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[KTRODUCTION

It has been established that the basic structure of the imidazole

molecule is very important biologically. It has been included in the struc-

ture of many biologically importsr.t compounds, such as, histidine ajtid hista-

mine. Other heterocyclic nitrogen-containing compounds similar to imidazole

have also proven to be biologically important. Their importance has been

derived from the ability of the nitrogen atoms to complex v/ith metal ions. (28)

Simple amines, polyajnines, peptides, aminopolycai-ooxylic acids and a

wide variety of heterocyclic nitrogen compounds have been studied in their

reactions with various metal ions. In the past few years, a distinct change

in emphasis has occurred in the research on coordination compounds by focus-

ing on the quantitative measurement of the equilibria involved in coraplexation

anc"^ oholation. Among the more commonly employed techniques used in the study

of complexes have been absorption spectra measurements, optical rotation

measurements, polarographic measurements, potentiometric titration data,

transference studies, electromotive force measurements, conducfcariOi: studies,

and ion exchange studies. The greatest contributions to complex formatloxi

data and other thermodynardc values have been derived from potentiometric

titration studies and from absorption spectra. (l,3,8,9,10,33,5$,.-,9,i|0 ,V3,i^0)

However, by far the largest part of these investigations hai-e been

accomplished in solutions. Isolation of these complexes from solution has

usually been ignored due to the difficulties involveo. in their preparav-ion.

and analysis. Therefore, investd.gation of the solid state has, up to this



time, received only minor attention. ITriEt v.'as the reason this research had

been undertaken. It was thought by the author that further investigation

in this field could not but he].p to evenUxallj aid in the understanding of

these compounds and their significeaice in various biological functions.
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REVIEW OF LITERATURE

Imidazole

Imidazole is a five membered ring containing two nitrogens a-id three

carbons. By convention (36) , the secondary amine nitrogen atom has been

designated as the "pyrrole" nitrogen v/hile the tertiary amine nitrogen atom

has been termed the "pyridine" nitrogen. Imidazole is considered to be a

moderately strong Lewis base. The proton attached to the pyridine nitrogen

of the protonated species has a pK value of 7.09 (28). The proton attached

to the pyrrole nitrogen has a pK value of 1^.52 (5'+).

It has been shovm that the imidazole group in several larger biologi-

cally important molecules is capable of coniplexing very strongly with metal

ions. Imidazole groups in bovine serum albumin, for example, liave been

shoin to be