donor ~igands.~? 

1.1.1.7 pV Solution State Structure 

All reported experimental data suggests that in solution, the complexes retain structures very 

similar to those determined in the solid state by X-ray crystallography. Recent forays into 

molecular mechanics and ab initio calculations have reinforced the experimental In the 

case of certain pV species. bpV(ox) and bpV(NH3). weak coordination of the ancillary ligand leads 

to a considerable hydrolysis, immediately upon dissolution of the pure solid complex in water. 

producing the aquo pV species, [V0(02)2(H20)&, x= 1.2 and [VO(O~)(H~O)~]  .36 This lability 

renders them unsuitable for development as biological research tools. Other pV species, such as 

[V0(02)2~]*-, x = c ~ , ~ '  F~~ and [V0(02)(aminoacid/peptide)], aminoxid= g l y ~ i n e ~ ~ ,  

peptide=Phe-Glu, ~ l y - ~ ~ f l ,  are also highly unstable in the solution and solid state. Mononuclear 

triperoxouA2 and dinuclear tri and tetraperoxo39"34s species, have also been reported. To date 

these complexes have not been studied for their biological activities, likely due to their estimated 

high toxicity, reactivity and instability. 



1.1.1.8 pV Counterions 

The majority of anionic pV complexes have been isolated with simple inorganic counterions, such 

as Nu+, Na+, and K+. mpV complexes with alkylammonium46*47 and teuaphenylphosphate 

counterions have also been synthesized. A number of pV anions have been isolated in several 

different salt forms. For example, bpV(bipy) has been isolated as its Na? NH4? Kf, Cs+, 

(Me@I+ as well as its 2,2'-bipyridineH+ salts. The bipyridineH+ salt clearly shows a n-stacking 

interaction, between the aromatic anion and cation, in the X-ray crystal str~cture?~ Differing 

biological activity. dependent upon the counterion, has been reported for a series of bpV potassium 

and ammonium salts? Very recently, a thermally stable dinuclear teuaperoxo complex 

( V 2 0 8 H  244+) was isolated using diprotonated 5 ,  5. 7, 12, 14-hexa-methyl- 1, 4. 8. 1 1 - 
tetraazacyclotetradecane as counterion. This publication stressed the role of the cation in 

determining the overall complex stability?g 

The association of a counterion with a charged complex may take the form of second sphere 

coordination (Figure 1.7). New pV complexes incorporating protective or chelating counterions. 

could tailor the physical properties of these active complexes. Stability and lipophilicity are highly 

sought after pharmacological properties. The structure of pV complexes allows for hydrogen 

bonding interactions at the 0x0 and peroxo sites, as well as hydrophobic n- stacking type 

interactions with aromatic ancillary ligands. The vast amount of research in the growing field of 

supramolecular or host-guest chemistry suggests that a strong basis exists for development of 

molecular hosts for pV guests. 

1.2 Second Sphere Coordination Chemistry 

Each molecule has two spheres of interaction. The primary sphere consists of covalently bound 

atoms which define its molecular structure. Its second sphere sunounds the first, and consists of 

nontovalentl y associated atoms, molecules or ions (Figure 1.7). 



Figure 1.7 Schematic view of inner and outer sphere coordination in solution. 

The second sphere is organized by the attractive non covalent forces; hydrogen bonding, 

electrostatics, Van der Wads and hydrophobic forces. While individually each one of these 

interactions contributes much less than l/lOth of the strength of a covalent bond, a system of 

multiple non covalent interactions can provide a very strong intermolecular binding force." This 

force differs from covalent forces in that it is subject to environmental facton such as temperature. 

pH, ionic strength, and the dielectric constant of the surrounding media. 

Of late. there is heightened interest in the second sphere; the molecular surroundings. the non- 

covalently bound interacting species, and the role they play in determining physical properties and 

reactivity. Consequently, several very complete reviews have been published.s1-s4 The use of 

non covalent interactions to alter the chemical nature of simple molecules has diversified rapidly. 

spreading to research areas including c ~ r n ~ u t a t i o n a l . ~ ~ ~  organicj7, i n o r g a n i ~ . ~ ~ - ~  polymer,6142 

a n a l y t i ~ a l , ~ ~ * ~  and suprarnoleculd5 chemistry. 

The interest surrounding second sphere coordination stems from in potentially widespread and 

exciting applications. Examples include reaction catalysis,66 molecular based filters and 
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8 ma~hines.6~ as well as electr0nic.6~ photonic,6O and ionic devices.67 Binding, at the molecular 

level, has also been a main focus of biological research aiming to mimic the activity of enzymes or 

transport  protein^.^^*^* All applications make use of the strong, reversible and very sensitive form 

of binding provided from intelligent design and synthesis of compatible molecular partners. 

1.2.1 Natural Recognition Processes 

Molecular recognition is a natural phenomenon. In definition. recognition at the molecular level 

consists of a selective association between two entities. complementary in their three dimensional 

shape. resulting in a new complex with a completely novel spatial configuration and set of defining 

chemical properties. The three dimensional shape of a molecule often determines its biological 

role. A good example is the interaction between neurotransmitter and bioreceptor at a nerve 

synapse (Figure 1.8). 

Figure 1.8 Synaptic message 

'released neurotransmitter 

transmission7 

The binding of the guest molecule, a neurotransmitter, leads to a conformational change in the three 

dimensional structure of the host molecule, a neuroreceptor. These changes rransmit a message, in 

the form of an elecvical impulse, from the extra cellular guest (neurotransmitter) to the membrane ' bound host (receptor) and beyond? 



Molecular recognition i n  endemic in nature. It is essential to living organisms. Hydrogen bonding 

is the strongest of the intermolecular forces and it defines the helical shape of alpha-keratin and 

collagen molecules, important suuctural fibres in skin and hair. Hydrogen bonds also provide the 

binding strength and recognition pattern, vital to the creation of each DNA double helix which 

allows for self duplication of molecules. thereby forming the basis of heredity. As well, the 

previously described interaction between insulin and its receptor (Section l . 1.1.1 ) constitutes a 

perfect example of non-covalent mediation of vital biochemical processes. 

1.2.2 Chemical Uses 

In many of its chemical uses, second sphere coordination is introduced in order to alter the physical 

properties and reactivity of the guest molecule. As an example, molybdenum(1V) dithiolene 

complexes, active reducing agents, showed an increase in reduction efficacy for rhe reaction, 

Me3NO---->Me3N, in the presence of a diamide host molecule that structurally complements the 

molybdenum guest complex (Figure 1 .9).72 

Figure 1.9 Example of modeled interaction between Mo complex(guest ) and diamide(h~st).'~ 

This host is thought to exert its catalytic effect through N-H-S hydrogen bonding to the 

molybdenum guest, accelerating the oxygen transfer reaction by stabilizing the oxo-meral 

product?' 



Recently, a water soluble NMR shift reagent was developed based upon rtmng non covalent n- 

stacking interactions of an ammatic guest substrate with a bioorganometallic host (Figure 1 . 1 0 ) . ~ ~  

Figure 1.10 ~~*~h(2'deox~adenosine)]~(0~f)~~~ 

This water soluble reagent alters the physical properties, namely the nuclear resonance frequencies, 

of aromatic host molecules to such an extent that it becomes useful as a methodological tool in the 

simplification of complicated NMR spectra.73 In studying pV second sphere coordination, both 

proton and 51V NMR may prove to be useful probes of second sphere coordination. 

1.2.3 Drug Design 

Biophysical properties are very important in the development of novel therapeutic agents. The 

activity of a drug may be well documented in vitro, however in vivo. other considerations include 

the stability, biocompatability and membrane permeability of the molecule. A well designed drug, 

known to act intracellularly, will prove useless if it cannot permeate the cell membrane or is 

inactivated prior to reaching its site of activity. The ideal pharmaceutical agent is an active. highly ' specific, ~iable and incipcosivc solid materid. It is non toxic and lipophilic but must retain 



sufficient water solubility to enable oral administration. In the past, some active pharmacologic 

agents have been covalently altered, usually through acetylation of non essential hydroxyl groups, 

to formulate a more lipid soluble drug that retains its activity.74 Alternatively, pro drugs have been 

designed which are enzymatically cleaved to the active molecule upon reaching their active sites.7s 

Biocornpatable pro drugs have also been formed by attachment of soluble macromolecules, such as 

proteins and polysaccharides, via degradable linkages.76 Encapsulation, with different vesicles 

such as liposomes, polymers or rnicelles, delves into the expanding research area of sustained drug 

release.77 

Another method of altering the physiochemical and pharnacokinetic properties of an active drug 

employs selective drug complexing agents. These 'hosts' form tight host-guest complexes with 

the active drug. The properties of the complex differ considerably from the lone drug and can be 

tailored to give desirable characteristics such as increased stability or lipid solubility. Much of the 

research in this expanding field has centered upon the pharmacokinetic alterations introduced by 

drug complexation with cyclodextrins.78*79 

Synthetic adenosine receptors have been synthesized and studied for their ability to selectively 

enhance transport flux of adenosine derivatives across organic liquid membranes (Figure 1.1 

X=NH, Diamide diirnide 
X=O, Diester diimide 

Figure 1.11 Naphthalene diamide diimide, Naphthalene diester diimideBO 



Subsequently, a study of these same receptors and their ability to transport adenosine across 

human skin and a polydimethylsiloxane membrane (PDMS) was undertaken, the objective being to 

develop a novel method for the permeation enhancement of drugs. While the inherent metabolic 

activity of isolated skin interfered with these studies, a ten fold permeation enhancement was noted 

through PDMS. Similar synthetic membrane transport studies have been utilized to provide 

models for facilitated tnnsport across biological membranes.63 These studies are ground breaking 

and provide insight regarding the intricate biomechanisms of transport. The use of second sphere 

coordinated therapeutic agents applies a rapidly maturing area in chemistry to important and long- 

standing pharmacological problems. 

1.2.4 Anionic Guest Species 

Developments in the recognition of anionic guests have lagged behind that of metal ion and cationic 

species. This is likely the result of difficulties competing with the more strongly bound anionic 

solvation  hell.^^.^? The main anion hosts studied have been the cationic p o l y a m m ~ n i u r n . ~ ~ * ~ ~ ~ ~ ~  

and guanidinium salts.69*86-8s as well as the neutral urea,89*90 thiourea, amide91-93 and 

po~yamine~'-~~ based receptors. FOCUS, in terms of guests, has been upon nucleobases such as 

adenine,80*97 polycarboxylates,8938 important biomolecules such as ATP'~ and phosphate or 

phosphate ester derivatives.100J01 Several review articles have been published. 102~'03 Of 

particular interest is the structural design of phosphate complexing agents, due to the structural 

analogies between phosphate esters and pV complexes. These studies provide a viable starting 

point in the investigation of pV second sphere coordination. 

1.2.4.1 Phosphate and Phosphate Esters 

Phosphate, and phosphate ester binding to polyamines and polyguanidinium salts has been the 

subject of extensive r e s e a r ~ h . * ~ * ~ ~  Much of this work is fueled by the prevalence of arginine 

residues (Figure 1.2) in peptidic enzymes that require the binding of phosphate, and the 

stabilization of trigonal bipyramidal phosphate-enzyme intermediates. as part of their biological 

1s 



function.1410s Several naturally occurring polyamines have also been noted to associate with and 

alter the reactivity of phosphate containing molecules, such as RNA, DNA and ATP? In 

particular, the naturally ubiquitous polyamines, spermine. spermidine and putrescine, function in 

vivo to regulate cell growth, proliferation, and differentiation. It is thought that these pol ycationic 

species act to stabilize biomacromolecules, such as enzymes and polyanionic nucleic acids, via 

hydrogen bonding and electrostatic interactions. l W  

The greater localized charge density of a protonated polyamine functionality, versus guanidinium 

units, has been shown to lead to stronger anion complexation, when the dominant binding force is 

provided by ion pairing (Figure 1.12). This is likely the case in very polar, highly competitive 

solvents. In contrast, the prevalence of arginine residues in enzymatic coordination sites is likely a 

function of its increased number of proximal hydrogen bonding sites, and its specific pattern of 

guanidinium mediated hydrogen bonding, versus polyamine salts. Therefore, when directed 

hydrogen bonding provides the maximai stabilizing force for a binding pair in solution, 

guanidinium salts are the optimal hosts. Also in their favor, alkylguanidinium units 

(pKa= 13.5) 'OJ are more strongly basic than alkyl amines (pKaz7.5) allowing them to remain 

protonated over a larger range of pH values. 

a) b) 

Figure 1.12 a) Guanidinium and b) Polyammonium Groups 

The afo~mentioned complementarity between phosphate and guanidinium, as an explanation for 

the presence of arginine residues at catalytic sites of many enzymes, was fmt modeled by Cotton et 

al. in 1973, prior to the development of modem enzyme crystallography (Figure 1.13 ). I4 
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Figure 1.13 Methy lguanidiniurn dihydrogenphosphate crystal structure1' 

The structure of methyl guanidinium dihydrogen phosphate contains two short, linear hydrogen 

bonds as well as a high degree of preorganization. The general 0x0-anion coordinating ability of 

the guanidinium unit has also been noted in research regarding such diverse topics as the 

spontaneous self assembly of Metal(I1)-arginine-Dianion systerns,Io7 Cu(I1)-dipeptide 

complexation,lo8 as well as synthetic template effects for guanidinium zinc phosphates.log As 

well. decavanadate species (V lo028H24-), known for their phosphatase inhibitory capacity, have 

been crystallized as guanidinium decavanadate. This ion pair was postulated to model the 

in tenctions between biogenic molecules and large bioactive rnetal-oxo anions. lo 

1.2.4.2 Model Enzymes 

Several mimics of the staphioccocal RNA nuclease have been assembled from multiple 

guanidinium units. The groups of E.V. ~ n s l ~ n ~ ~ * ~ ~ ~  and A.E. ~amiltonl~l have developed a 

series of bisguanidinium receptors (Figure 1.14). 



COOEt 

b, ) 

Figure 1.14 Examples of Catalytically Active B isguanidinium Receptors; a)Phosphate 

Diesterification ~atcilystl~l b) RNA Hyrolytic catalyd9 

Similarly, the research from M.S.Muche and Michael W. Gobel has shown the activity of 

bisguanidinium alcohols in phosphoryl transfer reactions. In general, this work has elucidated the 

important roles that multiple sites of host-guest interaction, structural complementarity, 

preorganization, solvent, counterion, ionic strength and pH play in determining the strength and 

selectivity of any host-guest interaction. It has also shown that specific molecular recognition and 

subsequent host-guest binding, a vital component of many biological events, can be mimicked by 

simple synthetic receptors. However, the catalytic activity of natural enzymes still far exceeds 

synthetic mimics.7o 

The use of these bisguanidinium enzyme mimics has been further developed in the context of 

possible anti-viral agents. HIV-1 messenger RNA is known to employ a strong complexation 

reaction, between a tat protein and a specific mRNA segment of 59 nucleotides named TAR, trans 

activation response element. The principal contact that mediates tat-TAR recognition is formed by 

a single arginine residue, situated in the middle of tat's basic amino acid affrnty sequence. This 



tat-TAR complex is responsible for boosting the viral transcription rate and is a requirement for 

efficient transcription of the viral genome Using the known ability of the bisguanidinium receptors 

to bind R N A , ~ ~ . ~ ~ ?  a third guanidinium group was introduced to interact at the arginine binding 

site of TAR, to give a small molecule tat mimic. Once bound, the guanidinium receptors are 

known to enhance RNA cleavage, which would inactivate the virus. The new triguanidinium 

complex (Figure 1.15) was able to bind to and efficiently cleave a uuncated TAR sequence. This 

research clearly displayed the importance of arginine residues in nature, and how their binding 

power can be synthetically exploited through intelligent design. 

Figure 1.1 5 Triguanidinium RNA Cleaving Agent loo 

Complementarity, in the hydrogen bond donor-acceptor interaction between carboxylates and 

guanidinium groups, has also been shown. l 3  Carboxypeptidase A, a zinc containing proteolytic 

enzyme which cleaves single aromatic amino acid residues from oligopeptides, is known to make 

efficient use of an arginine residue. In order to investigate the importance of this guanidinium- 

carboxylate interaction, several substrate analogs (competitive inhibitors) were designed, based 

upon the hydrogen bonding motif at the active site. An electron withdrawing fluorine group, was 

positioned adjacent to the ~~~t carboxyke group of the substrate in order to decrease the pKa 



value of the carboyxlate. This fluorinated inhibitor becomes a weaker hydrogen bond acceptor, 

and. indeed. a weaker inhibitory capacity was noted, the result of weakened binding affinity. 

These results demonstrate the importance of hydrogen bonding in determining the stability of host- 

guest interactions at the active site of an enzyme.'lJ 

Another enzymatic system that employs hydrogen bonding is that of the flavin coenzymes. The 

flavins function through non covalent bonding with their apoproteins, holding the flavin in an 

appropriate position, as well as regulating the reactivities of the flavin molecule itself. An artificial 

flavoenzyme has been created by developing a hydrogen bonding receptor based upon a melamine 

derivative containing a preorganized guanidinium ion (Figure 1.16). Six hydrogen bonds are 

formed between the receptor and 6-azaflavin. Is 

Figure 1.16 H-bonding of mavin Receptor, NJ'-diacyl-2,6-diaminopyridine derivativef l5 

1.2.5 Second Sphere Coordination in the PTPase Active Site 

PTPases are also members of this enzymatic 'group' which have an essential arginine residue 

within their active sites. In the active YIFase, this arginine residue is responsible for binding 

phosphate and positioning the substrate in the cavity for nucleaphilic cysteine attack. Arginine 

(guanidinium) likely plays a similar role in positioning vanadate, molybdate and hmgstate, all weak 



PTPase inhibitors, within the PTPase active site. Hydrogen bonding, from several conserved 

active site residues, has been shown to be highly significant at the active site of P T P ~ S ~ S . ~ - ~  

Specifically, the reversible PTPase inhibitor, vanadate, forms nine strong hydrogen bonds between 

its equatorial oxygens and several donor residues of the protehg Through X-ray crystallography, 

these bonding interactions have been measured as 0.12-0.18 A shorter than those arising from 

phosphate complexation. It appears that the stability arising from this sphere of hydrogen bonds 

leads to the inhibitory activity of vanadate. The vanadate-cysteine complex is more stable than the 

transition state phosphate-cysteine complex. Vanadate is therefore a competitive inhibitor of these 

en~yrnes .~ 

While these interactions have only been demonstrated for vanadate. they highlight the imponance 

of hydrogen bonding in determining the stability and specificity of the PTPase enzyme-inhibitor 

complexes. Recently, an abinito calculation illustrated the propensity of pV complexes to 

coordinate water in their second sphere.34 Hydrogen bonding at the peroxo group of 

peroxovanadium species has been discussed, and is thought to have a significant effect upon the 

stability of the c ~ r n p l e x . ~ ~ ~ * ~  l 7  As well, pV species appear to selectively oxidize only the PrPase 

sulfhydryl group present within the phosphate binding site. A method of targeting the reactive pV 

complexes solely to this site must be envisioned, perhaps involving pV-enzyme outer sphere 

hydrogen bond formation. This concept is reinforced by the recently noted similarity in natural 

phosphatase and chloroperoxidase enzyme binding sites. I s  These studies, and the repeatedly 

demonstrated importance of hydrogen bonding in protein enzymatic recognition and catalysis. 

provide an interesting rationale for studying the peroxo group's hydrogen bond donor-acceptor 

interactions. 

1.2.6 Other Hosts for Anionic Guest Species 

Other types of hosts for anionic guest species have been synthesized and studied. The tetracationic 

cyclobis(paraquat-p-phenylene) has been studied as a receptor for electron rich aromatic guests, 
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such as the aromatic mino  acids, tryptophan, tryorine and phenylalanine. There hosts have been 

studied as potential redox switchable receptors whose binding strength can be chemically turned on 

or off by oxidation or reduction of the receptor.68 

Neutral anion receptors are prized for their potential use in hydrophobic. membranous 

environments. Applications include potentiometric anionic sensors1 l g  as well as model systems 

for in vivo ionophore membrane transport. 1% Cyclic or linear aza-ether structures, substituted 

with triflate groups at each nitrogen (Figure 1.173) have proved capable of binding chloride 

anions. These neutral receptors have potential applications as additives in lithium battery 

elecuolytes that act to increase the conductivity and transference numbers of the lithium cation. lZ1 

The linear and macrocyclic poiyamines are also neutral (Figure 1.17b), and are capable of 

I" 123 and copper ~ o r n ~ l e x e s ~ ~ ~ ,  as well as interactions with many species, including ruthenium --• 

p h o ~ p h a t e ' ~ ~ ~ ~ ~ ~  and carboxylateln species. These receptors are analogous to the widely used 

crown ether cationic chelators? 

Figure 1.17 a) Aza-triflate ~eceptor l~ l  b) Hexacyclen: Macrocyclic ~olyamine~l 

ureal28-131 and t h i o ~ r e a ~ * ~ * ~ ~ ~  based receptors have been extensively studied as neutral analogs 

of the aforementioned guanidinium nceptors. These receptors are weaker anion binders, due to 

the loss of charge pairing interactions, however they are useful in the study of pure structural 

recognition, isolated from the effects of ion pairing. As well, hydrogen bonding from the urea NH 



is a potential model for the ubiquitous in vivo use of peptide amide NH units in creating hydrogen 

bonding molecular cavities.133 

Figure 1.18 Examples of urea and thiourea hosts based upon a) tri~(2-aminoethyl)aminel~~ b) 

~anthene*~ and c) 1,3-bi~(aminornethyl)be~ene~~~ 

Guests such as phosphate, phosphate esters, sulfate, chlorine, and various carboxylates have been 

studied. As with charged receptors, binding strength and selectivity is very dependent upon 

solvent. Several synthetic strategies have been employed to increase binding. Different receptor 

backbones have been studied, including tris(2-aminoethy1)arnine (Figure 1.18a) 
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tris(aminoethyl)cyclohexane. 30 xantheneg9 (Figure L.l8b), 1,3-bis(aminornethyl)benzene~~~ 

(Figure 1.18c), as well as the large planar porphyrins. 134 The importance of appropriate cavity 

size and sufficient flexibility is clear. Polarization of the amide NH bond, caused by inductive 

effects of appropriately positioned electron withdrawing substituents such as NO- 9 ,  can 

significantly increase binding ~ t r e n ~ t h . ~ ~ * ~ *  When guests incorporate aromatic units, the addition 

of x-stacking 'arms' to the receptor (Figure 1.18 a.b) can also increase binding strength. 13? 

Apparent difficulties in growing X-ray quality co-crystals with this type of neutral host has limited 

structural information, for the bound complexes, to molecular modeling and NO€ data. 

Research in the area of selective anion coordination is rapidly growing, resulting in a multitude of 

available hosts. Molecular calculations, regarding host-guest interactions, are also becoming 

widespread in the literature. As the computational treatment of solvent and electrostatic forces 

improves, this area will develop rapidly to aid in the rationale design of molecular receptors. 

Together, these expanding research fields will provide a base of knowledge regarding second 

sphere coordination that will d imt  this research field in the near hture. 

1.3 Statement of Intent 

Research has shown, and continues to demonstrate the important role of tyrosine phosphorylation 

in cellular processes. Regulators of this process are vital tools in research and as potential 

therapeutic agents. pV complexes are easily synthesized, inexpensive, stable solids. However, 

pharmacologic usage invokes very rigorous requirements. Acid stability is necessary for orally 

active drugs to pass intact through the stomach for absorption into the blood stream. 

Peroxovanadium compounds, while stable in neuual and basic solutions, decompose at low pH. 

Lipid solubility, required to penetrate hydrophobic membranes, is also a highly valued 

characteristic for a potential drug. pV complexes have two defined regions, the highly reactive 

hydrophilic proxdoxo portion, and the more inen hydrophobic region of the ancillary Iigand 

(Figure 1.19). 
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Figure 1.19 Representation of two distinct pV spheres 

Second sphere coordination at the '0x0' sites would shield the hydrophilic and bioactive portion of 

the molecule. Hydrogen bonding to the oxygen moieties of peroxovanadium species could protect 

the complex and increase its stability. As well, countenon effects also have potential for altering 

the solubility of the complex. Lipid solubility is a highly desirable chancteristic due to the 

intmcellular target, PTPases, for these hydrophilic molecules. 

Other methods for delivery of peroxovanadium species. such as iontophore t i~ l~~ and 

rnicroencap~ulation,~~~ have been investigated. Second sphere coordination may provide a novel 

method for drug delivery, however the aim of the research reported here is to demonstrate second 

sphere coordination for pV complexes and to determine its effects upon physical properties. such 

as solubility, stability, and spectral characteristics. As well, the stability of a series of bpV and 

mpV complexes was assessed under the standard conditions for cell culture studies. This work is 

initiated with the long term goal of developing the pharmacologically ideal pV complex. 
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Chapter 2.0 Synthesis and Characterization of Peroxovanadium 

Host-Guest Complexes 

2.1 Introduction 
The fust pV complexes were reported in by Hartcamp et al. in 1959.l Since this time over 
60 new and interesting inorganic complexes have been reported (Table 2.1). 





mpV(Hheida) I 
"11 5 1 ~  NMR spectra were obtained on aqueous solutions on a Varisn XL-300 NMR spectrometer 
operating at 78.891 MHz. Chemical shifts are in parts per million (ppm) with respect to VOCl3 as 
externid reference at 0.00 ppm, with negative shifts k ing  upfield. 

NHj+ salt. 
In CD1OD. 

d In CD$N 



2.2 Characterization 

S1V NMR has proven immeasureably useful in the characterization of pV complexes. 

NMR spectroscopy with this quadrupolar nucleus, I=7/2, is facile due to its relatively low 

nuclear electric quadrupole moment, 99.76% abundance and rapid rate of relaxation, 

7.0492 x 107 rad s-1 T-l.*Jg Reasonable spectra of pV species at concentrations as low 

as 1mM can be obtained in less than 10 minutes of aquisition time. A pure. mononuclear 

pV complex displays a single 51V NMR resonance frequency, upfield from the VOCI3 

(0.00 ppm) reference. Bisperoxovanadium species, V0(02)2(L). generally lie in the region 

from -700 to -760 ppm, while monoperoxo species, VO(O2)(L), are associated with the 

region from -550 to -620 ppm.SO 

pV complexes have also been characterized through infra red spectroscopy, using the 

symmetric metal-0x0 (u V=O), symmetric peroxo (u 0-0)- as well as the symmetric and 

antisymmetric metal-peroxo (u V-02) stretching frequencies. Splitting of the peroxo band 

(u 0-0). does not occur for the mpV species but does for bpV complexes. The metal- 

peroxo stretching bands vary considerably, depending upon the type and coordination 

geometry of the ancillary ligand? UV-Vis electronic spectra can also be measured for pV 

complexes. A broad LMCT band, for the peroxo (nu*) -> (6s*) V(S+) charge transfer, 

can be noted in the vicinity of 330 nm for bpV, and 450 nm for mpV species. These 

transitions are only weakly sensitive to the overall complex structure. A second transition, 

the (a)rru* --> h*, is more difficult to characterize due to its high energy, 190-200 nm, 

and is rarely reported in the ~iterature.~' Definitive structural information is obtained solely 

through X-ray crystallography. The large number of crystallographically characterized pV 

species is testament to the highly crystalline nature of these complexes (see Table 2.1 for 

structural references). 



The counterion may exhibit second sphere coordination. New pV complexes incorporating 

protective or chelating counterions, possibly via hydrogen bonding to the 0x0 and peroxo 

ligands. could alter the physical properties of these highly active complexes. The vast 

amount of research in the growing field of supramolecular or host-guest chemistry provides 

a good basis for the development of molecular hosts for pV guests. Special interest was 

paid to the large class of host species designed to coordinate phosphate and phosphate ester 

species. 

2.3 Resul ts/Discussion 

A series of guanidinium (Figure 2. H a )  and polyammonium cationic hosts (Figure 2.1-Ib), 

as well as neutral bis and u i s  urea hosts, (Figure 2.1-Ic) were synthesized. Figure 2 . 1 4  is 

a complete set of pV guest structures and abbreviations, bpV (Figure 2.141~) and mpV 

(Figure 2.1-IIb). Solid bpV and mpV adducts were obtained and characterized with both 

guanidinium and polyamrnonium hosts in an attempt to decipher the role of the host in 

determining the physical and spectroscopic properties of the pV guest. Representative 

complexes. bg(CH2)4*mpV(nta), mG(diamino)~mpV(2,6-pdc), bG(piper)abpV(pic), and 

pA(putrescine)abpV(bipy), were characterized crystallographicalIy in order to determine the 

nature of these host-guest interactions, in the solid state. 

2.3.1 Guanidinium.bpV - Host.Guest Complexes 

Eleven bisguanidinium (bG), one triguanidiniurn (tG), and two monogumidinium (me). 

cationic hosts were synthesized (see experimental) or purchased (Figure 2. Ma). Simple 

ion exchange reactions, from aqueous solutions equimolar in guanidinium host and bpV 

guest. invariably precipitated a solid guanidiniummbpv adduct. The time taken to 

precipitate. crystallinity, percentage yield, solubility and color (yellow-orange) of all fmal 

products varied with the host. Table 2.2 shows all possible characterization data for the 

guanidinium adducts prepared from bpV(phen). 



Figure 2.1 - I a - Guanidinium Hosts 

n 
bG( piper) ,C-N 

H H \ 

mG(dip heny I) 
H2N. . NH2 
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Figure 2.1 - Ic - Polyurea Hosts 
I 

bU(pikr-co0~t) X = COOEt 

X= H 
X = OMe 
X = COOEt 
X=C1 



Figure 2.1 - 1 d Other Hosts 



Figure 2.1 - IIa - bpV Guests 

bpV(phen) 2-9 = H bpV(bipy) 2-9 = H 
bpV(N02-phen) 5 = NOz; 2-4.6-9 = H bpV((CO0-),bipy) 4.8 = (COO-); 2.3.5-8.9 = H 
bpV(NH2-phen) 5 = NH2; 2-4.6-9 = H 
bpV(Me-phen) 4 = Me: 2-3.5-9 = H 
bpV(Me2-phen) 4,7 = Me; 2,3,5,6.8.9 = H 
bpV(Me,-phen) 3,4.7,8 = Me: 2.5.6.9 = H 

bpV(pic) 2-5 = H, n=2 
bpV(3-OH-pic) 3 = OH; 4-6 = H, n=2 
bpV(2.3-pdc) 3 = (COO'); 4-6 = HT n=3 
bpV(2,4-pdc) 4 = (COO*); 3,5,6 = H, n=3 
bpV(2.5-pdc) 5 = (COO3; 3,4.6 = H, n=3 
bpV(acet-pic) 3 = (CH2CO03; 45 ,6  = HT n=3 



Figure 2.1 - IIb - mpV Guests 
0. 



Ion exchange of bpvlphen), K[V0(02)2(phen)]e2H20, with the short alkane chain bG 

Table 2.2 
b s t  (H) 

bG(pheny1) 

bG(CHd2 

bG(CH213 

bG(CHd4 

bG(CH2)6 

bG(CH2) 10 

bG(P1PER) 

bG(B1S) 

tG(TR1S) 

~ G ( o H ) ~  

bG(dioxo) f 

bG(0~0)f  

a All 5 1 ~  spectra itre 

hosts, such as bG(CH2), n=2.3,4, immediately produced pale yellow powders. These 

were fairly insoluble in water and organic solvents. and 5 1 ~  NMR spectra required lengthy 

peaks are listed in order of relative integration 
b AH I H spectra ore taken in D20 unless otherwise noted; signals for bpV(phen) are excluded for simplicity 
c Yield refers to solid product, collected, washed and dried in vacuo 
d Data not obtained due to product insolubility 
e CD30CD3 
f crystalline material 

Solid HoseGuest 
SLva 
NMR 
( P P ~ )  
-742 

-747 

-744 

-746 a 

-7 J S  

-746 
-557 
-746 

-744 

-745 

-743 

-746 

-742 

taken in 20% 

aquisition times. These spectra proved that a bpV species was present. The drastly 

changed solubility is consistent with cation exchange. Extreme insolubility of this name 

Complexes obtained 
IH N M R ~  

( P P ~ )  

d 

d 

d 

d 

d 
" 

d 
3.17, t, 2H 

2.9-2.39, m, 4 H  
1.73, m, 2H 
1.15, t, 2H 

d 

3.19, t 
2.63, t 

3.92. sept, IH 
3.27, m, 2H 
3.18, m, 2H 
3.51, m, 4H 
3.22, t, 2H 
1.82, q, 2H 

I S 8 ,  br.m, 2H 
d - 

D20R120 unless otherwise 

with bpV(phen) 
Y ieldc 
(w 
57 

59 

48 
-. 

54 

90 

74 

32 

14 

34 

el0 

80 

3 1 

noted, in the case 

Ratio 
bpV:H 

- 

- 

- 

- 

- I 

- I 

2 :  1 

- 

1 : 0.8 
I 

2: 1 

2: 1 

- 

of multiple resonances. 



has previously been attributed to strong hydrogen bonding within the isoelectronic 

hydroxylamino-oxovmadium(V) complexes.53a Increasing the size of the guanidinium 

host, as with bG(piper); bG(CH2)n n=6, 10; and tG(tris), led to a slower precipitation of 

solid bpV adducts. This increase in host size did not increase organic solubility. 

However, bG(piper) and tG(tris) produced water soluble, 1 H NMR characterizable 

complexes (Table 2.2). 

Similar trends, in the physical properties of these products, dependent upon the host of 

use, were also found with other bpV complexes, such as bpV(bipy) and bpV(pic) (Figure 

2. M a ) .  The more highly charged bpV anions. such as bpV(ox) and the bpV(pdc) series, 

(Figure 2.1-Ha), produced solid guanidinium adducts that showed two or more S1V NMR 

peaks. These likely result from hydrolysis of the ancillary ligand. For simplicity, as over 

120 solid precipitates were obtained, this discussion centered upon the guanidinium 

adducts of bpV(phen). In the case of bG(piper), large single crystals were isolated from a 

1 : 1 solution with bpV(pic). The single crystal X-Ray structure of the bG(piper)@bpV(pic) 

complex was obtained. 

2.3.1.1 Structural Features: bG(piper)*bpV(pic) Host4uest Complex 

The crystal structure of the bG(piper)abpV(pic) adduct (Figure 2.2) clearly shows multiple 

hydrogen bonding interactions between the host and guest (Table 2.3). For reference 

purposes, hydrogen bonding distances for NH-0 systems typically range from 2.80 A to 

3.15 A.ab The anion and cation are present in a one to one ratio, with half of two cations 

contributing to each individual host-guest unit. The bpV(pic) anion in this complex, 

previously characterized crystallographically as its potassium salt,' shows no significant 

deviations in bond lengths and angles. For complete tables of bond lengths and angles, 

structural parameters as well as a packing diagram, see appendix A. 1. 



Figure 2.2 ORTEP of bG(piper)*bpV(pic).2H20 



a 
Figure 2.3 Hydrogen bonding in bG(piper)*bpV(pic).2H20 



Table 2.3 Bond distances and angles related to hydrogen bonding in bG(piper).bpV(pic) 
I I I 1 1 

Three of the peroxo (02,03.05) and two ancillary ligand (carboxyl and carbonyl) oxygen 

atoms (06.07) accept hydrogen bonds from four individual counterions in the lattice. A 

single peroxo oxygen atom (04) does not accept any hydrogen bonds. There are two 

distinct conformations of the bG(piper) counterion in the crystal lattice, displayed clearly in 

Figure 2.2. The more extended cation. (N2, N3, N4, N5) lacking intramolecular hydrogen 

bonding, forms two hydrogen bonds to the anion, from H44A-N4 to the peroxo oxygen 

atom 0 5  (2.927 A) and H55B-N5 to 06 (3.044 A), the carboxyl group oxygen atom 

D...A 

2.789(5) 

3.306(5) 

2.927(5) 

2.767(5) 

2.985(6) 

3 .O44(5) 

2.827(5) 

2.888(5) 

3.25 1 (6) 

3.083(7) . ,  

3.346(7) 

2.94 1(7) 

2.7 15(8) 

2.87 l(6) 

2.9 I l(6) 

< D- 

H.. . A 

172(4) 

148(3) 

162(4) 

151(4) 

164(3) 

169(5) 

166(4) 

169(4) 

147(3) 

160(4) 

1 59.6(7) 

164(5) 

128(3) 

1 72(5) 

158(5) 

Symmetry 

Transformation 

x+l, y, z 

- ~ + 2 , - ~ + 2 , - ~ + l  

.. 

- ~ + 2 ,  -y+2, -z+ l 

- 1  - 1  z 

x-1, y, z 

X-1, y, z 

. -x. -y+ 1. -z+ l 

X-1, y, z 

-x+l , -y+l , -z+l  

X-1, y, 2-1 

-it+ 1, -y+2, -z+ 1 



coordinated to the vanadium centre. This cation dso forms intermolecular hydrogen bonds 

to the peroxo oxygen atoms 0 2  and 03. The single hydrogen atom of N3 (N3-H33) is in 

close contact with both peroxo oxygen atoms 0 2  (2.789A) and 0 3  (3.306 A). The 

hydrogen atom of N5, H55A-N5 is in contact with the peroxo oxygen atom 0 3  (2.985 A). 

The second type of cation (N6, N7, N8 and N9) forms both intermolecular and 

intramolecular hydrogen bonds. With one guanidinium unit (N7. N8 and N91. hydrogen 

atom H99B-N9 acts as an intramolecular donor (2.941 A) to the unprotonated nitrogen 

atom (N6) of the piperazine ring. The second hydrogen atom of N9, H99A-N9, forms an 

intemoiecular hydrogen bond (3.346 A) to the peroxo atom 03. Nitrogen atom NS, upon 

the same guanidinium unit, forms two intermolecular hydrogen bonds (2.888 and 3.25 1 A) 

from its hydrogen atom N8-H88A to the peroxo oxygen atoms 0 3  and 02,  respectively. 

Notable within these contacts are the hydrogen bonds between the peroxo group 02-03 

and the two NH2 groups, N3 and N5, of a single guanidinium unit. This spacial 

arrangement is similar to that displayed between phosphate and guanidinium (Figue 1.1 3), 

with one hydrogen upon each nitrogen forming a bond to one of two adjacent oxygen 

atoms. 

This compound crystallized with two water molecues but the thermal motion of both 

molecules made it difficult to determine their positions and hydrogen bonding. On one 

water molecule (08), the hydrogen atoms are disordered with one site fully occupied with 

hydrogen bonding to the second water molecule (09). The second hydrogen atom of 0 8  is 

disordered over two sites to form either a H-bond to N2 (2.87 1 A) or 07 (2.91 1 A). The 

second water molecule (09) exhibited much higher thermal motion aad no hydrogen atoms 

were located, although the oxygen atom is within hydrogen bonhg  distance (2.715 A) of 

the 0x0 ligand (0 1) (Figure 2.3). 



Thus, the intermolecular contacts in this host-guest system are spread throughout the 

crystal and not limited to a single host interacting with one guest (Figure 2.3). This type of 

1: 1 complexation would likely require a more rigid, preorganized host. 

2.3.1.2 GuanidiniummbpV - HostGuest Complexes: Polar Substituents 

This structure shows that complexation occurs between the bG host and the oxophilic 

portion of the bpV molecule (Figure 1.19). The introduction of polar functional groups 

onto either the bpV ancillary ligand or the host backbone might improve aqueous solubility. 

bpV complexes, such as bpV((C02-)z-bipy), bpV(acet-pic) or bpV(NO2-phen) (Figure 

2. I-IIa) address this issue, however they hydrolyse easily and the polar groups introduce 

unwanted ancillary ligand interaction with the guanidinium hosts, which limited their use. 

Preferably, polar groups could be placed upon the backbone of the bG host, as with 

bG(dioxo). bG(oxo) and bG(0H) (Figure 2.1-Ia). This did slow the precipitation of the 

bG.bpV adducu. Highly crystalline, rather than powdered, bpV(phen) complexes were 

isolated with all three oxophilic hosts. As well, the polar groups increased water solubility, 

enabling reasonable 1H NMR spectra to be obtained (Table 2.2.1). All 'H NMR 

characterized complexes of bpV(phen) were, with the exception of the tG(tris) counterion, 

identified as the 1 2  bG*bpV electroneu~al species. While progress was made in fully 

characterizing these solids, allowing for potential use in biochemical assays, no UV-Vis, 

'H and 5 1 ~  NMR data, obtained from MeODlMeOH or D2OM20 solutions, detected 

association of the bpV anion with its counterion. For this reason, no interaction studies 

(solution state, ie. full tiuations) were undertaken with these host-guest systems. 

Ionic association in solution is in direct competition with solvation and water solvates ions, 

H-bond donors and acceptors very well. The demonstration of second sphere coordination 

in water requires a host that is strongly preorganized, highly rigid, and capable of 
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multipoint binding.54 Aqueous recognition has also been shown in the case where 

hydrophobic forces play an important role.S5J6 

2.3.2 pAabpV - HostaGuest Complexes 

Five polyammonium salts (Figure 2. I-%) were studied as potential counterions for bpV 

anions. Counterion exchange with bpV complexes was attempted from water solutions. If 

a solid product precipitated within twenty four hours, pure pAmbpV adducts, characterizable 

via IH and 5 1 ~  NMR, were obtained. Solutions left beyond this time period decomposed 

to a common. weakly water soluble, red crystalline vanadium complex (51V NMR - 
596ppm). Polyammonium salts (pkA-7.0) are more acidic than guanidinium salts 

(pKa- 13lS7 and could transfer a proton to a pV complex. This decomposition pathway has 

been documented for pV complexes i n  acidic solutions.58 The 

putrescine*2H+@(bpV(bipy))2 adduct was obtained as large single crystals and its single 

crystal X-ray structure was measured. 

2.3.2.1 Structural Features: putrescinee2H+e(bpV(bipy))2*H20 

The putrescine adduct of bpV(bipy) crystallized with a single molecule of hydration (Figure 

2.4). Hydrogen bonds are evident between both the polyamine host. the water molecule 

and the bpV guest (Table 2.4). The water molecule forms strong hydrogen bonds (2.841 

A) to the protonated amine (N3) as well as to one oxygen atom of the peroxo ligand (05) 

(2.9 14 A). The protonated arnine also acts as a hydrogen bond donor to the 0 2 . 0 3  and 

0 5  peroxo oxygen atoms, at distances of 2.731 A, 2.866 A, 2.735 A respectively. The 

crystal structure of the bpV(bipy) anion has also been determined, as its ammonium salt.s9 

There are no significant differences in the bond lengths and angles for the anions in these 

two different salts. For complete tables of bond lengths and angles, structural parameters 

as well as a packing diagnm, please see appendix A.2. 



Figure 2.4 O R E P  of putrescine~2Hf~(bpV(bipy))2~H20 

ORTEP view of C12 H17 N3 06 V 

with the numbering scheme adopted. Ellipsoids drawn at 

40% probality level. Hydrogens represented by sphere of arbitrary size, 



2.3.3 Guanidinium*mpV - Host.Guest Complexes 

mpV complexes are water and DMSO soluble, and the neutral and monoanionic complexes 

are DMF and often CHQ soluble. This increased solubility, versus bpV complexes, 

allowed for more diversity in studying their complexation with guanidinium and 

polyammonium salts. Many mpV species (Figure 2.1-IIb) were employed in this work, 

however solid guanidinium adducts were obtained only with the highly charged, di and tri 

anioinic mpV species, mpV(nta) and mpV(ox). A single exception, mpV(2.6-pdc), 

produced extremely large. thermally sensitive, single crystals with the mG(diamino) host. 

These single crystals were studied by IH and 51V NMR, UV-Vis and low temperature 

X-ray crystallography. 

Table 2.4 Bond distances and angles related to the hydrogen bonding for 

p~trescine.2H+*(bpV(bipy))~*H~O 

2.3.3.1 Structural Features: mG(diamino)*mpV(2,6-pdc) Adduct 

D-H...A 

06-H6A ... 05 

06-H6B ... 0 3  

N3-H3A ... 0 6  

N3-H3C ... 0 2  

N3-H3C ... 0 2  

The monoguanidinium adduct of rnpV(2.6-pdc) formed large, thermally sensitive, 

anhydrous crystals (Figure 2.5). The mpV(2,6-pdc) anion has been previously 

D-H 

0.81 l(43) 

0.760(44) 

0.9 14(43) 

0.850(40) 

0.899(44) 

characterized by X-ray crystallography as its ammonium salt.8 Comparison of the two 

structures shows that the anion's bond lengths and angles do not deviate significantly. For 

complete tables of bond lengths and angles, structural parameters as well as a packing 

Symmetry 

Transformation 

l+x. y, z 

1 .5-~,0.5+~,0.5-z 
- 

0.5-x,O.S+Y,O.S-Z 

H.. .A 

2.176(44) 

2.1 13(45) 

1.873(43) 

1.984(4 L ) 

1.87 l(45) 

diagram, please see appendix A.3. 
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D.. .A 

2.9 14(4) 

2.866(4) 

2.735(4) 

2.82 l (5)  

2.73 l(4) 

< D-H...A 

150(4) 

17 l(5) 

156(4) 
... - - - 

168(3) 

160(4) 



Figure 2.5 ORTEP of [mG(diamino)] [V0(02)(2,6-pdc) I 



Multiple hydrogen bonds occur between the monoguanidinium host and the mpV guest 

(Table 2.5). One oxygen atom of the peroxo Iigand (02) is in contact (2.955 A) with one 

proton (H22A) of the guanidinium nitrogen atorn(N2). The other proton (H22B) acts as a 

hydrogen bond donor (3.064 A) to the oxygen atom (04) of the coordinated water 

molecule. A second guanidinium nitrogen atom (N3) also has a proton involved in 

hydrogen bond donation ( 2.882 A) to the carboxylate oxygen atom (08) of the ancillary 

ligand. The third guanidinium nitrogen atom (N5) has a single hydrogen atom (H55) 

which forms both an intm (2.609 A) and an intermolecular (2.806 A) hydrogen bond, to 

the adjacent amino nitrogen atom (N4) and to the apical 0x0 ligand (01), respectively. This 

amino group (N4, H44A. HUB)  also forms one intramolecular hydrogen bond (3.403 A) 

between hydrogen (HJ4A) and the second amino group nitrogen atom (N6) and one 

intermolecular bond (3.022 A) between hydrogen atom (H44E3) and the oxygen atom (07). 

This oxygen atom (07) is aiso accepting a hydrogen bond (3.245 A) from an amino group 

hydrogen atom (N6, H66B). The second proton on this amino group (H66A) forms a 

single hydrogen bond (2.879 A) to the opposing carboyxlate oxygen atom (06). 

Two of the shortest hydrogen bonds (2.703 and 2.788 A, respectively) in the structure are 

intermolecular in nature, extending from both protons of the water ligand. One proton 

(H4B) acts as a hydrogen bond donor to the carboxylate oxygen atom (06) of the 2,6- 

pyridinedicarboxylate ligand. The second water proton (H4A) interacts similarly with the 

second 2,6-pdc carboxylate oxygen atom (08). A view of this structure (Figure 2.6), with 

emphasis upon these hydmgen bonding interactions, shows the intricate network of inter 

and intramolecular bonding between the cations and the anions. 



Figure 2.6 Cation-Anion Interactions within [mG(diamino)] [V0(02)(2,6-pdc)] 



2.3.3.2 mpV(nta) 

A series of solid products was obtained from mpV(nta) and the bG(CHz)n, n=2-4, and 

bG(pheny1) hosts. These complexes were all isolated from 1:l solutions, were 

characterized by elemental analysis, 5 I V, H, 13C NMR. W-Vis and IR spectroscopy, 

and identified as pure, hydrated, electroneutral complexes. All of the bG*mpV(nta) salts 

were soluble in DMSO and DMF. They showed slight shifts in their 'H and 51V NMR 

spectra, versus the starting Na+ salt. As well, all of the bGmpV(nta) adducts were darker 

in color. The single crystal X-ray structure of bG(CH2)4*mpV(nta) was obtained as a 

representative of bG-mpV solid state interactions (Figure 2.7). No pure solid products 

were obtained with the larger bG hosts, such as bG(piper), and bG(CH2),; n=6, 10, 

however, a pure solid was isolated with tG(tris). 

Table 2.5 Bond distances (A) and angles (') related to the hydrogen bonding for 
mG(diamino)~mpV(2,6-pdc) 

D-H...A 

04-H4A ... 0 8  

04-H4B ... 0 6  

N2-H22A ... 0 2  

N2-H22B ... 0 4  

N3-H33 ... 0 8  

N4-H44A ... N6 

N4-H44B ... 0 7  

N5-H55 ... 0 1 

N5-H55 ... N4 

N6-H66At..06 

N6-H66B ... 0 7  

D-H 

0.8 1 

0.82 

0.77 

0.80 

0.79 

1.06 

0.92 

0.69 

0.69 

0.84 

0.86 

H.. .A 

2 ,07 

1.89 

2.26 

2.34 

2.1 1 

2.43 

2.32 

2.24 

2.28 

2.4 1 

2.40 

< D-H...A 

148.1 

17 1.7 

150.8 

150.3 

165.7 

15 1.8 

133.2 

140.3 

1 1  1 .O 

1 16.2 

166.8 - 

D.. .A 

2.788 

2.703 

2.955 

3.064 

2.882 

3.403 

3.022 

2.806 

2.609 

2,879 

3.245 

Symmetry 

Trans forma tion 

-x+ 1 ,y- 112,-Z+ l 

-x+ 1 ,y+ 112,-Z+ 1 

-x+ 1 ,y- 1/2,-z+l 

X. y-1, z 

-x, y- 112, -2 

X. y-1. z 

-x, y- 1/2, -Z 

- 

X, y, Z-1 

-x. y- 112, -2 



2.3.3.2.1 Structural Features: bG(CH2)pmpV(nta) 

mpV(nta) has been characterized crystallographicdly as its K+ 60.41, Na+ 38 and Ba2+ 40 

salts. Slight variations in the bond lengths and bond angles of the anion have been noted 

for these salts; however, with respect to the structure of bG(CHz)~mpV(nta) (Figure 1.7), 

no significant changes were found. The molecule sits on a mirror plane with V 1, 0 1 and 

N 1 on this plane. In the complex, one of the CH2-CO2 groups of nta (C 1, C2.03 and 04) 

is situated very slightly off the mirror plane. As the space group does not contain this 

symmetry, disorder occurs between two sites of equal occupation on each side of the plane. 

The counter-ion is disordered over two sites, with occupancies equal to 0.62 and 0.38. 

Complete tables of bond lengths and angles, structural parameters and a packing diagram, 

are included in the appendice A.4. 



Figure 2.7 O R E P  of dianion rnpV(nta) (host omitted for clarity. see Figure 2.8) 



Hydrogen bonding exists at several sites between the bG host and mpV guest (Table 2.6). 

The strongest intermolecular bonds (2.865 A, 2.872 A) result from interactions of the 

hydrogen atoms of N4 and N3 with the carboxylate oxygen atom 06. The apical 0x0 

ligand (0 1) accepts a hydrogen bond (2.895 A) from the hydrogen atom of N2 upon the 

bisguanidinium host. As well, two of the carboxyl oxygen atoms. 05 and 0 3  of nta, also 

accept hydrogen bonds from protons upon atoms N2 and N3, (2.902 and 3.019 A 

respectively) of two separate host molecules. The peroxo ligand is also involved. accepting 

weaker hydrogen bonds from the bG host (3.025 and 3.147 A) from the H-N3A and H- 

N2B hydrogen atoms, respectively. These intermolecular interactions are pictorally 

represented in Figure 2.8. Hydrogen bonding, while predominant throughout the crystal, 

is not localized (ie. one guest interacting with a single host), an important feature of the 

solid state structure of many host-guest complexes. 

Table 2.6 Bond Distances and Angles Relate( 

bG(CH~)pmpV(nta) 
I 

D-H..Acceptor D - H H. .A D. A 

. to Hydrogen Bonding for 

Symmetry 

165.95(9) 

142.81(10) 

148.29(10) 

169.02(10) 

152.76(9) 

108.4( 1) 

109.3(1) 

Transformation 

-x, -y+l, -Z I 

-x,-y+l.-z 

x, y, z 
I 

-x+l.-y+l,-z 

x, y, I 

1-X, 1-y, -2 

1 -x. I-y, -z 



Figure 2.8 Hydrogen Bonding in bG(CH2)pmpV(nta) 



2.3.3.3 mpV(ox) 

Solid pA and bG adducts of mpV(ox) were obtained with the spermine, bG(CH2),; n= 4, 

6, and tG(tris) hosts. The absence of protons on the oxalato ligand led to difficulties in 

determining the complex stoichiornetries. In all cases. the adducts formed were lighter in 

color and DMSO soluble. The solid products decomposed within hours at room 

temperature and several days at YC. 

2.3.4 Other Hosts 

Three other types of hosts, B-cyclodexuin hydrate, 1.3-bis(3-pyridylmethy1)-2-thiourea 

and cyclobis(paraquat-p-phenylene) (Figure 2.1-Id), were prepared or purchased and 

studied as hosts for various pV guests. No interactions were ever noted betweeen bpV or 

mpV complexes and the macromolecular cyclodextrins. no precipitation occurred over a 

period of several days at S°C. The aqueous bpV guest solutions decomposed to vanadate. 

Both the neutral thiourea and the cationic paraquot based hosts reacted immediately with all 

bpV complexes to form several uncharacterized vanadium species. 

2.3.5 N(R)r+mbpV Complexes 

Solid tevaalkylammonium salts of bpV complexes were synthesized to increase the organic 

solubility of bpV complexes. The following complexes. [Et4N] [VO(O2)2(3,4,7,8-Me4- 

phen)]a2HzO, [EtdN] [V0(02)2(phen)]a2H20. [Me4N] [V0(02)2(phen)]aXH20, and 

[EbN] [v0(02)2(4,7-Mqphen)]a4H20 were isolated and characterized. All of these salts 

were stable and soluble in water, methanol and ethanol. The Em+ salts were also soluble. 

but unstable, in chloroform at room temperature. Decomposition was easily followed (lH 

NMR) by observing the increasing concentration of free ancillary ligand. Methyl 

substitution of the phenanthroline ligand produced a more robust complex: chloroform 

stability increased in the series V0(02)2(phen)<VO(~)2(4,7-Me2phen)cV0(02).8- 

Me4-phen). This points to an electronic effect, by the donor methyl groups, which may 
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improve stability within non protic environments. The terramethylphenankoline bpV 

complex was stable in CHC13 for 2 to 3 hours at room temperature. The less substituted 

phenanthroline bpV complexes decomposed slowly enough at O°C to permit 

characterization. In chloroform. these compounds have I V NMR chemical shifts near &- 

685 ppm, significantly upfield relative to previously reported aqueous bpV species 6=-740 

ppm. These Et4N+ salts were also soluble but unstable in nitromethane. DMF, DMSO and 

acetonitrile. There have been no reports of chloroform soluble stable bpV species. 

Attempts to produce %N+ salts; where R=Me, Et. Butyl, with any other bpV diarsions, 

such as bpV(pic), were unproductive. 

2.3.6 Polyurea (bU and tU) Hosts (Figure 2.1-Ic) 

A series of seven bU and five tU hosts were prepared in an attempt to isolate hosts capable 

of hydrogen bonding, that were soluble in non protic solvents. Urea based hosts had been 

previously noted to bind halide.62 carboxylate63 and phosphate62,u anions. While none 

of the synthesized hosts proved soluble in pure chloroform, they were used in studies of 

second sphere coordination in non protic solvents, discussed in Chapter 3. All attempts to 

produce and characterize the pure solid 1 : 1 host guest complexes of bUabpV(Me4-phen) 

adducts, were unsuccessful. In general, crystal structure data for the reported (solution 

state) polyurea hosteguest complexes, is lacking.* 

2.4 Conclusions 

Representative crystal structures were obtained for the bGebpV, bG*mpV, pAebpV. 

mG*mpV interactions. The guanidinium functionality interacts strongly with bpV species, 

leading to insolubility. In the solid state, hydrogen bonding of various hosts at the peroxo, 

0x0 and carboxylate sites of the anions. These interactions are assumed to be responsible 

for the large counterion effect on the solubility of the salts. 



A chiorofom soluble and stable bpV species. [E~[V0(0~)2(3.4.7,8-Me4-phen)]a2H20, 

was isolated and characterized. This complex, and the series of neutnl bU and tU hosts, 

enabled traditional host-guest interaction studies (titrations, NOESY? VT-NMR) to be 

carried out in media of low polarity (see Chapter 3). 



2.5 Experimental: Synthesis 

2 . S l  General 

2.5.1.1 Chemicals 

All compounds, with the exception of 2,2' dipicolylamine. which was purchased from TCI 

chemicals, were supplied by Aldrich Canada Inc., and used as received. Distilled water 

was used in all preparations. Anhydrous DMSO was purchased from Laboratoire MAT. 

All other solvents were ACS reagent grade, from various suppliers. The pV complexes, 

Na+. K+, or NH4+ salts, used in these studies were synthesized following previously 

reported, or slight modifications of, literature procedures, referenced individually in Table 

2.1. The following hosts were purchased from Aldrich Canada and used as received: 1.3 

diaminopropane.2HCl. putrescinea2HCI. 1,5 diarnino pentaneaZHC1, spermidine*HCl. 

spermine*HCl, dibenzylguanidine, B-cyclodextrin hydrate, 1.3-Bis(3-pyridylmethyl)-2- 

thiourea, and L-arginine.HC1. Two literature guanylating reagents, pyrazole-1- 

ca rbo~amide~~  and 0-methyl isouronium s ~ l ~ h a t e , ~ '  were employed for the synthesis of 

the bisguandinium hosts used in this study. Cyclobis(paraquat-p-p heny lene) was 

prepared, as its chloride as well as its teuakis(hexafluorophosphate) salt, according to the 

procedure of Geuder et aI.66 

2.5.1.2 Spectroscopy 

IH NMR spectra were recorded on either a JOEL 270MHz or Varian XL200 spectrometer, 

referenced using residual protons of the given deuterated solvent. 1% NMR spectra were 

recorded on either a JOEL 270MHz or Varian XL-300 spectrometer, operating at 67.94 and 

75.49 MHz, respectively. Vanadium41 NMR spectra were recorded, at ambient 

temperature, on either a JOEL 270 MHz or Varian XL-300 spectrometer, operating at 

71 .O3 and 78.89 1 MHz, respectively. Vanadium-5 I chemical shifts were measured in 

parts per million (+/-2ppm) using VOC13 as an extemai standard at 0.00 ppm, upfield shifts 



are considered negative. A typical experiment consisted of 5000 scans, with a relaxation 

delay of 1s and a pulse angle of 90 degrees. Variable temperature NMR was performed 

upon both the Varian XL-300 (SIV VT-NMR) as well as the JOEL 270MHz (lH-VT- 

NMR). Infra red spectra were obtained as KBr pellets using either an ANALECT or IFS- 

48 FT-IR spectrometer. A typical experiment consisted of 64 scans. UV-Vis spectroscopy 

was obtained with a HP8453 spectrophotometer, operating with a tungsterddeuterium 

lamp. Elemental analyses were performed by either Guelph Chemical Laboratories. 

Guelph Canada Ontario. or at the Universitt de Montrkal, Montreai Quebec. Crystal 

smcture determinations were completed by Dr. A. M. Lebuis in the Chemistry Department 

of McGill University or, where indicated, at the Laboratoire de diffraction des rayons-X, 

Dkpartement de chirnie, Univenite de Montkal. 

2.5.2 Synthesis of RdN+*bpV Salts 

Polyamrnonium*bpV sdts were prepared analagously to the potassium salts, by using 10% 

RJNOH solutions instead of aqueous KOH. Addition of ethanoUacetonefe ther (2: 10: 1) 

mixtures to the solutions maintained at -lO°C led to the slow (= 1 week) precipitation of 

crystalline orange-yellow products. In the following assignments. cis and trans refer to 

proton positions relative to the V=O ligand. 'Distal' methyl groups denote the 4 and 7 

positions of the heterocyclic rings of the phenanthroline ligand. For further discussion of 

these assignments see Section 3.2. The following pure complexes were isolated in this 

manner: 

[EtdN] [V0(02)2(3,4,7,8-Me4-phen)]*2H20 66 46 yield; 'H (CDCI3, ppm) 9.87 

(s, lH, H-tram, 8.44 (s, 1H, II-cis ), 7.95 (m, ZH), 3.60 (q, 8H, NC&), 2.73 (s, 

3H, distal trans-C&), 2.58 (s, 3H, trans-C&), 2.50 (s, 3H, cis-C&) 2.32 (s,3H, 

distal cis-C&) 1.42 (t, 12H, NCHzCk); SlV (CDCl3) -684 ppm. 5 1 ~  (H20) -747 ppm 



[Et4NI[V0(0~)2(phen)]~2H20 58 CJa yield; IH (CDC13,0aC. ppm) 10.12 (d of d, 

1H,.-), 8.75 (do f  d, LH), 8.48 (d of d, lH), 8.08 ( d o f d ,  lH), 7.80 (m, 3H) 

7.44 (4, 1 H), 3.55 (q, 8H, N C 4 j ,  1.42 (t, LZH, NCH2CIJZ); 51V (CDC13, O°C) -675 

ppm. S1v (H20.22"C) -744 ppm 

[Me4N][VO(Oz)2(phen)].XH20 61 % Yield; IH (D20, ppm) 9.74 (d. lH, 

trans), 8.49 (m, lH), 8.42 (d of d, lH), 8.3 1 (d, IH), 7.90 (m, 1H), 7.68 (m, 2H). 7.62 

(q, lH), 3.15 (s, 12H. N(C&)4; s l V  (D20) -743 pprn 

[Et4N][VO(02)2(4,7-b&phen)].4H20 41 4 yield; IH (CDC13, ppm) 9.99 (d, 1 H. 

H-trans), 8.57 (d, iH, &cis), 7.96 (m, 2H), 7.65 (d, lH), 7.25 (s, lH), 3.57 (q, 8H, 

N C k ) .  2.87 (s, 3H, trans-C&) 2.63 (s, 3H. cis-C&), 1.99 (br.s, 8H, HzO), 1.42 (t, 

12H. NCH*C&); 5IV (CDC13,22OC) -68 1 ppm, 5lV (H20, 2Z°C) -745 pprn 

2.5.3 General Procedure for the Exchange of bpV Counterions 

A solution of the pV complex, as its potassium salt. was prepared in distilled water. A 10- 

20 molar equivalent solution of the desired counterion was prepared by dissolving the 

appropriate chloride salt in distilled water. The clear pV solution was slowly added to the 

salt solution and the ensuing precipitate collected, washed with waterlethano1 (1/1) and 

dried in vacuo. In the case of several counterions, EtNH3+, HC(NH2)2+, CH3C(NH2)2+, 

a clear solution resulted, which, after up to 48 hours at 5*C, precipitated the desired 

product. All compounds were analyzed via 51V and I H NMR, the IH NMR peak 

frequencies for the ancillary ligands are omitted for the sake of brevity. Thermogravimetric 

analysis failed to determine the number of molecules of hydration for each complex. The 

following compounds were prepared in this manner: 



Table 2.6 A[V0(02)2(phen)] 
I I I 1 I Yield (%) 1 51V NMR (ppm) I IH NMR (ppm) 

2.5.4 Preparation of Bisguanidinium Hosts 

Table 2.7 A[VO(Oz)?(bipy)] 

a) Pyrazole-1-carboxamidedS One equivalent of diarnine free base, two equivalents of 

A+ 

diisopropylethyl mine, and 2.2 equivalents of pyrazole- I-carboxamide were dissolved in 

enough DMF to produce a 2.0 molar solution. This solution was stirred under nitrogen for 

Yield (%) 

3-5 hours at room temperature. Anhydrous ethyl ether, 30m1, was added to complete the 

precipitation of the solid white product. The salts were collected through vacuum filtration, 

washed with diethyl ether and then recrystallized. 2-4 times, from boiling CH3CNIEtOH 

s lV  NMR (ppm) 

(8020) with the slow dropwise addition of hot methanol. The amount of methanol 

LH NMR (ppm) 

required depended upon the compound, the larger molecules required less MeOH. The 

collected and dried products were characterized by IH ( ~ ~ ~ 0 d 6 ) a n d  1 3 ~  NMR m). 
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The following hosts. bG(phenyl),67 bG(CH2)n; 11=2.6~ 3. 4.68 6, 10. bG(bisppy1) and 

bG(piper) were prepared in this manner. 

bG(CH2)2 Yield: 64%; IH NMR ( D M S O - ~ ~ V  ppm) 7.95 (s. 2H. HNC(NH2)2), 7.40 

(s, v.br, 8H, C(N&)z). 3.28 (s, 4H, C&), 1 3 ~  NMR (D20) 156.86 (C(NH2)2), 26.04 

(C&) 

bG(CH2)j Yield: 55%; IH NMR (DMSO-d6* ppm) 7.55 (s , br, 2H, I-JNC(NH2)2), 

7.28 (s. v.br. 8H. C(N&)2), 3.26 (d. 4H. N-C&), 1 S 2  (m. 2H. CHZCH$H2); 1 3 ~  

NMR (D20) 157.09 (C(NH2)2), 38.70 (N-cH2), 27.34 (CH&H2CH2) 

bG(CH2)4 Yield: 7 1 %; I H NMR (DMSO-d6. pprn) 7.97 (s. 2H. HNC(NH2)*). 7.16 

(br.s. 8H, C(NW2),  3.17 (d, 4H, N C k ) ,  1.44 (s. 4H, NCHzCh); 1 3 ~  NMR (D20) 

156.97 (C(NH2)2). 4 1.00 (NGH2CHz). 25.44 (NCH~SHZ) 

bG(CH2)6 Yield: 92%; lH NMR (DMSO-dB9 ppm) 7.90 (s, 2H, NHCH*), 7.20 (s, 

8H. C(N&)2)* 3.14 (br-s, 4H, NHCk) ,  1.44 (br.s, 4H, NHCHZCH~), 1.26 (br.s., 

4H. NHCH2CH2Cb); I3c NMR (D20) 156.99, C(NH?)2), 41.38, 28.02, 25.68 

bG(CH2)lo Yield: 708; IH NMR (DMSO-d69 PPm) 7.84 (br.s, 2H, BNC(NH2)2), 

7.32 (br.s, 8H, C(N&)2), 3.08 (t, 4H, N C 4 ) ,  1.44 (br.m, 4H, NCH2CfL), 1.26 (s, 

12H. (C&)a): 13c NMR (D20) 156.9 lG(NH2)2). 4 1.45, 28.75. 28.50, 28.09, 26.04 

bG(bispropy1) Yield: 45%; H NMR (DMSO-ds* ppm) 8.00-7.17 (v.br., iOH, 

KNC(N&)2), 3.42 (m, 4H, H N C Q ) ,  3.14 (t, 4H, N C b ) ,  1.58 (q, 4H, 

NCH2C&CH2); I ~ C N M R ( D ~ O )  159.45~(NH2)2).48.21(N~H2),41.79 

(NCHSHI), 30.18 (NCHzCHGH2) 
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bG(piper) Yield: 62%; 1H NMR (DMso-d6+ ppm) 7.85 (s, 2H, tJNC(NHz)2), 7.25 

(v-br, 8H, HN-C(NQ)Z). 3.12 (d. 4H, HN-CqZ), 2.29 (br. mult., 12H, C 4 -  

(N2C4fLs)-C&), - 1.60 (q, 4H, CH2CQCH2); I3C NMR (D20) 159.70 (C(NH2)2), 

57.05, 54.28, 42.03, 27.60 

bG(0H) Yield: 58%; NMR (DMSO-d6. ppm) 7.77 (s, 2H. YNC(NH2l2). 7.41 

(br. s, 8H, HNC(N&)z), 5.69 (s, lH, OH)* 3.67 (s, 1 H, CBOH), 3.25 (m, br., 4H,  

C&NH); 1 3 ~  NMR 0320) 157.3 1 (G(NH?)z), 67.40 (CHOH), 44.36 (GH?) 

bG(dioxo) Yield: 6 1 %; 'H NMR (DMSO-d6, ppm) 7.89 (s, 2H, ENC(NH2)2), 7.30 

(br. s, 8H, HNC(N&h), 3.37, m, 8H, 0-C&), 3.15, t, 4H, N C k ) ,  1.68, q, 4H, 0- 

CH2C&), 1.52 (br.s, 4H, N C H z C k ) ,  1 3 ~  NMR (D20) 157.17 (c(NH2)2), 69.86, 

66.81, 37.88, 28.65, 25.93 

bG(oxo) Yield: 52%: IH NMR (DMSO-d6, ppm) 7.9 1 (s. 2H, HNC(NH*)*), 7.42 

(br-s, 8H, HNC(N&)2), 3.51 (t, 4H. OCm),  3.34 (t. 4H. NCm); 1 3 ~  NMR (DMSO- 

d6) 158.02 (C(NH2)2), 68.08 (OcH2). 45.02 (NGH*) 

The teuaphenyl bonte salt of bG(bispropyi) was synthesized from i ts  chlorine 

bG(bispropyl)m2LI(Ph)q Yield: 87%; 1H NMR (CD3OD, ppm) 7.29 (m, br., 16H. 

B(m4), 6.96 (m, 16H, B(W4), 6.83 (m, SH, B(eh)4), 3.10 (t, 4H, HNCIIZ), 2.49 

(t, 4H, NCm), 1.63 (q, 4H, N-CHzCHSH2). 



b)O-rnethylisouroniurn Sulfate 

Triethylamine (20 milli-equivalents), lOmL of 

equivalents of 0-methylisouronium ~ulfate6~ were 

6M ammonia solution and 25 milli- 

placed in a small volume high pressure 

reactor. The reactor was sealed and heated to 60°C for approximately 8 hours. The thick 

brown reaction mixture was evaporated to dryness using a rotary evaporator, and the white 

trisguandinium salt was isolated by multiple recrystallizations from MeOWEtOH (-4/6) 

solvent mixtures. The sulfate salt of tG(tris) was prepared in this manner. Yield: 3 1%: IH 

NMR (D20. ppm) 3.25 (t, 4H, (NH2)2CN(H)C&), 1.66 (t, 4H, CHtCkNH) ;  1 3 ~  

NMR (DrO) 159.60 (G(NH2)r) .  55.90 (NGHzC HzN(H)C(NH2)2), 44.74 

(NCHXH2NWC(NH2)2) 

2.5.5 Synthesis of Polyammonium Salts 

Polyamines, purchased as free bases. were precipitated as hydrochloride salts from 

hydrochloric acid ( 1  .OM) in diethyl ether. The solids were filtered, washed with diethyl 

ether and recrystallized from ethanoYacetonitrile (-713). All products were characterized by 

their IH NMR spectra. The following hosts were synthesized by this procedure: 

dibenzylarninemHC1 yield: 71%; IH NMR (DMSO-d6, ppm) 9.70 (brs, 2H, C N k ) .  

7.54 (in, 4H), 7.42 (m, 6H), 4.13 (s, 4H, C6H4CkNH2); I3c (D20) 137.34, 135.59, 

1 34.2 1, 133.95, 55.02 (C&C&NH2) 

tris(2-aminoethyl)amine.4HCI yield: 85%; H NMR (D20, ppm) 3.09 (t, 4H. 

H N C H I C ~ N H ~ ) ,  2.86 (t, 4H, HNCkCHzNH2) 

N(-3-Aminopropy1)-1,3-propanediarnine.JBC yield: 5846; 1H (D20, ppm) 3.18 

(t.4H.HNCH~CH~C&NH2).3.10(t,4H,HNC&CH~CH~NH~),2.IO(q,4H, 

HNCH2CRCH2NH2) 



2.5.6 Synthesis of Polyurea (bU and tU) Hosts 

All polyurea hosts were prepared in a single step from the appropriate polyamine and 

isocyanate precursors, following the procedure of Taub et al..'O tLJ(phen~l)~l and 

b ~ ( b e n z y 1 ) ~ ~  have been previously characterized The following new hosts were 

cham terized: 

bU(pheny1) Yield: 32%: 'H (DMSOd6. ppm) 8.55 (s. 2H. NH-ph). 7.42 (d. 4H. 

ph), 7.3 1 (m, 4H, ph), 7.21 (d, 4H, pH), 6.90 (t, 2H, NHCH2), 4.30 (d, 4H, H N C k ) ;  

'3C (DMSO-d6, ppm) 155.12 (C=O), 140.35, 128.57, 125.86, 125.55, 121.00, 117.63, 

42.67 (NHcH2) 

bU(CO0Et) Yield: 49%; 1H (CDC13/DMSOd6, 3: 1, pprn) 8.27 (s, 2H. NH-ph), 

7.65 (d, 4H, ph-COOEt), 7.24 (d, 4H, ph-COOEt), 7.02 (m, 4H, ph), 6.23 (t, 2H, 

NKCH2). 4.18 (d, 4H, H N C m ) ,  4.10 (q, 4H, COOC&CH3),1.15 (t, 6H, 

COOCH2C4); 1 3 ~  (DMSO-d6, pprn) 155.89 (C=O), 141.0 1, 129.16, 12 1 S8, 1 18.32, 

54.53 (NCHZHz), 38.12 (NHcH2) 

bU(cyc1ohexyl) Yield: 72%; 1H (DMSOd6, ppm) 7.24 (m, IH, ph), 7.09 (m, 3H, 

ph), 6.12 (m, ZH, HNCH2), 5.79 (d, 2H, NH-C6Hll), 4.14 (d, 4H NHCQ), 1.65 

( b r m  IOH. CgH I 1 ), 1.30 (br. m, L2H, C6H 1 1); 13C (DMSO-d6, 80°C, ppm) 158.26 

(c=o), 145.10, 141.53, 126.67, 125.74, 48.67, 43.43, 33.83, 25.99, 24.95 

bU(OMe) Yield: 38%; IH ( D M S O ~ ~ ,  ppm) 8.26 (s, 2H, NH-ph), 7.28 (d, 4H, ph- 

OMe), 7.19 (m, 4H, ph), 6.80 (d, 4H, ph-OMe), 6.46 (t, 2H, N K H I ) ,  4.28 (d, 4H, 

HNC&), 3.69 (s, 3H, OCm); I ~ c  (DMSO-d6, ppm) 156.04, 154.72, 141.08, 134.18, 

128.82, 126.55, 126.16, 120.25, 114.54, 55.81 (OC&), 43.74 (MIcH2) 



tU(pheny1) Yield: 44%; 'H ( C D C I ~ / D M S O ~ ~ ,  20: 1, ppm) 7.7 1 (s, 3H, NIJ-ph), 

7-10 (m, 6H, ph), 7.00 (m, 6H, ph), 6.77 (t, 3H, NIfCHz), 3.15 (q, 6H, NCH2C&), 

2.44 (m, 6H. NC&CH2); 1 3 ~  (DMSO-d6. ppm) 155.89 (C=O), 141.01. 129.16, 

12 1-58, 1 18.32, 54.53 (NCH7xH2), 38.12 (NHcH2) 

tU(C1) Yield: 30%; I H  ( C D C ~ ~ / D M S O ~ ~ ,  3:1, ppm) 7.89 (s, 3H, NIL-ph), 6.91 (m, 

6I-L ph), 6.77 (m, 6H, ph), 5.92 (br. m, 3H, NflCH2), 1.97 (q, 6H, NCHtCk) ,  2.17 

(m, 6H. NCkCH2): 1 3 ~  (DMSO-d< pprn) 155.69 (C=O), 140.03. 128.96, 125.03, 

1 19.75. 54.38 (NCHqI;Hz), 38.1 1 (NHCH?) 

tU(0Me) Yield: 51% lH (CDC13/D~SOd6. 10: 1, ppm) 7.18 (s, 3H, NH-ph), 7.01 

(d, 6H* ph), 6.62 (d, 6H, a). 5.89 (t, 3H, NHCHI), 3.60 (s, 9H, O C k ) ,  3.22 (q, 6H, 

NCHzC&), 1.5 1 (m. 6H. N-C&CH2), 13C (DMSO-d6, pprn) 156.18 (C=O), 154.54, 

134.1 1, 120.22, 1 14.40, 55.67 (OcH3), 54.66 (NCHgH?), 38.20 (NHcH2) 

tU(C0OEt) Yield: 2045, I H  (CDCI3/DMSOd6, 10: 1, ppm) 8.20 (s, 3H, NH-ph), 7.63 

(d. 6H, ph), 7.17 (d, 6H, ph), 6.14 (t, 3H, NHCHz), 4.13 (q, 6H, COOC4CH3,, 3.11 

(br.m, 6H, N-CHzCIIt), 2.43 (t, 6H, N-C&CH2), 1.18 (t, 9H, COOC&CH3); 1 3 ~  

(DMsO-d6, ppm) 166.02 (GOOEt), 155.40 (NHC(O)NH), 145.62, 130.80, 122.49, 

117.29, 60.67 (COOcH2CH3), 55.02 (NCH2aH2)* 38.13 (NHGHz), 14.7661 

(COOCHSH3) 

bU(piper-COOEt) Yield: 28% 1H (DMSO-d6, ppm) 8.86 (s, 2H, NH-ph), 7.82 (d. 

4H, ph), 7.50 (d, 4H, ph), 6.28 (t, 2H, NHCH?), 4.26 (q, 4H, COOC&), 3.09 (m, 4H, 

CONHCa) ,  2.28 (m, 14H), 1.57 (t, 4H, NHC&), 1.29 (t, 6H, C O O C H Z C ~ ) ;  13C 

(DMSO-d6, ppm) 166.00 (5;OOCHz). 155.2'7 (NHT(0)NH). 145.74, 130.83, 122.62. 

117.18, 60.68, 55.94, 53.86, 53.42, 38.10, 27.44, 14.81, (COOCHZcH3) 
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bU(piper-Cl) Yield: 368, 1H (DMSO-d6, ppm) 8.49 (s, 2H, NH-ph), 7.41 (d, 4H, 

m, 7.24 (d, 4H, ph), 6.1 1 (t, 2H, NYCHz), 3.1 1 (q, 4H, C(O)NHC&), 2.28 (m, 

EH), 1.57 (q, 4H, NCH2C&CH2),13~ (DMSO-d6, ppm) 155.62 (NHC(O)NH), 

140.17, 128.94, 124.10, 119.72, 55.97, 53.44, 38.13, 27.57 (NCH2C&CHa 

2.5.7 General Procedures for the preparation of HostabpV Adducts 

2.5.7.1 General Procedure : bpV Guests with Guanidinium Hosts 

A concentrated solution of bpV complex, ( I-5m.L. 0.5-IM) was made in distilled water or 

waterlmethanol. A solution ( 1-5mL) containing 1-2 equivalents of the appropriate host, 

was prepared in distilled water or watc:/methanol. The bright yellow, clear bpV solution 

was added dropwise to the host solution. Reverse addition of the two components 

produced identical results. A solid pale yellow precipitate was either obtained immediately 

upon addition. or after various time periods at S°C. The product was filtered, washed with 

ethanol. and dried in vacuo. The adducts were generally only very slightly soluble in 

water, MeOH or aceone and were characterized, where possible, using 5 1 ~  and 'H NMR. 

Polar organic solvents, such as DMSO, HMPA or DMF, often dissolved the complexes 

however 5lV NMR spectroscopy showed immediate decomposition to mpV and vanadate 

species. 

bpV anions studied include: bpV(phen), bpV(Me-phen), bpV(Me2-phen), bpV(Me4- 

phen), bpV(NO2-phen), bpV(NH2-phen), bpV(bipy), bpV((CO0-)2-bipy)), bpV(pic), 

bpV(3-OH-pic), bpV(2,f-pdc), bpV(2,4-pdc), bpV(2.5-pdc), and bpV(3-acet-pic). Soiid 

products obtained with bpV(phen) are listed and characterized in Table 2.2. The crystalline 

product of bG(piper) and bpV(pic) was characterized by X-ray crystallography and is listed 

below. 



[ b G ( p i p e r ) l  [ V O ( 0 2 ) 2 ( p i c ) ] . 2 H 2 0  Yield: 18%; In aqueous solution 

bpV(pic)ebG(piper) was - 10% hydrolyzed; V(D?O) -74 1, -7 12 ppm; IH (D20, ppm) 

8.85 (br.m, 1 H), 8.10 (br.m, 1 H), 7.75 (s, 2H), 7.40 (s, 2H), 3.19 (t, 4H, N H C k ) ,  

2.64 (v.br.s. 8H, N C Q C m ) .  2.48 (t, 4H, N H C H Z C H ~ C ~ ) ,  1.77 (q, 4H, 

NHCH2C&CHz): UV-Vis (H20) 343 cm-1 

2.5.7.2 Structure Deterimation : [bG(piper)][V0(02)2(pic)]eZH20 

Bright yellow crystals (0.47 x 0.2 1 x 0.1 1 rnm) of [bG(piper)][V0(02)2(pic)l.2H20 were 

obtained upon cooling a 1:l aqueous host guest solution at 5°C for 1 hour. Cell 

dimensions were obtained from 24 reflections having 12.5'~ 0 < 15.0'. A total of 10 356 

reflections, having 1 .8g0<8< 25.9g0, were collected on a Rigaku AFC6S diffractometer 

using the a/28 scan mode with graphite-rnonochromated Mo Ka radiation (- 1 15 h S11, 

- 13s k S13. - 16s 1 116); of these 5 177 were unique (Rint 0.076) and 35 14 having >2\s(I) 

were employed in the solution and refinement of the structure using the SHELXS-9672 

direct method and refined using SHELXL-96.73 The space group was confirmed with the 

PLATON progrard4 and the data reduction was performed using DATRD2 in 

N R C V A X . ~ ~  All non-hydrogen atoms were refined anisotropically, while hydrogen atoms 

were refined isotropically. Hydrogen atoms on carbon were constrained to the parent site 

using a riding model; SHELXL96 defaults, C-H 0.93 to 0.98. The isotropic factors, 

U-iso, were adjusted to be 20% higher than the value for the parent site. The hydrogen 

atoms on 0 and N were located by difference map and refined isotropicdly. The 

compound crystallizes with two water molecules. On one, the hydrogens are disordered 

with one site fully occupied and hydrogen bonding to 09, the second hydrogen is 

disordered over two sites to form either a H-bond to N2 or 07. For these two sites (HO8B 

and HOSC) the 08-H distances and thermal parameters were restrained to be similar. The 

second water molecule exhibits much higher thermal motion and no hydmgen atoms could 

be Located although the oxygen is within hydrogen bonding distance of OL(oxo ligmd). 



The find model is thus missing two hydrogens, but these have been included in the Fw, 

density and absorption calculations. A final verification of possible voids was performed 

using the VOID routine of the PLATON pr0gram.7~ 

2.5.7.3 General Procedure: bpV Guests with polyamine (PA) Hosts 

A concentrated solution of pV complex (1  -5 mL, 0.5- IM) was prepared in distilled water 

or water/methanol. A solution ( 1-5 rnL) containing 1- 10 equivalents of the polyamine salt 

was prepared in distilled water or watedmethanol. Experiments were attempted with the 

pH of this salt solution altered to approximately 7.0, using 1.0 M NaOH, as well as with 

unaltered ambient acidic solutions. The bright yellow, clear pV solution was added 

dropwise to the host solution. The resulting clear bright yellow solutions were kept at S°C 

and monitored by 51V NMR over a period of approximately 48 hours. These spectra 

generally showed broadening of the bpV peak as well as an increasing proportion of aquo 

bpV species. If no precipitate ensued less polar solvents, such as ethanol. propanol and 

acetone were added. With the exception of the two 1.4-diaminobutane.2HCl salts. 

described below, no pure solid bpV complexes were obtained in this manner. Several 

solutions that were retained for a prolonged period, produced several dark red solid 

materials. These solids were insoluble in all solvents and not characterizeable by 51V 

NMR. 

[NHj(CH2)4NHjl [bpV(phen)]20XH20 Yield: 8245; S'V NMR (H20ID20) -749 

ppm; IR (KBr) 944.5.873,845,727.621,586 cm-1 

[NHj(CH2)4NH3l[bpV(bipy)]2*2H20 Yield: 18%; Anal. Calcd (found) for 

V20 loN&oC2802H20 (M.W 442.3): C 4 1-15 (40.86); H 4.89 (5.05); N 1 1.99 (12.06); 

5 1 ~  NMR (H20) -751 ppm; 1H NMR (D20, ppm) 9.51 (d, lH, &trans), 8.38 (d, IH), 

8.25 (m, IH), 8.08 (m, LH), 7.88 (m, IH), 7.75 (m, 3H). 3.01 (m, 8H, 
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+N&C&CH2), 1-72 (m, 8H, +NH~CHZC&); IR (KBr) 940.1, 848.2, 874.3, 770.2, 

584.2 c d ;  X-Ray Structure (see Figure 2.2.3.1). 

2.5.7.4 Structure Deterimation : [putrescine~2H][VO(Oz)zOipy)]2~H20 

Bright yellow cubic crystals (0.40 x 0.27 x 0.25 mm) of  

[putrescineQH][VO(O2)2(bipy)]yH20 were obtained upon cooling a 1: 1 aqueous host 

guest solution at 5OC overnight. Cell dimensions were obtained from 25 reflections having 

15% 0 c 16.5'. A total of 11 359 reflections, having 2.01'<8< 25.96'. were collected on 

a Rigaku AFC6S diffractometer using the w 2 8  scan mode with graphite-monochromated 

Mo Ka radiation (-81 h S8, -161 k 116, -191 1 S19); of these 1928 were unique (Rint 

0.078) and 2050 having I>2a(I) were employed in the solution and refinement of the 

structure using the SHELXS-86'6 direct method and difmap synthesis using SHELXL- 

93?7 All non-hydrogen atoms were refined anisotropically, while hydrogen atoms were 

refined isotropically. Hydrogen atoms on carbon were calculated at idealized positions 

using a riding model with different C-H distances depending on the carbon atom. The 

isotropic displacement factors, U-iso-, were adjusted to be 20% higher than the value for 

the bonded carbon atoms. The hydrogen atoms on 0 and N were located by difference 

map and refined isotropically. The data were corrected for absorption (psi scans, 

transmission range 0.95- 1.00). 

2.5.8 General Procedure: mpV Guests & bG or pA Hosts 

A concentrated solution of mpV complex (1-5mL, 0.5-1M) was prepared in either distilled 

water. DMSO, DMF, acetonitrile, or mixtures thereof.. A solution containing 1-10 

equivalents of the appropriate host was made in distilled water, DMSO and DMF, or 

mixtures thereof. The clear, dark red monoperoxo vanadium solution was added dropwise 

to the host solution. The final red solution was filtered, left at S°C and monitored for 



decomposition via S1v NMR. If no precipitation ensued following approximately 48 

hours, the volume of the mixture was reduced and small amounts of less polar solvents, 

such as ethanol, propanol, or acetone, were added. Several solid hostempv products were 

obtained in this manner. They were isolated, dried in vacuo and analyzed via SIV, lH, and 

solid state IR spectroscopy. Those materials which possessed a stoichiometric ratio 

between the host and mpV complex. as shown by IH NMR, were submitted for elemental 

analysis. Solid products obtained in this manner include: 

[bC(phenyl)][mpV(nta)]*H20 Yield: 32%; Anal. Calcd (found) for 

V09N7H24C16*Ht0 (MW 527.36) C 36.44 (36.25); H 4.96 (3.95); N 18.59 (17.90); 

51V NMR (DMSO-d6) -525, (Dz0): -550 pprn; 1H NMR (DMSO-dQ ppm): 8.39 (t, 2H. 

NH-CH2), 7.23 (m, 8H, C(N&)2), 4.40 (d, 4H. Ph-Ck)) ,  6A=4.04, 6~=3.59 (d, AB. 

J=15.82Hz9 6E 119.84 Hz, 4H, C b ) ,  3.38 (s, 2H, Ca); 1 3 ~  NMR (DMSO-d6, ppm) 

177.13. 174.76, 157.45, 138.68, 129.0, 126.89, 68.75, 65.23, 44.01; UV-Vis (DMSO, 

anhydrous) 43 lnm; [R (KBr, cm-1) 1661-1556, (u COO, as. str.), 1336 (u COO, s.), 

946, (u V=O. s). 922 (u 0-O,s), 565 ,525 (u V-02, s,as) 

[(NH~NH)~C=NH~][~PV(~,~-pdc)]e6H20 Yield: 40%; W ( D M S O - ~ ~ ) :  

-545.86 ppm 'H ( D M S O - ~ ~ .  ppm) 8.58 (s, 2H, NH-CHz), 8.35 (t, lH), 8.04 (s, 1 H), 

8.01 (s, IH), 7.16 (s, 2H, C=N&), 4.59 (s, 4H, N H N k ) ;  UV-Vis (DMSO, 

anhydrous) 426nm 

[bG(C H2)2] [mpV(nta)]*1/2H20 Yield: 2 % ;  Anal. Calcd (found) for 

VOgN7H20C 10e112H20 (M.W 442.3): C 27.16 (27.65); H 4.78 (4.76); N 22.17 (2 1.79); 

5 1 ~  NMR (DMSO-d6) -53 L ppm; 1H NMR (DMSO-d6, pprn): 7.87 (s, 2H), 7.32 (br.s, 

8H), 6a=3.99, 6b=3.50, (AB, J=14.58 HZ, 6= 133.77Hz, 4H, equatorial Coca), 3.4 1 

(s. 2H, axial COCH2), 3.26 (s, 4H, C&C&NH); UV-Vis (DMSO, anhydrous) 433nm 



[bG(CH2)4][rnpV(nta)]*1/2H20 Yield: 17%; Anal. Calcd (found) for 

VOgN7H2&2*112H20 (MW 470.31): C 30.65 (30.84): H 5.36 (5.32); N 20.85 

( 1 .  0 lV NMR (DMSO-d6) -526.4 ppm; 1H NMR (DMSO-d6, ppm): 7.87 (s, 2H. 

N H C H 2 ) ,  7.32 (br.s, 8H1 C(N&)2), 6a=4.02, 6b=3 3 5  (AB, I= 15.2 1 Hz, 

6= l29.37Hz. 4H, equatorial C o c k ) ,  3.41 (s. 2H, axial Cock), 3.26 (s, 4H. 

NHCk-CHI).  1.44 (s, 4H. HNCH2Ck); - 1 3 ~  NMR (DMSO-d6, ppm) 177.24. 

174.82, 157.26, 68.0, 66.0, 25.5; UV-Vis (DMSO, anhydrous) 43 1 nm; IR ( D r .  cm- 1) 

16454567, (u COO, as. str.), 1391 (U COO, s.), 940.5, (U V=O, s) 912 (u 0-0,s) 

2.5.8.1 Structure Determination: [bG(CH2)4][mpV(nta)] 

Dark red crystals (0.5 x 0.48 x 0.15 mm) of [bG(CH2)4][mpV(nta)] were obtained by 

cooling a 1 : 1 aqueous host guest solution to 5°C. Cell dimensions were obtained from 2 1 

reflections having 1 1% 8 < 15' . A total of 7352 reflections having 28< 50.0 were 

collected on a Rigaku AFC6S diffractometer using the 0-20 scan mode with graphite- 

monochromated Mo Ka radiation (-91 h S9. -225 k I 22, -9 L 1 1 9); of these 1922 were 

unique (Rint 0.074) and 1501 having I>2a(I) were employed in the solution and 

refinement of the structure using the SHELXS-86'6 direct method and difmap synthesis 

using S HELXL-93 .77 All non-hydrogen atoms were refined anisotropically , hydrogen 

atoms were refined isouopically. Hydrogen atoms were calculated at idealized positions 

using a riding model with different C-H distances depending upon the carbon atom. The 

isotropic displacement factors, U-iso, were adjusted to be 2046 higher than the value for 

the bonded carbon or nitrogen atoms. For the counterion, one of the two nitrogen atoms 

(N2 and N3), should be sp3 hybridized and the other sp2 hybridized. However, the 

hydrogens. as located in the difference map, indicated that the two could not be 

distinguired. The fnd solution includes hydrogens calculated at ideabed positions for an 



sp2 nitrogen. The data were corrected for absorption (psi scans, transmission range 0.95- 

1 .OO). 

2.5.8.2 Structure Determination: [(NHzNH)2C=NH2 J [mpV(2,6-pdc)] 

This structure was solved at the Laboratoire de diffraction des rayons-X, Dkpartement de 

chimie. Universitk de Montrial. Dark red crystals (0.82 x 0.40 x 0.36 mm) of 

[(NH~NH)~C=NH~][~PV(~,~-~~C)] were obtained by cooling a 5: 1 aqueous host:guest 

solution to 5°C. Cell dimensions were obtained from 25 reflections having 1 9 ' ~  8 < 25' . 
A total of 4987 reflections having 28< 50.0 were collected on a Enraf Nonius CAD4 

diffractometer using the ~ 1 2 8  scan mode with CuKalpha radiation. (-85 h 18, -1 1s k S 1 1 ,  

- 13 5 I S 13); of these 2534 were independent (Rint 0.085) and 2520 having >2\s(I) were 

employed in the solution and refinement of the structure using the SHELXS-967r 

extinction correction method and Flack, H.D. absolute structure methode7* All non- 

hydrogen atoms were refined anisotropically. hydrogen atoms were refined isotropically. 

Hydrogen atoms on carbons were constrained to the parent site using a riding model; 

SHELXL96 defaults, a C-H distance of 0.94 A. The isotropic factors, Uiso, were 

adjusted to 20% higher than the value for the bonded carbon or nitrogen atoms. All 

hydrogens on 0 and N atoms were located in the difference map and refined isotropically. 

Hydrogens on 04  (coordinated water) were restrained to an 0-H distance of 0.82 A. A 

final verification of possible voids was performed using the VOID routine of the PLATON 

program.74 

[bG(CH2)6]3[rnpV(ox)2]2@XH20 Yield: 5346; 5 1 ~  (DMSO-d6) -554ppm; IH 

(DMSO-d6* ppm) 7.93 (s, 2H, NHCHz), 7.17 (s, 8H, C(N&)2), 3.09 (br.s, 4H, 

NHC&), 1.45 (br.s, 4H, NHCH~CHZ), 1 .Z7 (br-s., 4H, NHCH2CH2Ca) 



[bc(C*~)~]3[mpV(ox)2]2*6H20 Yield: 17%; 5 ' ~  (DMSO-d6) -554 ppm. I H  

( ~ ~ s 0 - d ~ -  ppm) 8.00 (s, 1H, NHC(NHz)?), 7.23 (br.s. 8H, NHC(N&)z), 3.33 (s, 

12H. &O), 3.12 (s, 4H. Ch), 1.49 (s, 4H, C&) 

[spermidine][mpV(ox)2].XHfl Yield: 235;  51V (DMSO-d6) -534 ppm; IH 

(DrO, ppm) 3.1 1 (m, 4H, NCH2). 2.09 (rn, ZH, N C H z C k ) ,  1.76 (s br., 4H, 

NCH?C&C&) 
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Chapter 3 Second Sphere Coordination: Solution State 

3.1 Introduction 

Second sphere coordination research has relied heavily upon NMR spectroscopy, using 

techniques ranging from simple proton] and heteronuclear2 NMR titration experiments, to 

relaxation times,) diffusion coefficients4 and NOE's.S.6 UV-V~S?*~ and fluorescenceg 

spectroscopy, conductometry,l* calorimetry1' and volrammetty,12 as well as many less 

common experimental techniques such as near edge X-ray absorption fine structure, 

NEXAFS. have dso shown potential in the study of the intermolecular bond. Structural 

features of binding have been assessed through X-ray crystallography, NOE data and most 

recently. molecular m ~ d e l i n g . ~ * ~ ~  Binding strengths and host selectivity's, estimated 

qumtitatively by evaluation of the rate constant (K) for the equilibrium, 

G + H -> GH. where G=guest and H=host, have proven to be highly dependent not only 

upon chemical structure and host-guest complementarity, but also upon the experimental 

environment ie. solvent polarity,l5 spectator counterioni6*17 and ionic strength." 

Intermolecular binding phenomena must be interpreted with a keen eye towards all possible 

experimental variables; comparisons between different systems must be made cautiously. 

3.2.1 pVabG/pA 

The combination of bG or pA host and bpV guest, in equimolar aqueous or methanolic 

solutions, invariably showed no interaction; using UV-Vis, IH and S1V NMR 

spectroscopy. Several combinations resulted in immediate adduct precipitation, 

characterized in Chapter 2 (Section 2.3. I), circumventing solution state analysis. 



Solution studies with the mpVmbG and mpVepA pairs were more successful due to the use 

of DMSO. DMSO, although highly coordinating, is a non protic solvent able to dissolve 

both the mpV guests and bG hosts. A series of bG and pA hosts were employed in UV- 

Vis titration studies with mpV(nta) as the guest species (Table 3.2.1). In these studies, 

consecutive UV-Vis spectra were taken from solutions with gradually increasing host 

concentrations and constant guest concentrations. The mpV(nta) LMCT band (449 nm in 

anhydrous DMSO), shifted to lower wavelengths upon introduction of each bG host. 

Table 3.2.1 Host*mpV(ntal UV-Vis Titration Exoeriments (DMSO) 

Host 

Stoichiometry 

A )C Maxima (nm) 

Stoichiometries were determined by plotting the ratio of mpV(nta):host versus the LMCT 

absorption maxima, as in Figure 3.2.1. Two types of plots were obtained: single plateau 

plots as observed with bG(CHd2 (Fig. 3.2.1-1) and double plateau plots as observed with 

bG(CH2) 10 (Figure 3.2.1 -a). 

Host:mpV(nta) 



Introduction of the host species alters the solution dielectric constant, total ionic 

concentration and allows for potential complexation. The dielectric and ionic strength 

effects do not appear to account for the shift magnitudes. Therefore. the magnitude of each 

shift is a valid measure of complexation strength. l 8  The strongest 1 : 1 complexes appear to 

result from interaction with the smaller hosts such as bG(CH2)z (Figure 3.2.1-1). The 

charge density of these small hosts is greater due to the closer proximity of its two 

positively charged guanidinium groups. This effect, of high charge density leading to 

increased binding strength, has been previously noted. Ig 

As the size of the host increases, adducts with variable stoichiometries appear to compete in 

solution, as demonstrated in the titration plot for bG(CH2)lo. (Figure 3.2.141) The band 

widths of the mpV LMCT transitions are very broad and no fine structure or isosbestic 

points were observed. This data is subject to the large experimental errors associated with 

UV-Vis accordingly, no binding constants were estimated from this data. 

As to the possible structure of the adducts formed, mpV(nta) (Figure 2.249, has five 

electron rich sites, the thm carboxylate groups of the ancillary Iigand, and each of the 



peroxo and 0x0 ligands. In all titration experiments, the LMCT band shifted to lower 

wavelengths. As a possible explanation, interaction of the cationic host species with the 

peroxo ligand would withdraw electron density from this ligand. This might preferentially 

stabilize the ground state of the LMCT transition, resulting in an increase in the energy 

( E p E  1) of this transition (Figure 3.2.2). 

, 1-1 Excited State 

Ground State - I 
Figure 3.2.2 Postulated Complexation Effect upon LMCT Transition 

The crystal structure of the bG(CH2)4-mpV(nta) adduct (Chapter 2, Figure 2.2.4.2.1) 

clearly shows strong interaction between the host and the carboxyiato, 0x0 and peroxo 

groups. Analogously, the solution structure for this adduct likely has the positively 

charged bG units rapidly exchanging over all five mpV(nta) electron rich sites. An average 

of these interactions is likely causing the noted blue shift of the LMCT transition. 

Identical W-Vis titration experhenu were undertaken with the monomions; mpV(ADA), 

mpV(Hheida) and mpV(dipic), as well as with the neutral complexes, mpV(pic) and 

mpV(bpg) (Figure 2.2-IIb). Despite structural similarities amongst these five mpV's and 

mpV(nta), (all have carboxylato, peroxo and 0x0 ligands) none of these monoanionic or 

neutral mpV species showed notable shifts in their LMCT bands. The strength of the 

dianionic mpV(nta) interactions are thereby attributed maialy to electrostatic, charge-charge, 

interactions in solution. 



3.2.2 N(Et)pbpV(Me4mPhen).pU Host in CDCl3 

The isolation of a chloroform stable bpV complex, N(Et)4ebpV(MeqPhen), allowed for 

investigation of the second sphere coordination behavior of bpV species in a non polar, 

weakly coordinating environment. In a search for chloroform soluble receptors, fourteen 

different bU and tU receptors (Figure 2.2-Ic) were prepared. None of these receptors were 

sufficiently soluble in chloroform to enable NMR titntion studies in pure chloroform. 

All of these pU hosts were soluble in heated DMF or DMSO. While bpVts rapidly 

decompose in either of these pure solvents, up to a 5: 1 CDC13/DMSO-d6 solution dissolved 

most hosts, with minimal bpV decomposition. In general, tU's proved more chloroform 

solubie allowing studies in 10: 1 C D C ~ ~ ~ M S O - d 6  solutions. 

- 

l ) b U  2) tU 3) bpV(Me4-Phen) 

Figure 3.2.3 Labelled generic bU, tU (X=H. C1, OMe, COOEt), and bpV(Me4-Phen) 

3*2.2*1 Extraction Ratios 

The following hosts: bU(Cl), tU(CI), and bU(cyclohexyl), were too insoluble to aliow for 

complete lH NMR titration experiments in CDCI~~MSO-d6.  However, a l l  hosts showed 

improved chloroform solubility in the presence of the anionic bpV species. Dissolution by 

complexation has been documented for urea based receptors with anionic carboxylate 



guests? Extraction ratios (ER) (bU:bpV(Med-Phen)) were obtained for all prepared tU 

and bU hosts by stirring 3 equivalents of solid host into a pure CDCl3 solution containing 

one equivalent of bpV guest. 1H NMR spectra were taken and the relative integration of 

each species was used to determine the host ER values (Table 3.2.2). One representative 

solution, the complex with bU(phenyl), was studied over a three hour time period. No 

change in the extraction ntio was observed and all complexation reactions were therefore 

assumed to have reached equilibrium following the ten minute mixing interval. 

Table 3.2.2 Polvurer I Host Extraction Experiments in CDClj 
I I 

Extraction Ratio I *Extraction I **A 

tU(C0OEt) 1-30 -7 12 1145 
* 5 1 ~  NMR refers to signal obtained for bpV(Me4-phen) after extraction of hosts into pure CDC13 
**A (Hz) is the peak width at half height of each 5 1 ~  NMR signal 



Notably, bU(cyc1ohexyl) extraction was very weak (0.1 eqvt.), showing the importance of 

intermolecular aromatic ring pie-stacking interactions in complexation of bpV(Me4-phen). 

As well, the bU(benzy1) receptor has an ER of well less than one equivalent. Both the 

additional length and increased flexibility introduced by the methylene group appears to be 

unfavorable towards pV binding. While moderate host flexibility is required to adapt to the 

guest structure, excessive flexibility decreases binding constants." All other hosts appear 

to be extracted to form an approximate 1 : 1 host-guest complex in pure chloroform solution. 

This provides additional evidence, taken with the H NMR titration experiments (see 

Section 3.2.2.3) that 1 : 1 species predominate in solution. 

The chemical shift of bpV(Me4-phen), (-684 ppm, CDC13), is another parameter that can, 

upon extraction of polyurea hosts, reflect the extent of host-bpV interaction in solution. 

Extraction of each bU into the chloroform solution of bpV, caused peak shifting and 

broadening, measured in the 5 l V  NMR spectrum for bpV(Me4-phen). Again, 

bU(cyclohexy1) shows no interaction (A- ppm) while bU(benzy1) causes only a A& -14 

ppm shift. versus a maximal shift of A& -3 1 ppm for bU(pheny1). In studies of the inner 

sphere coordination dependencies of the 5lV NMR frequency for various pV molecules, 

upfield shifting was correlated to a decrease in electron density upon the metal center.23 

The observed upfield trend is consistent with hydrogen bonding to the metal centered 

complex, in the second coordination sphere. 

The linewidth of each 51V NMR signal is a function of both the spin-lattice (1K1) and 

transverse ( 1IIT) relaxation rates.Z4 In these host-guest solutions, two vanadium species 

compete in solution, free and complexed bpV. Upon host extraction, in CDCI3 at room 

temperature, a single broad ~ I v  NMR resonance is observed. This peak, considered to be 

in the fast exchange domain, has a chemical shift that is the average of the shifts 



characterizing each species involved in the exchange. The transverse relaxation. thus the 

Linewidth, of this peak is affected by this chemical exchange." 

The broadening. however, is more complicated than this simple exchange broadening 

model. due to the quadrupolar vanadium (7/2) nuclei. The quadrupolar contribution to the 

relaxation rate, is dependent upon the electrical field gradient at the nucleus and its 

molecular correlation time in solution.?%y interaction at the metal site, even in the 

second coordination sphere. is likely to affect both of these parameters, and therefore. alter 

the relaxation time and linewidth. 

A broadening effect is clearly noted for all bU's (Table 3.22). again with the exception of 

bU(cyclohexy1). Also notable are the considerably larger peak widths at half height 

obtained with both piperazine based hosts, bU(piper-COOEt) and bU(piper-CI). Titration 

experiments with these receptors also showed anomalous behavior, (see Section 3.2.2.3), 

with significant drifting of the urea NH proton NMR frequencies after the addition of one 

equivalent of guest. The flexibility and large size of these two hosts could allow for the 

binding of two bpV molecules to a single host. This may provide a rationale for both of 

these experimental results. 

3.2.2.2 1H NMR Spectroscopic Effects of Complexation 

IH NMR spectroscopy demonstrated several effects, reproducible with each receptor-bpV 

pair. Most pronounced were the downfield complexation induced shifts (CIS) in both NH 

signals, NH-Phenyl (c or r) and NH-CH2 (d or s) (Table 3.2.3). These observations 

suggest that both NH's are involved in hydrogen bonding to form a single complex.21 



a I :  1 solutions of bpV guest : bU cyclohexyl and bU benzyl hosts could not be prepared in 3: 1 
C D C I ~ : D M S O - ~ ~ .  
b I represents rhe measure! coupling constant between the 2 Me4-phen protons, (n and o) 
c 6= (va - vb), calculated for the AB quartet 

Table 3.2.3 H NMR CIS Values ( i : 1 solutions) 

These shifts compare well with literature studies of analogous amide and urea based hosts 

involved in intermolecular hydrogen bonding interactions with various anionic 

gUeStS.5.6. 10.1 126-28 

Hosta 

bU(pheny1) 

The bU hosts (Figure 3.2.3-1) are based upon the para xylene backbone, with a single 

aromatic hydrogen (a) located between the two urea arms. This proton. indecipherable 

before addition of guest. shifted downfield by A8 = 0.5-0.7 ppm and became clearly 

identifiable in the complicated aromatic region of each spectra. The two inner (e) and two 

outer (f) protons of each para substituted pheayl ring, at the end of each urea arm. shifted 

upfield on average, A6 = -0.7 and -0.4 ppm, respectively. The protons located closer to 

CIS (ppm) 

(NH-Ph. NH-CH;?) 

1.14, 2.00 

Jb(Hz), iSc (HZ) 

(Me4-Phen-rn 

9.64, 49.24 

CDCIj:DMSO( 

3: 1 



the urea group would be expected to show the larger shift upon substrate binding at the 

urea sites. Upfield shifts of this magnitude have been noted previously with x-stacking 

host-guest c ~ m ~ i e x e s . ~ ~ * ~ ~  Complexation did not produce inequivalence between, for 

example, both aromatic (e) protons upon a single urea ann. Complexation induced 

inequivalence, while noted for other rr-stacking hosts with chemically equivalent aromatic 

porotons, appears to require very slow exchange of the complexed and free host? 

Protons upon substituents of the aromatic bU and tU arms, ie. X= OMe. COOEL showed 

very little changes (A& 0.1 ppm ) upon complex formation. 

The tU receptors. based upon the viethylamino backbone. showed very weak shifts (A6= 

0.1 ppm) in the two sets of methylene protons (p, q). The NH and aromatic protons of the 

three urea arms, for these tU hosts. showed complexation induced shifts that were very 

similar to those of the bU hosts (Table 3.2.3). 

The guest. introduced as its tetraethylammonium salt, also showed proton shifts assignable 

to complexation. Most notably, the two protons, (n, o) on the distant phenyl ring of the 

temethylphenanthroline ligand, appear as a distinct AB doubletzS panem (figure 3.2.4 

-11). 

Figure 3.2.4 Splitting of the Phenanthroline Guest Protons (n. o) without (I) and with 
(II) Complexation 

% 



In the uncomplexed bpV guest, these two chemicaliy inequivalent protons form an 

indecipherable superimposed multiplet (Figure 3.2.4-1). Host-guest complexation 

simplified the NMR spectrum and produced a distinct AB pattern, allowing calculations of 

its defining, JAB and 6 = VA- ve values.?5 The strength of this splitting (1, 6) was 

dependent upon both the host and solvent (Table 3.2.3). The strongest splitting (6, Hz) 

occurred upon complexation with bU(CO0Et). Coupling constants for each doublet, (J, 

Hz), remain nearly constant. The chemical shifts of the other two aromatic protons of the 

bpV guest, the protons cis (h) and trans (J) to the 0x0 group, shift downfield, on average, 

A6 = 0.2 and 0.3 pprn, respectively. These two singlets, of the Me4-phen ligand, were 

assigned to cis and trans positions, relative to the bpV 0x0 ligand. under the assumption 

that the trans effect of the electron withdrawing 0x0 ligand (V=O) would lead to the 

evidenced downfield shift at the trans position (J, 9.59 pprn), relative to the cis position (c, 

8.41 ppm). This assignment was reinforced by comparison to the 1H NMR data for the 

bpV(acet-pic)a and bpV(3-OH-pic)33 complexes. Neither of these bpV species have a 

hydrogen atom situated trans to the 0x0 bond (V=O), and consequently all reported lH 

signals lie below 8.40 ppm. All other "H NMR peak assignments were made with respect 

to the NOESY interactions between adjacent protons of the Me4-phen ligand. 

The four methyl groups, cis (1). distal cis (m), trans U), distal trans (k), show shifting, 

with average A6 values oE -0.1, -0.1, -0.3 and -0.4 pprn respectively. These changes are 

consistent with a stronger interaction between the trans segment of the vanadium 

coordinated tetramethylphenanthroline ligand and the polyurea hosts, than the cis. This 

correlates well with the NOE data, discussed below (Section 3.2.2.6). 

The tetraethylammonium counterion also showed appxeciable upfield shifts in the presence 

of host. Tetmalkylarnmonium cations have been studied for potential adduct formation 

with large macrocyclic cavities, such as calixarene anionsx and macrocyclic polyethers? 
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However, in this case it is believed that these shifts are the result of dissociation from the 

bpV anion. Urea receptors complex chlorine  anion^,^*'^ therefore a titration study sf 

EtaeCl with bU(pheny1) was conducted. This study showed similar upfield shifts of the 

Em+ protons (A& -0.39, -0.2 1) with increasing host concentration (Table 3.2.4). The 

changes to the EuN+ spectra are more pronounced in the case of the bpV anion, (A&= 

-0.82.4.55). infemng a stronger electrostatic attraction between the Et$rl@bpV ion pair, 

Venus Et@J@CI, in the absence of host. 

Table 3.2.4 EtlN+ 1H NMR Chemical Shifts 

3.2.2.3 Binding Constants (K): Titration, Dilution Experiments 

NMR titration experiments, with various nuclei, have proven useful in the detection of 

second sphere coordination, determination of complex stoichiometnes as well as in the 

calculation of binding cons tant~ .~J~ A titration experiment consists of incremental 

increases in the hoscguest ratio, while maintaining the nature of the surrounding medium 

constant. Changes in the resonance frequency. peak shape or T1 values of one component 

of the host:guest system are generally followed as a function of the ratio of host:guest 

concentrations. For the bpV*polyurea complexes, both changes in their 1H and 5 1 ~  NMR 

chemical shifts (6, ppm) were noted as a result of titration. However, the broadness of the 

5' V NMR peaks, as well as significant drifting of the 51V chemical shift frequences 

precluded the use of this data in the determination of binding constants. Therefore. solely 

'H NMR data was employed to calculate binding constants (Table 3.2.5). 



Figure 3.25 Example of I) IH NMR titration plots and 11) lH NMR Dilution Plots 

Plots were prepared of mole ratio (guest:host) vs. IH NMR signal (Figure 3.2.54). In 

many cases, several plots were made resulting from concomitant shifts in several host and 

guest protons. From these plots the stoichiometry of complex formation was observed. 

Binding constants were calculated according to the equation, K=a/[( 1 -a)([Go] - 
~[Ho] ) ] ,  where a=(&60)/(6max-60), 60 is the initial chemical shift (host only), 6 is 

the chemical shift at each titration point, and Grnax is the chemical shift when the receptor is 

completely bound. K values were obtained at each point of the titration, for each proton of 

interest. Using these values, as well as the initial concentrations of host [Ho] and guest 

[Go] species at each tivation point, a value for the concentration of complex (C) present in 

solution was calculated, 

C=( 1/21 [ (K~[GO] [HO])-(((~d) [HO]   GO])^-~((K~)[Ho] [GO])) In], where Kd= lK.37 

It has been suggested that association constants should be measured only when the value of 

'p', the binding probability, lies between 0.2 and 0.8.37Ja The 'p' value was calculated 

according to p=C/po], where Xo represents the initial concentration of the less 

concentrated component, either host or guest. The average K value, for a specific host or 
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guest proton, was calculated from all titration points with 'p' values between 0.2 and 0.8. 

In several cases multiple proton shifts (A6) were measured simultaneously and for each 

proton, a, p and individual K values were obtained at every titration point. The avenge of 

all K's (between p=0.2 and 0.8) became the 'whole molecule' association constant. Each 

titration experiment was repeated at least three times and the final reported K values 

represent the averages from all three experiments. Errors, in all cases, were estimated as 

the standard deviations. 

All shifting of the bU (xylene based) and tU (triethylamine based) hosts leveled off after 

one equivalent of bpV guest had been added. Receptors based upon the piperazine 

backbone, bU(piper-C1) and bU(piper-COOEt), showed a gradual upfield drift (+ 0.1 

ppmleqvt. guest). It is likely that several species of more complex stoichiometries exist in 

these solutions. This is andogous to the situation noted with the bGmpV(nta) systems, in 

which large flexible hosts produced indecipherable complex stoichiometries. 

Table 3.2.5 Host- 

Host 

V Binding Constants 

Solvent 

CDC13:DMSOd6 

10: 1 

K (M-1) +/- 

(294 K) 

498 +/- 89 



While widely used to give a quantitative evaluation of outer sphere complexation strength, 

binding constants (K) are solvent dependent and recent literature documents a high degree 

of variation dependent upon experimental protocol and data treatment.38-39 In these 

experiments, the K values and standard deviations calculated for all 10: 1 solutions were 

found to lie within an order of magnitude, making relative comparisons tentative at best. 

With reference to Table 3.2.5, it appears that the introduction of a third urea hydrogen 

bonding a m  in the tU hosts does not appreciably increase binding strength, versus bU 

hosts. Several studies have shown the tendency of electron withdrawing substituents. 

positioned p a n  to a phenyl amide bond. to increase binding ~ t r e n ~ t h s . " * ~ ~ * ~ ~  Studies of 

carboxylate binding to very similar bU hosts in DMSO have shown that introduction of 

NO2, upon the aromatic ring at the para position, increased binding by a factor of forty 

versus an identical host substituted with the donor group, N ( M ~ ) ~ . ? '  This effect was 

attributed to polarization of the arnide NH bond, producing a more acidic hydrogen bond 

donor.J2 The studies reported here with the bpV guests show that amongst a series of tU 

hosts, the K values decrease in the order, tU(COOEr)>tU(phenyl)>tU(OMe), however 

these changes are not considered statistically significant. 

In all titration experiments the bpV complex was introduced as its hydrated salt, therefore 

the concentration of water gradually increased throughout each titration. Water is a 

competitive inhibitor of binding. Aqueous saturation of organic solvents decreases binding 

and significantly impedes compIexation.15 Control titration experiments showed no effects 

of water concentration upon the lH NMR resonance frequencies of pure bpV guest or pure 

poly urea hosts, in chloroform. As well, the 'H NMR chemical shifts of the pure bpV and 

polyurea hosts were not dependent upon concentration. However, once cornplexed, 

dilution of a 1: 1 host guest complex produced shifts for both NH peaks of the host (Figure 

3.2.5 4). This dilution methodl was employed to determine stability constants in pure 
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chloroform. Each dilution experiment required a series of IH NMR spectra, each specuum 

was taken with a decreased concentration of the prepared 1:l host:guest solution. 

Association constants were calculated at each titration point for each urea proton, using the 

equation, K= a I ( 1 -a)2[c], where croncentntion (host or guest), a=(&60)/(6max-60), 

So is the initial chemical shift (host only), 6 is the chemical shift at each titration point, and 

Gmax is the chemical shift when the receptor is completely b0und . l~~~  Values of 'pl were 

calculated (as described above) at each step of the dilution experiment. for both urea 

protons. Average K values were obtained from the dilution points with 'p' values between 

0.2 and 0.8. Each experiment was repeated at least three times and the final reported K 

values represent averages amongst all three experiments. Errors, in all cases. were 

estimated as the standard deviations. 

Notably. for a dilution experiment, the chemical shifts of the uncomplexed host in CDC13 

must be known. Therefore only hosts showing some chloroform solubility at room 

temperature could be studied in this manner. A dilution titration binding constant was 

calculated for the bU(CO0Et) host. A comparison of the two binding constants obtained 

by titration (478 M-1) and dilution (2674 M-I), show the strong ion solvating ability of 

DMSO. In the case of bU(COOEt), binding was decreased by greater than a factor of five 

in the presence of DMSO (M0, DMSO-~~:CDCI~) .  This effect has been noted in 

published studies with arnide15 and guanidinium43 based receptors. Also of interest is the 

binding constant for bU(phenyl), (268 M-1) obtained in 3:l solution. This value is of 

similar magnitude to those for bU's in 10:l solutions, which suggests that the solvation 

effects of DMSO are saturable in nature. Dilution experiments with both bU(piper) based 

hosts, which also displayed weak chloroform solubility, failed due to the insufficient 

dependence of the host:guest complex chemical shifts upon concentration. 



As discussed. S I V  NMR titration experiments were also used to study these host-guest 

interactions. These experiments provide less information than lH NMRT and introduce 

greater errors due to broadening of the peaks. 

Figure 33.6 slV NMR Titration of bpV(Me4-phen) with bU(pheny1) in 5: 1 

C D C ~ ~ : D M S O ~ ~  at host:guest ratios of I) 0: I. II) 0.75: 1 and III) 4: 1 

Titration of bpV with tU(pheny1) produced an upfield shift in the s l ~  NMR resonance, 

from -680 ppm (Figure 3.2.6-0 to -7 10 ppm at a hostguest ratio of 4: 1. (Figure 3.2.6-ID). 

At a hoscguest ratio of 0.75: 1. two unresolved peaks at -688 and -703 ppm were observed 

(Figure 3.2.6-[1). Other hosts showed similar upfield shifts with increasing host:guest 



ratios, and all solutions displayed a single resonance beyond their titration equivalence 

points. However, the 51V NMR peaks shifted after formation of the 1: 1 complex, at the 

rate of approximately Ippm/eqvt.. 5lV NMR chemical shifts are sensitive to ionic strength 

and minor solvent changes. As discussed above, the upfield shifts in the NMR spectra 

correlate with a decrease in electron density at the metal center, as expected upon 

complexation to an acidic host in solution." 

The evaluation of binding constants, over a range of temperatures. was attempted in order 

to separate the entropic and enthalpic contributions to binding. These studies, using both 

the titration and dilution methods. were not reproducible. This is perhaps not surprising 

due to the well documented variability in pV reactivity*lAs as well as the complicated 

experimentai conditions (mixed solvents. host and guest species. interacting cation, and 

water saturation). Indeed, non linearity of van't Hoff plots, the relationship between Rln K 

and I / ' ,  has been attributed to solvent-solute interaction effects upon the stability of host- 

guest complexes. 

3.2.2.4 Variable Temperature 1H NMR 

Variable temperature IH NMR has been frequently used in attempts to 'freeze out* the 

adduct and view the complexed and uncomplexed 1H NMR frequencies of both the host 

and guest species sim~ltaneously.~~-~8 In the event of fast exchange, free and complexed 

host and guest species exchange too rapidly, on the 1H NMR time scale, for simultaneous 

detection of the free (0 and complexed (c) species. This results in a weighted averaged 

peak frequency, dependent upon the ratio (R) of comp1exed:free species, V ave = R Vc 

+1/R Vf. Cooling slows this rate of exchange, sometimes allowing both the bound and 

unbound species to be detected. A 1: 1 solution of bpV and bU(CO0Et) was prepared in 

104 



CDCI, and studied over the following tempenture cycle: 20, 0 -10, -20. -30, -40. -50, 

-30, -10, 0, 20 OC. Control solutions of the pure bU and bpV were also subjected to a 

similar cycle. 

Chmges in the bUabpV complex spectra included a new broad resonance at approximately 

5.00 ppm, as well as very small baseline inflections at 1.30. 3.29. 7.75 and 10.2 ppm. 

The new peak appeared at -10°C and shifted downfield with decreasing temperature 

(O.lSppm/lO°C). The chemical shift of water shifted downfield, from 2.10 ppm at 20°C to 

2.60 ppm at -50°C. The broad peak at approximately 5.00 ppm also appeared in the bpV 

control study, while none of the small baseline peaks were reproduced in either control 

sample. The initial and final spectra taken at 20°C were identical and showed little 

decomposition. The large new peak is hypothesized to be due to water in the outer sphere 

of the bpV complex. due to its highly temperature dependent chemical shift and presence in 

the bpV control sample. The small high field inflections (1.3 and 3.3 ppm) may be the 

result of Em+ interacting with the anionic bpV complex. 

3.2.2.5 Variable Temperature ~ I v  NMR 

The EhN@bpV(Me4-phen)*bU(COOEt) system was also studied by variable temperature 

5lV NMR spectroscopy. The rapid relaxation rate of 5lV quadrupolar (I=7R) nuclei, 

versus I H NMR, improves the likelyhood of viewing rapidly exchanging species 

simultaneously. 



Figure 3.2.7 5lV NMR Spectra of bpV:bU (0.75: 1) in 5: 1 CDCl3:DMSO at I)40°C and 
IT)- 10°C III)4oOC 

At 4U°C, the spectrum of bU:bpV (2: 1)  in 5: 1 CDCl3:DMSO, showed a single broad, peak 

at -705 pprn (figure 3.2.7-1). Decreasing the temperature to -lO°C gave two poorly 

resolved resonances. at -688 and -722 pprn (Figure 3.2.7-11). The two resonances 

merged, to a single peak at -704 ppm, upon return to 30°C (Figure 3.2.7-In). Lower 

temperature ~ I v  NMR studies (- 10 to 40°C). with various host-guest and CDC13:DMSO 

ratios, failed to improve the resolution of these two peaks. 

At room temperature in purr CDCl3 solutions, only a single vanadium peak was ever noted 

in spectra taken with host:guest ratios in the range from 0.1 to 2.0. Attempts to detect the 

two sIV NMR frequencies. in pure chloroform, by lowering the temperature to -50°C were 

unsuccessful. This effect is due to DMSO solvation, which significantly slows the 

exchange rate for host-guest association. as noted in similar phosphate-host interactiod7 



3.2.2.6 NOESY Spectroscopy 

Figure 3.2.8 Lab 

bpV(Me4-phen) 
elled Structures of Representative NOESY h rest compl 
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3.2.2.6.1 pV(Me4-phen):bU(COOEt) NOESY Spectroscopy 

A complete NOESY spectrum was obtained for a 1:l solution of bpV(Me4- 

phen):bU(COOEt) (Figure 3.2.8) in pure CDC13. IntramoIecuIar NOE measurements 

permitted the assignment of each tetramethyl phenanthroline frequency, enabling full 

characterization of a complicated spectrum (See also Section 3.2.2.2). With each 

resonance now correctly assigned, intermoIecular NOE's were easily interpreted. Notable 

interactions (see Figure 3.2.10 for a schematic representation) were found between the 

neutral host and anionic guest species. 

Trans 
Figure 3.2.9 Postulated bpV(Me4-phen):bU(COOEt) Structure as per NOESY 

Interactions; -- represents NOE interactions 

The aromatic proton (a) at 8.00 ppm, located between the two arms of the bU receptor, is 

in contact with the proton (h) at 8.41 ppm, the phenanthroline proton located cis to the 0x0 

group. As well, this phenanthroline proton (h) interacts with the NH-CHI protons (c) at 

8.87 ppm. In contrast, the phenanthroline proton (i) at 9.59 ppm trans to the 0x0 ligand, 

shows NOE interactions with the aromatic protons (e) and (f), at 7.23 and 7.47 ppm 

respectively, upon the two urea arms of the host. These NOE interactions appear to 

position the bpV molecule with the cis portion of the phenanthroline ring directed towards 



the interior of the bU host. Consequently, the trans portion of the phenanthroline ligand is 

surrounded by the ends of the arms of the bU host. This hypothesized interaction is 

consistent with well documented x-stacking noted in many aromatic host-guest 

~ y s t e r n s . 3 0 ~ 3 ~ ~ ~ 9 ~ ~ ~  The inability to detect any binding by bU(cyclohexy1) suppons this 

statement. 

The trans methyl group (i) at 2.49 ppm, also shows weak interactions with the aromatic 

protons of the two urea arms (e) and (0, whereas the distal trans methyl group (k) at 2.88 

ppm, does not. The two cis methyl groups (I )  and (m). at 2.12 and 2.37 ppm respectively, 

do not interact with the hU host. This correlates well with the complex induced shifting, 

observed in the IH NMR studies, for each methyl resonance (Section 3.2.2.2). However. 

while the two protons on the distal aromatic ring of bpV(Me4-phen) (n) and (0) 7.87 and 

8.04 ppm respectively, showed large changes in their 1H NMR spectra upon complexation, 

(Section 3.2.2.2), only proton (n) shows weak NOE interactions with an aromatic proton 

(f) and the COOCH;! protons (g), at 4.27 ppm, of the bU arms. 

As noted in the IH NMR titration studies, (Table 3.2.4) the tetraethylammonium counterion 

is not a simple spectator to complexation. Medium strength NOE interactions are evident 

between the EbN protons and those of the water molecules (1.72 ppm), as well as with 

one aromatic proton (e), and the ph-C&NH (c) protons, of the two urea arms. The 

tetraethylammonium cation might be expected to remain in close contact with the anionic 

host-bpV complex due to extensive charge pairing in solvents of weak polarity, such as 

CDC13. 



3.2.2.6.2 tU(COOEt)mbpV(Me,pphen)NOESY Spectroscopy 

A second NOESY spectrum, representative of tU-bpV host guest interactions, was 

obtained for a 1: 1 solution of tU(COOEt):bpV(Me4-phen) (Figure 3.2.8) in pure CDCI3. 

Intermolecular interactions were found between the neutral host and anionic guest species. 

Most notably, the aromatic protons of the tU host, (t) and (u) at 7.52 and 7.17 ppm 

respectively, were in contact with the phenanthroline proton (i), as well as with the methyl 

protons (i), both of which reside trans to the 0x0 bpV ligand. The urea protons adjacent to 

the aromatic rings. (s) at 9.40 ppm, were in contact with the cis phenanthroline proton (h). 

No intermolecular interactions were noted for the ethyl groups of the tU host (p, q), at 3.39 

and 2.67 pprn respectively, nor for their adjacent urea protons (r) at 7.49 ppm. This is 

consistent with the weak IH NMR shifting for the ethyl protons and suggests that the large 

CIS values (Table 3.2.3) observed for the alkyl urea protons (r) result from interaction with 

the oxygen rich bpV domains. Once again, NOE interactions are observed between the 

EqN+ protons and the water molecules (1.80 ppm). as well as with protons of both the 

host and guest molecules. The portion of the tetramethylphenanthroline ancillary ligand 

located cis to the vanadium 0x0 ligand is envisoned to be inserted into the tU cavity, with 

the trans portion protruding to interact with the aromatic rings of the urea arms. However, 

this is a very flexible host and it could accomodate many different structural conformations. 

3.3 Conclusions 

Second sphere coordination of a bpV(Me4-phen) guest with neutral hosts capable of K- 

stacking and hydrogen bonding interactions, has been demonstrated using IH and SIV 

NMR. Structural features of complexation, investigated by IH and NOESY NMR 

spectroscopy, demonstrate the presence of the tetramethyiphenanthroline ancillary Iigand in 

the center of the host. The urea functioaalities are likely involved in hydrogen bonding to 

the 0x0 and peroxo pV Iigands. Binding constants have been calculated for various hosts, 
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in several different solvent systems. The effects of DMSO and water solvation have been 

explored. DMSO appears to inhibit binding and slow the rate of exchange between 

complexed and free bpV guest. The strongest spectral effects upon complexation were 

induced by the bU(C0OEt) host, however, these spectroscopic effects did not correlate to 

the largest binding constant; the largest K calculated was for tU(CO0Et). Additional 

hydrogen bonding sites, introduced in the tU hosts, did not significantly increase binding 

constants. All binding constants were of the same order of magnitude and similar trends in 

the spectroscopic changes were observed for all hosts. These observations suggest similar 

modes of coordination. 

The second sphere coordination of anions is a rapidly developing field, with one of its main 

goals being to emulate biological binding and transport mechanisms for biochemically 

relevant species, such as phosphate, phosphate esters and polycarboxylates eg. c i ~ a t e . ~  

Peroxovanadium complexes are biologically active due to their oxidizing nature and 

perhaps their ability to structurally mimic phosphate esters. Biochemically, these second 

sphere coordinating systems are potential analogs for the manner by which pV species 

obtain access to the intnceilular domain.5253 As well, second sphere complexation may 

have the potential to fine tune the activity and selectivity of pV complexes, in their role as 

widely used organic oxidants. 



3.4 Experimental 

3.4.1 General 

3.4.1.1 Chemicals 

All pV compounds were prepared as described or as per the references given in chapter 2. 

Distilled water was used in all preparations. CDCi3. DMSO-d6 and D20 were obtained 

from various suppliers. Anhydrous DMSO was purchased from Laboratoire MAT. 

Beaupon, Quebec. All other solvents were ACS reagent grade, from various suppliers. 

3.4.1.2 Spectroscopy 

Refer to Chapter 2. Section 2.5.1.2 for general 5 1  V and 'H spectrocopic parameters. 

Variable temperature NMX was performed upon both the Varian XL-300 ( 5 1 ~  VT-NMR) 

as well as the JOEL 270MHz (IH-VT-NMR) spectrometer. NOESY experiments were 

performed upon a Unity 500 spectrometer. hfra red spectra were obtained as KBr pellets 

using either an ANALECI' or IFS-48 FT-IR spectrometer. A typical experiment consisted 

of 64 scans. UV-Vis spectroscopy was obtained with a HP8453 UV-Vis 

specuophotorneter, operating with a tungstenldeuterium lamp. 

3.4.2 Extraction Experiments 

A 0.009 M solution of Et@bpV(Me4-phen) (5mg/600uL) in CDC13, was prepared. To 

the clear bright orange solution. 2 equivalents of solid polyurea host were added. The 

solution was stirred for 2 minutes and then placed in an NMR tube. IH and * lV NMR 

spectra of this solution were then obtained, at room temperature, within ten minutes of 

sample preparation. The extraction ratio (ER) was calculated by the relative integration 

ratios of the two NH urea resonances (c,d or r,s) to the two phenanthroline singlets upon 

the bpV guest (h j). 



3.4.3 Titration Experiments 

3.4.3.1 1H NMR Titration Experiments: General Procedure 

Solution A: 1mL of a 0.001-0.01 M solution of host was prepared in either DMSO-d6. 

CD30D, CDC13 or mixtures thereof. Solution B: 2-3rn.L of a 0.05-0.10 M solution of pV 

was prepared in the same deuterated solvent as in solution A. All volumes were measured 

using micropipettes. The l H NMR spectrum of solution A (600uL) was obtained. 

Additional spectra were obtained following the addition of known mounts ( 10-3000uL) of 

solution B to solution A. The titration experiments covered the receptor/pV mole ratio 

ranging from 0 to > 5.C. All titntions were completed within 240 minutes, to minimize 

decomposition of the bpV complex which was monitored by the appearance of peaks due to 

free te~amethylphenanthroline in the IH NMR spectra. Binding constants were calculated 

according to the methodology of Kelly et al.,' as fully described in the results section. 

3.4.3.2 S ~ V  NMR Titration: General Procedure 

Solution A: ImL of a 0.005-0.01 M solution of pV was made in mixtures of D201Hz0, 

CD3OD/CH30D, CDC13KHCI3, DMsO-~~/DMso. Solution B: 2mL of a 0.0 1-0.02 M 

solution of host was made in the same solvent mixture as A. The 5lV NMR spectrum of 

solution A was taken. Aliquots of solution B (10-2000uL) were added to solution A and 

the spectra of the resuIting solutions were obtained. A range of host/guest mole from 0-5 

was covered in each titration, resulting in 12-15 spectra. Plots were prepared of host/guest 

mole ratio vs. 51V NMR signal. 

3.4.3.3 UV-Vis Titration Experiments 

UV-Vis titration experiments were performed according to the same procedures as 

described for the NMR experiments. Solution A: 25.0 mL of a 2.0 mM solution of a 

guest was prepared in anhydrous DMSO or DMF, using a volumrnetric flask. Solution B: 
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5.0 mL of a 0.2 M solution of host was made in the same solvent as solution A. using a 

5.0 mL volummevic flask. Solid guest was then added to the host solution, to give a 2.0 

mM solution. A spectrum of solution A was then taken. The consecutive addition of 

volumes from 10 to 1500uL of solution B, allowed between 6 and 10 spectra to be 

obtained with host:guest ratios in the range of 1 2 5  to 5: 1. Plots were prepared of 

absorbance maxima (nm) versus host:guest mole ratio. 

3.4.4 1H NMR Dilution Experiments 

Stock solution, 2.0 mL. 0.01-0.02 M in host and in guest. was prepared in pure CDClj 

and an initial NMR spectrum was recorded. Progressively more dilute solutions were 

made by removing 100-200 uL aliquots of the original stock solution and diluting it with an 

equivalent amount of pure CDCI3. All volumes were measured using micropipettes. Ten 

to fifteen spectra were obtained, with concentrations ranging from 0.01 to 0.003M. 

Graphs were then plotted of both urea proton chemical shifts versus concentration of 

hosdguest. Binding constants were calculated using the methods of Kelly et al.,' as 

described in the results section. 

3.4.5 NOESY Spectroscopy 

A pure CDCl3 solution of each 1:1 host-guest complex was prepared by dissolving the 

solid components (0.2mM) in 700uL CDC13. The 2D-NOESY spectra were obtained upon 

an Unity400 Spectrometer. Parameten are as follows: spectral window: 8000Hz. 

number of points: 32768, number of increments: 32, mixing time: 0.8 s, total acquisition 

time: 3 hours. The data was processed with a Gaussian hnction and zerofilled in an 

evolution domain. NOESY Experiments were performed by Dr. F. Sauriol, McGill 

University, 1998. 



3.5 References 

(1) Kelly, R.; Kim, M. J. Am. Chem. Soc. 1994,116, 7072-7080. 

(2) Dietrich, B.: Fyles, D. Helv. Chim Acta, 1979,62,2763-2785 

(3) Sherry. A. D.; Zmycki, R.; Geraldes, C. F. G. C .  Magn. Reson. Chelem. 1994, 

32, 36 1 .  

(4) Mayzel, 0. J. Chem. Soc.. Chem. Commun. 1995, 1 183- 1 184. 

( 5 )  Hamann, B.; Branda. N.; Rebek, J. J .  Tet. Lerr. 1993,34, 6837-6840. 

(6) Mo, H.; Pochapsky, T.C. Prog. NMR Specr. 1997,30, 1-38. 

(7) Nishizawa, S.: Biihlmann. P.: Iwao, M.; Umezawa, Y. Ter. Len 1995.36. 6483- 

6486. 

(8) Claude, S.; Lehn. J. M.; Schmidt, F.; Vigneron, 1. P. I. Chem. Soc.. Chem. 

Commun. 1991. 1 183-4. 

(9) Czarnik, A. Acc. Chem. Res. 1994,2 7, 302-308. 

(10) Bond, C.; Morel, J. P.: Morel-Desrosiers, N. I. Chem. Soc. Faraday Trans. 

1996, 92, 4957-4963. 

(I 1 )  Godinez, L.; Lin, J.; Munoz, M.; Coleman, A.; Kaifer, A. Electroanalysis 1996, 

8, 1072- 1074. 

(12) Lee, H.; Yang, X.; McBreen, J. I. Electrochem. Sue. 1996,143, 3825-3829. 

(13) Diaz-Moreno, S.; Munoz-Paez, A.; Martinez, J.; Pappaardo, R.; Marcos, S. J. 

Am. Chem. Soc. 1996,118, 1265442664. 

(14) Bisson. A.; Lynch, V.; Monahan, M. K.; Anslyn, E. V. Angew. Chem. Int. Ed. 

Engl. 1997,36, 2340-2342. 

( 15) Fan, E.: Van Arman, S.; Hamilton, A. D. J. Am. Chem. Soc. 1993, 1 15, 369- 

3 70. 

( 16) Batinic-Haberle, I.; Crurnbliss, A. Inorganic Chemistry 1995,34,929-932. 

(1 7) Kneeland, D. M.; Asiga, K.; Lynch, V. M.; Huang, C.-Y.; Anslyn, E. V. J. Am. 

Chem. Soc. 1993,115, 10042-10055. 



(18) Ando, I.; Daisuke, I.; Kikujiro, U.; Kirondo, IC. Inorg. Chem. 1994,33, 5010- 

5014. 

( 19) Oost. T.; Filippaui. A.; Kalesse. M. Liebigs Ann. 1997, 1005- 10 1 1. 

(20) Ultraviolet and Visible Spectroscopy: Chemical Applications; 3rd Ed.; Rao. C. N.. 

Ed., Butterworth & Co. Ltd.: London, 1975, 164-166. 

(21) Jeong. K. S.; Park. I.; Cho, Y. Tet. Lett. 1996.37. 2795-2798. 

(22) Schrnidtchen, F .  Pure Appl. Chem. 1989,61, 1535- 1546. 

(23) Howarth, 0. Prog. NMR Spcctrosc. 1990,22, 453485.  

(24) Modem NMR Techniques and Their Applications in Chemistry; Popov, A. 

Hallenga, K., Ed: Marcel Dekker, Inc.: New York, 1990: Vol. 1 1, pp 485-52 1. 

(25) Leydon, D.E.; Cox, R. H. In Chemical Analysis; P.J. Elving and J. D. 

Winefordner, Ed.; John Wiley and Sons: New York, 1977; Vol. 48; pp. 100-1 17. 

(26) Vicent, C.; Fan, E.; Hamilton, A. Tet. Lett. 1992,33,4269-4272. 

(27)  Raposo, C.; Almanz, M.; Martin, M.; Weinrich, V.; Mussbn. M.; Alckar, V. 

Chem. Len. 1995. 759-760. 

(28) Biihlmann, P.; Nishizawa, S.; Xiao, K.; Umezawa, Y .  Tetrahedron 1997,53, 

1647- 1654. 

(29) Colquhoun. H.; Stoddart. J. F.; Williams, D.; Wolstenholme. J. B.; Zmycki, R. 

Angew. Chem. Int. Ed. Engl. 1981.20, 105 1-3. 

(30) Bencini, A.; Bianchi. A.; Fusi, V.; Giorgi, C.; Paoletti, P.; Valtancoli. B. 

Tetrahedron Letters 1997,38,5327-53 30. 

(31) Wallirnann, P.; Mattei, S.; Seiler, P.; Diederich, F. Helv. Chim. Acta. 1997, 80, 

2368-2389. 

(32) Shaver, A.; Hall, D. A.; Ng, I. B.; Lebuis, Am.-M.; Hynes, R. C.; Posner. B. I. 

Inorg. Chim. Acta 1995.229, 253-260 

(33) Shaver, A,; Ng, J.B.; Hall, D. A.; Soo Lum, B.; Posner, B.I. Inorg. Chem. 

1993, 32, 3109-3113. 



(34) Fraternali, F.; Wipff, G. Journal of Inclusion Phenomena and Molecular 

Recognition in Chemisty  1997,28, 63-78. 

(35)  Kyba, E.; Helgeson, R.; Madan, K.; Gokel, G.; Tarnowski. T.; Moore, S.; C m ,  

D. J.  A. Chern. Soc. 1977,99, 2564-257 1. 

(36) Horman, I.; Dreux, B. Anal. Chem. 1983,55, 12 19- 122 1. 

(37) Connon, K. C. Binding Constants, New York: Wiley, 1987, 24-28. 

(38) Deranleau, D. A. J. Am. Chem. Soc. 1969, 9 1, 4044-4048. 

(39) Person, W. B. J. Am. Chem. Soc. 1965. 87, 167. 

(40) Jagessar, R.; Bums, D. Chrm. Comm. 1997. 1685-1686. 

(4 1) Valiyaveenil, S.; Engbersen I.; Verboom, W.; Reinhoudt, D. Angew. Chem. Int. 

Ed. Engl. 1993,32, 900-901. 

(42) Wilcox, C. S.; Kim, E.; Romano, D.; Kuo, L. H.; Burt, A. L.; Curran, D. P. 

Tetrahedron 1995,51, 62 1-634. 

(43) Schicssl, P.; Schrnidtchen. F. The Journal of Organic Chemistry 1994,59. 509- 

51 1. 

(44) Crans. D.; Mahroof-Tahir, M.; Keramidas, A. Mol. Cell. Biochem. 1995, 153, 

17-24. 

(45) Hall. D. PbD. Thesis. McGill University, 1996. 

(46) Hayashi. T.; Miyahan, T.; Koide, N.; Kato, Y.; Masuda, H.; Ogoshi. H. J. Am. 

Chem. Soc. 1997,119, 728 1-7290. 

(47) Dodziuk, H.; Sitkowski, T.; Stefaniak, L.; Sybilska, D.; Jurczak, J.: Chmurski. 

K. Polislz J. Chem. 1997, 71, 757-766. 

(48) Valdes, C.; Toledo, L. M.; Spitz, U.; Rebek, J. Chem. Eur. J. 1996, 2, 989-991. 

(49) Bemardo, A*; Stoddart, J. F.; Kaifer, A. J. Am. Chem. Soc. 1992, 114, 10624- 

1063 1. 

(50) Cudic, P. J. Chem. Soc., Chem. Comrnun. 1995, 1073-1074. 

(5 1) Metzger, A.; Lynch, V.; Anslyn, E. V. Angew. Chem. 1997,109,911-9 14. 



(52) Palet, C.; Mufioz, M.; Valiente, M.; Cynkowski, T.; Daunert, S.; Bachas, L. Anal. 

Chim. Acta 1997,343, 287-294. 

(53) Araki, K. Pro. Indian. Acad. Sci. 1996,108, 539-554. 



Chapter 4 The Stability of bpV and mpV Complexes in DMEM 

4.1 Introduction 

The increasing use of pV complexes in biological research requires knowledge of the 

stability of these complexes under experimental conditions. A study of the interaction of 

pV complexes with common components of biological buffers, including HEPES, 4-(2- 

hy droxyethy1)- 1 -pipedneethanesulfonic acid. TFUS, tris(hydroxymethy 1)aminomethane. 

PIPES, 1.4-piperazinebis(ethanesu1fonic acid), MOPS, 4-morpholinepropanesulfonic acid, 

and triethanolamine resulted in the definition of MOPS as the buffer of choice.] It has also 

been shown that DDT. ( 1.1, l -trichloro-2,7-bis[4-chloropheny l]ethane) a common 

constituent of PTPase assay buffers, reacts with pV species to produce vanadate.? 

Recently, the stabilities of a single mpV, two vanadium(V) and a vanadium(1V) derivative 

in DMEM, a multi component biological medium, were a~sessed.~ This medium contains 

over fifty constituents ranging from amino acids to inorganic salts. It has been noted that 

many of these components interact with vanadium(5+). Examples include d i n e ,  leucine, 

alanine, arginine, lysine, tryptophan, histidine, serine4 and glycine5 As well, solid pV 

complexes have been isolated with DMEM constituents as ancillary ligands, such as 

phosphate, [NH))~[V~O~(O~)~PO~]~H~O~, irnidazole N~c~H~[vo(o~)~(N~c~H~)]~H~o~, 

glycine, N H ~ [ V O ( O ~ ) ~ G I ~ H ] ~ H ~ O ~ .  and cystine, [K~[V~O~(O~)~(C~SH)~JH~O]? 

This work aims to assess, using 5IV NMR, the stability of three mpV complexes, 

mpV(nta). mpV(2.6-pdc) and mpV(pic), and k e  bpV complexes, bpV(phen), bpV(bipy), 

and bpV(pic), maintained at 37°C in DMEM medium. 



4.2 Results/Discussion 

In studying the aqueous decomposition mechanisms for reactive V(V) species. there is 

precedent for oxidation reac t i~ns l~*~ I ,  photoreduction to its 4+ or 3f oxidation states,l0*l2 

as well as radical13 and decomplexation reactions i.e. hydro1ysis.l The decomposition 

rates for pV complexes in DMEM could therefore be a complicated superposition of 

competing processes. For this reason, interpretation will center upon descriptive and 

qualitarive comparisons between the three bpV and three mpV complexes. 

The solution state decomposition of pV complexes has been shown to have a strong 

dependence upon c~ncentration.~ Therefore. the decomposition of the six compounds 

(Figure 2.1-1Ia.b) at six concentrations. ranging from 0.5 to 5.0 mM, were monitored. 

51V NMR chemical shifts are sensitive to concentration and temperature. Consequently, all 

decomposition is discussed with reference to the spectra obtained with 1.0 mM solutions at 

37°C. 

To identify possible hydrolysis products, a 5rnM solution of pervanadatel4 was prepared in 

DMEM. The 51V NMR spectrum of this solution exhibited peaks due to the bpV(aquo) 

complex [V0(02)2(H20)J, -741ppm. the mpV(aquo) - [V0(02)(H20),] complex. 

-620ppm, V4 - [HxV40 12]-(4'~). -574ppm, and V2 - [H,V207]-(4-x). -552 ppm In the 

cases where the presence of initial complex was unclear at time zero, ie. bpV(ox). spectra 

were taken with large excesses of the appropriate ancillary ligand. For solutions of 

bpV(ox) this resulted in a new weak bpV resonance at -750 ppm, assigned to the parent 

bpV(ox). The major peak at -720 ppm was assumed to be a bpV species free of the ox 

ligand. The peaks due to bpV(pic) were detected and assigned in an analogous manner. 



Figure 4.1 slV NMR spectra of panei 1) 2.0 mM bpV(pic) and panel 2) 2.0 mM 
mpV(2,6-pdc) in DMEM at time 0.3 and 24 hours 



4.2.1 Bisperoxovanadium Complexes (bpV(ox), bpV(pic), bpV(phen)) 

Figure 4.1, panel 1, shows the V NMR spectra of 2.0 m M  bpV(pic) at three different 

times. At time zero (panel la), bpV(pic), -739 ppm. is present as well as decomposition 

products at -730 pprn, a bpV species. and -657 ppm. After 3 hours incubation at 37°C. 

(panel lb) the bpV(pic) peak was diminished, while the bpV species at -730 pprn had 

increased in magnitude. The relative intensity of the peak at -657 pprn has increased, while 

a new peak at -622 pprn appeared. After 24 hours (panel lc), only a very small amount of 

the bpV species remained, with most of the complex having been converted to mpV and 

vanadate (Vl, Vz, Vq) species. A comparative summary of the S 1 ~  NMR results, for all 

three bpV complexes in DMEM. follows. 

In DMEM solution, at 37OC. the relative stability of these complexes is 

bpV(phen)>bpV(pic)>bpV(ox). At all concentrations studied. bpV(phen), -744 ppm, had 

not decomposed at time zero. The complex decomposed linearly over time, producing a 

species at -656 ppm, which was assigned to an mpV complex. This is the initial and main 

decomposition product of bpV(phen). First order rate constants (k, min-1) were calculated 

at 0.5, 1. 2, 3 ,4  and 5mM concentrations, and a linear relationship between rate (min-1) 

and concentration (mM) was observed. Extrapolation to lower concentrations, such as 

100uM, suggests a calculated half life for bpV(phen) in DMEM, of approximately six 

hours (See appendix A.6 for stability study plots). 

By comparison, both bpV(pic) and bpV(ox) showed a high degree of initial decomposition, 

at all concentrations. At time zero in each of the 0.5, 1.2 and 3 mM concentrations, over 

50% of the bpV(pic) had decomposed to an aquo bpV species, resonating near -730 ppm 

(Figure 4.1. panel 1 a). Within 24 hours, solutions of bpV(pic) in DMUII, kept at 37*C, 

completely converted to the aforementioned bpV q u o  species, as well as two mpV 

decomposition products, at -653 and -62 1 pprn (Figure 4.1, panel lc). 



bpV(ox) behaved very differently from either bpV(phen) or bpV(pic). No peaks 

corresponding to the intact bpV(ox) species were noted at any concentration. Dissolution 

of bpV(ox) appean to completely hydrolyze this complex to a bpV species, whose peak 

resonates near -720 ppm. The new bpV species is remarkably stable with the 0.5mM 

solution decomposing over a period of 48 houn. Two phases in the decomposition were 

apparent: a notable time delay prior to decomposition; followed by an exponential decay to 

mpV species resonating near -656 and -621 pprn. The final products of all three bpV 

decomposition reactions were vanadate species, in varying ratios, at or near -573. (VJ) 

-565. (Vz) and -547 ppm (V I ) .  

In pure water the relative stability of these complexes is bpV(phen)>bpV(pic)>bpV(ox). 

All the complexes decomposed via initial formation of a bpV(aquo) complex, -705 ppm, 

resulting from hydrolysis of the ancillary ligand. In DMEM, at 37*C, the relative stability 

of these complexes is the same, however their decomposition pathways are different. At 

relevant biological concentrations, ranging from 0. l to 100uM, bpV(pic) and bpV(ox) are 

predicted to be completely hydrolyzed at time zero. Conversely, bpV(phen) is expected to 

retain its initial structure, with a decomposition half life of approximately 6 houn. The 

studies with bpV(ox) are interesting due to the considerable stability of the bpV 

decomposition product. The stability of this species suggests that a component of DMEM 

may be involved as a ligand replacing the ox Ligand. This long lived intermediate bpV 

complex could explain the high toxicity of bpv(ox).15 It is also important to note that all 

bpV decomposition pathways involved biologically active mpV species. 

Previous research (Chapters 2.3) has shown that the physical characteristics of pV 

complexes are dependent upon counterion. Therefore, the DMEM stability of 

guanidine*bpV(pben) salt, [C(NH2)3]~0(02)2(phen)J, was assessed. Its decomposition 

products were the same as KmbpV(phen) but the guanidinium salt was twice as stable at 4 



and 5rnM. At lower concentrations (2 and I mM) there were insignificant differences. The 

counterion may, at high concentrations, be acting to delay decomposition by associating 

with the bpV complex. At lower bpV concentrations, the constituents of DMEM likely 

overwhelm any stabilizing counterion effects and induce decomposition. 
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for [Kl[bpV(phen)l decomposition 
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Figure 4.2 Decomposition Rate (K, min-1) vs. Concentration (mM) for bpV(phen) as its 

potassium a) and guanidinium b) salts, in DMEM at 37'C 

4.2.2 Monoperoxovanadium Complexes (mpV(nta), mpV(2,6=pdc), 

mpWpic)) 

Figure 4.1. panel 2, shows the 5 t V  NMR spectra for 2.0 mM mpV(2,6-pdc) at three 

different times. At time zero (panel 2a), bpV, -744ppm, mpV, -622ppm. and vanadate 

(VI). -554 ppm, species are evident. In contrast to the bpV(pic) spectra (panel la), no 

peak is found for the intact mpV(2,6-pdc) complex. Following incubation at 37 OC for 3 

hours, (pami 2b), the mpV and vanadate species have increased at the expense of the bpV 

complex. After 24 hours (panel 2c) all of the pV complexes have converted to the VI, V2 

and VJ vanadate oligomea. The results for all three mpV complexes can be summarized as 

follows. 

In DMEM solution, at 37T, the relative stability of these complexes is 

mpv(nta)>>>mpV(2,6-pdc)=mpV(pic). At all six concentrations mpV(pic) and mpV(2.6- 



pdc) were completely hydrolyzed at time zero. mpV(pic) decomposition products appeared 

at -556, -574. -622. -656 and -744 ppm, while mpV(2.6-pdc) showed decomposition 

products at -554, -622 and -744 pprn. (Figure 4.1. panel 2a) The peak at -622 ppm, 

assigned to the mpV(aquo) complex. was also a common decomposition product of all the 

bpV complexes. mpV(pic) and mpV(2,6-pdc), rapidly equilibrated in DMEM to form mpV 

and bpV species. Table 4.1 reflects the time zero ratios, obtained by summation of 5IV 

NMR integrations.for all peaks assigned to bpV. mpV and vanadate ( V I .  V2 and Va) 

species, in 1.0 mM mpV solutions. 

Table 4.1 Relative Ratios of the Time Zero Decomposition Products for mpV 

Com~lexes, 1 .OmM in DMEM 

The major vanadium species at time zero in a DMEM solution of mpV(2.6-pdc) or 

mpV(pic), was a bpV complex. In contrast, mpV(nta), while hydrolyzed by approximately 

40% upon initial dissolution in DMEM. does not form detectable concentrations of any bpV 

species. (Table 4.1) Decomposition products of mpV(nta) at t=O appear at -554 and -622 

ppm. A series of decomposition studies for mpV(nta) in DMEM have been published by 

Etcheveny et al.,3 and the behavior noted here is comparable. 

Initial mpV Complex 

mpV(2.6-pdc) 

mpV(pic) 
I 

mpV(nta) 
1 

In water and DMEM the relative stability of these complexes is mpV(nta)>>>mpV(2,6- 

pdc)=mpV(pic). Nta, 2,6-pdc and pic are tetradentate, tridentate and bidentate ligands, 

respectively. The chelate effect of the ancillary Ligand seems to predominate in determining 

their relative stability. Notably, both mpV(pic) and mpV(2,6-pdc) have a bpV species as 
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@ their major decomposition product (Table 4.1). This is interesting in view of the nearly 

two fold greater biological activity observed for bpV species over mpV species.16 Both 

mpV(pic) and mpV(2.6-pdc), at biologically relevant concentrations, will be completely 

hydrolyzed upon dissolution. In comparison. rnpV(nta) will remain partially intact. This 

high stability, attributed to the tetradentate nta ligand. may play a role in its increased 

toxicity. l5 

4.3 Conclusions 

Peroxovanadium complexes, although more stable than aqueous peroxovanadates formed 

in situ (pervanadate), still decompose significantly. This decomposition is particularly 

relevant because it occurs under commonly applied conditions in biological experiments, 

for example in DMEM medium which contains variety of amino acids. vitamins, hormones 

and oligelements. In contrast, the same compounds were very stable in saline; bpV(pic) 

and bpV(phen) having tla's of 8.5 and 10 days in saline, respectively.17 DMEM medium 

significantly accelerates decomposition (t 1~ < 8 hours). These studies indicate that the 

relatively small difference. in in vitro culture studies, between the mpV and bpV 

subgroupd5 are due to the commonality of their decomposition prducts. For instance, 

results show that rnpV complexes yield bpV species and vice versa, when maintained at 

37°C in DMEM. 

bpV(phen) has been identified as the pV of choice for further biochemical studies. Stability 

studies with bpV(phen) are easily monitored and highly reproducible. Within an estimated 

time frame of 0-6 hours, biochemical effects can be confidently attributed to bpV(phen). 



4.4 Experimental 

4.4.1 General 

Abbreviations are as follows: phen - 1.10-phenanthroline; 2.6-pdc - 2.6- 

pyridinedicarboxylato; pic - pyridine-2-carboxylato: ox - oxalato; nta - nitrilotriacetato; 

bpV(phen) - K[V0(02)?(CgH I O N ~ ) ] ~ ~ H ~ O ;  bpV(ox) - Kj[V0(02)2(C204)]*2H20; 

bpV(pic) - K2[V0(02)2(C7Hj02N)].2H20: mpV(nta) - Na2[V0(02)(C6H6N06)1.SH20; 

mpV(2,6-pdc) - K[V0(02)(C7H 30 4 N ) ( H 2 0 ) ] @ 2 H 2 0 ;  mpV(pic) - 
[V0(02)(C7H;102N)(H20)21; V(?b-pdc) - NH4[V(0)2(C7h04N)Ig 

All S ~ V  NMR spectra were obtained with a Varian XL-300 NMR spectrometer operating at 

78.89 1 MHz. 5 1 ~  NMR chemical shifts were measured in puts per million using VOCI3 

as an external standard at 0.00 ppm. Measurements of pH were taken with an Orion 

5202A pH meter using an NMR combination electrode (Aldrich). 

4.4.2 Chemicals 

Ail six pV compounds were prepared as previously described in the l i t e r a t ~ r e . l ~ - ~ ~ + * ~  

Distilled water was used in all preparations. All chemicals were purchased from Aldrich 

Canada, and used without h h e r  purification. Bovine Liver Catalase was purchased from 

Sigma Chemical Co. DMEM and RMPI, with added fetal bovine serum, streptomycine, 

and penicillin, were obtained from GIBCO BRL. 



4.4.3 Procedure 

Detailed experimental is given for the stability study with bpV(phen), however analagous 

procedures were used for each pV complex. 

3.0, 4.0 and 5.0 m M  Concentrations 

Stock solutions (3.0, 4.0, 5.0 mM) were made in DMEM/D20 (4:l). The pH of this 

solution was measured and adjusted. if required. with 0.1 M NaOH or 0.1 M HCl to obtain 

a pH value in the range from 7.3-7.5. One mL of this solution was then placed in a 5mrn 

NMR tube. A sealed melting point capillary, containing 0.50 mM internal reference 

solution, V(2.6pdc)I was inserted into each tube. *'v NMR spectra were taken at room 

temperature. within 10 minutes of sample preparation (t=O). Samples were then incubated 

at 37OC +/- 2OC, shielded from light. 51V NMR spectra were taken at approximately t= 1, 

2. 3, 4, 8. 12. 20, and 24 hours. All samples were monitored until complete 

decomposition to vanadate species had occurred. Each spectrum consisted of 5000 scans, 

at 37OC +/- 2OC probe temperature. using a 6.9 second pulse width with no relaxation delay 

and a 90' puise angle. All studies were repeated a minimum of two times. 

1.0, 2.0 m M  Concentrations 

Experimental protocols for the 1.0 and 2.0 mM concentrations are identicai with the 

following exceptions: the internal reference capillary tubes contained a solution of 0.25rnM 

V(2.6-pdc), spectra were taken at time intervals of approximately l , 2 , 3 , 5 , 7 ,  10,20 and 

24 hours and each spectrum consisted of 10 000 scans. 

0.5 m M  Concentrations 

Solutions of 0.5 mM bpV(phen) were prepared in DMEM/D;!O (4: 1). 5 mL was placed in 

a lOmm NMR tube along with a reference capillary tube containing a solution of 0.25m.M 

V(2.6-pdc). Spectra were taken at time intervals of 1, 2, 3, 5, 7, 10, 20, and 24 hours. 
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Each spectrum consisted of 12000 scans, operating with a 10 mm broad band NMR probe 

at 37'C+/-2*C, using a 14.2 second pulse width and an 80° pulse angle. 

DMEM-Pervanadate Solution (5 mM) 

A stock solution (250mM)was prepared by dissolving of V205 ( 1.65g) in NaOH ( IOmL, 

O.1M). This solution was stirred at room tempenture for 2 days, until its initial yellow 

color had completely dissipated. 100pL of this stock solution was added to SOOpL of 

250mM H202 solution. 4OOpL of D20 was then added to the bright yellow solution. This 

solution was stirred for 5 minutes, followed by the addition of 100pg of solid catalase. 

Dilution of the pervanadate solution to 5rnL with DMEM produced the final 5 rnM DMEM- 

pervanadate sample. A sealed melting point capillary, containing 0.5m.M internal reference 

solution, V(2,6pdc), was inserted into this tube. The time zero 5 ' ~  NMR spectrum was 

taken at room temperature, within 10 minutes of sample preparation. A second spectrum 

was obtained after one hour at 37°C. 

4.4.4 Data Analysis 

Fresh aqueous solutions of each complex at 5.0, 4.0, 3.0, 2.0, 1.0 and 0.5 m M  

concentrations were prepared as above but in H2OlD20 (4: l), and their spectra were 

measured within ten minutes. The relative integration of the peak due to the complex to that 

of the internal reference was assigned the value equal to no decomposition (ie. 

bpV(phen)= 100%). 

The percentage of the initial complex that remained was calculated for each spectrum 

obtained in the presence of DMEM. Rate constants for the fmt order decomposition of the 

initial complex were obtained for bpV(phen) while in the case of bpV(pic), bpV(ox), 

mpV(2,6-pdc) and mpV(pic), the rate of loss of the decomposition products, bpV and 

mpV, were followed to facilitate comparisoas. Linear decomposition rate constants were 



determined for six concentrations of bpV(phen). A plat of decomposition rate constants (k 

m i d )  vs. concentration (mM) demonstrated a linear relationship. This equation was then 

used to calculate approximate half lives for bpV(phen) at concentrations such as 100uM, 

which are not detectable by 5IV NMR. 
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A.1. Crystallographic Tables & Figures for bG(piper)*bpV(pic) 

Figure A.1.1 Packing diagram for bG(piper)*bpV(pic) 



Table A. 1.1 Crystallographic parameten for.bG(piper)*bpV(pic). 

I I 1 

No, measured 

I No. observed ref. I 
No. independ. ref. 

I Secondary Extinction I 

I Scan ~ y p e  I 
&l = ~ I I F o l - I F c l l / ~ I F o I  
~ W W =  ( I ~ W ( I F O I - I F C I ) ~ / ~ W I F O I ~ ] ~ ~  
GoF = [x[w(Fo*-~c2)2] / (No. of reflns - No. of params.)] 



Table A.1.2 Bond lengths and angles for bG(piper)ebpV(pic) 





N(6)-C(19) -H(19A) 109.4 C(18)#2-C(19)-H(19A) 109.4 
N(6)-C(19) -H(l9B) 109 - 4  C(18)#2-C(19)-H(19B) 109.4 
H(19A)-C(lg)-H(lgB) 108.0 H08A-0 ( 8 ) -H08B 88 (4) 
H08A-0 ( 8  ) -H08C 155 ( 4 )  HOSB-O(8)-H08C 111(5) 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+2,  -y+l, -z+2 #2  -x+l, -y4, -z+l 

Table A.13 Atomic coordinates and equivalent isotropic displacement parameters for 

A tom 



Table A.1.4 Anisotropic parameters for bG(piper)ebpV(pic) 



The anisotropic displacement factor exponent takes the form: 
-2 piA2 [ hA2 a*A2 U l l . +  ... + ?  h kr* b* U E ]  



A.2. Crystallographic Tables & Figures for pA(putrescine).bpV(bipy) 

Figure A.2.1 Packing diagram for pA(puuescine)*bpV(bipy) 



Table A.2. l Crystallographic parame tes for pA(putrescine)*bpV(bipy ) 

I pA(putrescine)ebpV(bipy) \ 

I Temperature ('C) 120f 2 I 

Crystal System 

Space Group 

Monoc link 

P 2(1) I n  

v (A31 

No. variab Ies 

1485.0(6) 

220 

No. measured 

No. observed ref. 

Secondiuy Extinction 1 I 

- - pp - - - -  

1 1359 

2050 

No. unique ref. 

Rint 

w = l l@s*(~o2)+ (0.0334P)2 + 0.99821 P = (Fo* + 2~c2) /3  

S = [xw(lFol- 1Fcl)z / (n-v)] 

- - 

,2928 

0.078 



Table A.2.2 Bond lengths and angles for pA(putrescine)ebpV(bipy) 



Symmetry transformations used to generate equivalent atoms: 
#1 x,-y+3/2, z #2 X , Y ,  z # 3  -x,-y+l, -z+l 

Atom V11 

The anisotropic displacement factor exponent takes the form: 
-2piA2 [ hA2 a*A2 U11 + ... + 2 h k a* b* U12 ] 



Table A.2.4 Atomic coordinates and equivalent isotropic displacement parameters for 
pA( putrescine)*bpV(bip y) 

Atom 
v 



A.3. Crystallographic Tables & Figures for mG(diamino)*mpV(2,6-pdc) 

Figure A.3.1 Packing diagram for m~(diamino)*m~~~2,6-~dc) 



Table A3.1 Crystallographic parameters for.mG(diamino)*mpV(2.6-pdc) 

[ No. indep. ref. 1 2534 

fw 

Crystal System 

Space Group 

Temperature ('C) 

1 (A) 
'2 (A) 

, b (A) 

No. observed ref, 

mG(diamino).mpV(2,6-pdc) 
I 

C8Hl~N608V 

372.17 

Monoclinic 

P2 1 
! 

-53 k 2 

1.54056 

6.76 1(2) I 

1 1.045(5) i 

2520 

R1" R P  (ail data) 

wNb* w m b  (all data) 

S 

0.0400, 0.0401 I 

0.1 118, 0.1 f 19 
1.131 

Secondary Extinction 

, b (m-9 
Scan Type 

- - 

0.066(3) A 

6.766 (CuKa) 

w/2q 
aR1=~IIFol-IFclll):IF~I 
~ W W =  (IZW(IFOI-IFCI)~/IWIFOI~}IQ 
GoF = [~[W(FO~-FC~)~] I (No. of reflns. - No. of params.)] 1'2 





Table A.33 Atomic coordinates and equivalent isotropic displacement panmeters for 
mG(diarnino)~rnpV(2,6-pdc) 

Atom X Y 
V ( l )  0,23697 (8) 0 . 6 0 7 6 4 ( 5 )  
O ( l )  - 0 . 0 0 9 0  ( 4 )  0.5781(2) 
O ( 2 )  0 . 3 4 0 2 ( 6 )  0 . 5 1 7 5 ( 3 )  
O ( 3 )  0.2877 ( 5 )  0 . 6 3 8 1 ( 3 )  
O ( 4 )  0 . 5 8 5 9 ( 4 )  0 . 6 6 2 4  ( 2 )  

Table A.3.4 Anisotropic panmeten for mG(diamino).mpV(2,6-pdc) 



The anisotropic displacement factor exponent takes the form: 
-2 piA2 [ hn2 a*^2 U11 + ... + 2 h k a* b* U12 I 



A.4. Crystallographic Tables & Figures for bg(CH~)prnpV(nta) 

Figure A.4.1 Packing diagnm for bg(CH2)pmpV(nta) 



I Space Group I 

Table A.4.1 Crystallographic parameters for.bp(CH2)pmpV( nta) 

Temperature ('C) 1 2 1 f 2  

r 

r 

fw 

bg(CH2)prnpV(nta) 

C 12HXN709V 
46 1 -32 

r calc ( g cm-3) 

V (u) 
No. variables 

1 No. observed ref. 11501 I 

1,615 I 

948 3 7 )  3 

480 

No. measured 7352 I 

Rint 1 0.074 I 
No. unique ref. 1922 

R la (final). R 1 "all data) 

wR2b (find).  WRP (all data) 

S 

GoF = [x[w(Fo2-~c2)2] / (No. of reflns - No. of params.)]ln 

0.0457, 0.0659 

0.1026, 0.1 1 19 

1.044 

Secondary Extinction 
(mm-9 

Scan Type 

0.004(2) I 

0.587 (Mob) 

w/2q 
aR1 = ~ I I F o I - I F c I I / ~ l F o I  
bwR?= ( I ~ ~ ( I F ~ I - I F ~ ~ ) ~ / ~ ~ I F ~ ~ * ) ~ ~  
w = 1/@~*(Fo2)+ (0.0495~)2 + 0.8857PI 
P = ( F O ~  + 2Fc2)/3 
S= [xw(lFol- IFCI)~ I (n-v)] 



Table A.4.2 Bond lengths and angles for bg(CH2)4*mpV(nta) 



0(6)-C(4)-C(3) 121.0(3) O(S)-C(41-C(3) 115.5(2) 
C(4)-O(5)-VI1) 118.7 (2) N(2)-C(5)-N(4) 121.4(3) 
N(2) - C ( S )  -N(3)  120.6(3) N(4)-C(5)-N(3) 118.0(3) 
C(S)-N(2)-HN2A 120.0 C(5)-N(2)-HN2B 120.0 
HN2A-N (2 -HN2B 120.0 C(5)-N(3)-EiN3A 120.0 
C(5)-N(3)-HN3B 120.0 HN3A-N ( 3 1 -HN3B 120.0 
C(S)-N(4)-C(61) 126.0(3) C(S)-N(4)-C{6) 126.0(3) 
C ( 5 )  -N(4) -HN4 117 -0 C(6)-N(4)-KN4 117.0 
N(4)-Cl6)-C(7) 108.8(3) N(4) -C(6) -H(6A) 109.9 
C(7)-C(6)-H(6A) 109.9 N(4)-C(6)-H(6B) 109.9 
C(7) -C(6)-H(6B) 109.9 H(6A)-C(6)-H(6B) 108.3 
C(7)#3-C(7)-C(6) 111.9(6) C(7)#3-C(7)-H(7A) 109.2 
C(6)-Cl7)-H(7Aj 109.2 C(7)#3-C(7)-H(7B) 109.2 
C(6) -C(7)-H(7B) 109.2 H(7A)-C(7)-H(7B) 107.9 
N(4)-C(61)-C(71) 108.2 (4) N ( 4 )  -C(61)-H(6lA) 110.1 
C(71)-C(6l)-H(61A) 110.1 N(4)-C(61)-H(6lB) 110.1 
C(71) -C(61) -H(61B) 110.1 H(61A) -C(61) -H(61B) 108.4 
C(71)#3-C(71)-C(61) 109.4(9) C(71) #3-C(71)-H(718) 109.8 
C(61) -C(71) -H(71B) 109.8 C(71) #3-C (71) -H(71B) 109.8 
C(61)-C(71) -H(71B) 109.8 H(71B) -C(71) -H(71B) 108 - 2  
Symmetry transformations used to generate equivalent atoms: 
#1 x ,  -y+3/2, z #2 x , y , z  # 3  -x,-y+l,-z+l 

Table A.43 Atomic coordinates and equivalent isotropic displacement parameters for 
bg(CH~)prnpV(nta) 



Table A.4.4 Anisotropic parameters for bg(CHa)qempV(nta) 

The anisotropic displacement factor  exponent takes the form: 
-2 piA2 [ hA2 a**2 U11 + ... + 2 h k a* b* U12 ] 



A.S. 1~ NMR Titration Plots for [EtrN]bpV(Meq-phen) with bU and tU 
host species. 

+ - NH-Aromatic (ppm) 
- e- - C(CH2)-CH-C(CMj 

Graph A.5.1 Graph of pVhU vs. Chemical Shift (ppm) for IH NMR tiuation of 
bU(CO0Bt) with [EW]bpV(Me4-phen) 

Graph A S 2  Graph of pVhU vs. Chemical Shift (ppm) for IH NMR titration of 
bU(piper-C1) with [EtoN] bpV(Me4-phen) 



Graph AS.3 Graph of pVhU vs. Chemical Shift (ppm) for 1H NMR titration of 
bU(piper-COOEt) with (E~+NlbpV(Me4-phen) 

4 6 
Ratio bpV/tU 

Graph A S 4  Graph of pVhU vs. Chemical Shift (ppm) for IH NMR titration of 
tU(CO0Et) with [Et&JbpV(Me4-phen) 



I * NH-CH2 
--€i - Mi-Ph I 

6 8 
Ratio (pVltU) 

Graph ASS Graph of pVlbU vs. Chemical Shift (ppm) for L H  NMR tivation of 
tU(0Me) with [E@l]bpV(Me4-phen) 

6 8 1.0 
Mole Ratio bpV: tU 

Graph A.5.6 Graph of pVlbU vs. Chemical Shift (ppm) for 1H NMR tivation of 
tU(pheny1) with [EwbpV(Meq-phen) 



A.6. Stability Studies: In(Co/C) vs. Time Plots for 
[C(NH~)j][bpV(phen)] and K[bpV(phen)] Decomposition in DMEM at 

Graph A.6.1 In (Co/C) vs. Time (mins) for 5.0 m M  K[bpV(phen)J in DMEM at 37'C 

0 100 400 600 800 loo0 1200 1400 1600 
Time (mins) 

Graph A.6.2 In (Co/C) vs. Time (mins) for 4.0 mM K[bpV(phen)] in DMEM at 37'C 



0 200 400 600 800 1000 1200 1400 1600 
Time (mins) 

Graph A.6.3 In ( C O X )  vs. Time (mins) for 3.0 mM K(bpV(phen)] in DMEM at 37'C 

0 100 200 300 400 500 600 
Time (rnins) 

Graph A.6.4 In (Co/C) vs. Time (mins) for 2.0 rnM K[bpV(phen)] in DMEM at 37'C 



Graph A.6.5 In (Co/C) vs. Time (mins) for 1.0 rnM K[bpV(phen)] in DMEM at 37'C 

0 
Time (mins) 

Graph A.6.6 In (CoK) vs. Time (rnins) for 0.5 mM K[bpV(phen)] in DMEM at 37'C 



500 1000 
Time (mins) 

Graph A.6.7 In (CoK) vs. Time (rnins) for 5.0 mM [C(NH2)3][bpV(phen)] in DMEM 

lmo 1500 2000 
Time (mins) 

Graph A.63 In (Co/C) vs. Time (mins) for 4.0 DM [C(NH2)3][bpV(phen)] in DMEM 
at 37'C 
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Graph A.6.9 In (CON=) vs. Time (mins) for 3.0 rnM [C(Mi~)j][bpV(phen)] in DMEM 

0 500 loo0 1500 2000 5 0 0  3mO 
Time (mins) 

Graph A.6.10 In (Co/C) vs. Time (rnins) for 2.0 mM [C(NH2)3][bpV(phen)] in 
DMEM at 37'C 



Graph A.6.11 In (Co/C) vs. Time (mins) for 1.0 mM [C(NH2)j] [bpV(phen)] in 
DMEM at 37'C 

I 

0 100 200 300 400 m 600 700 
Time (mins) 

Graph A.6.12 In ( C O X )  vs. Time (mins) for 0.5 rnM [C(NH2)3][bpV(phen)l in DMEM 
at 37'C 


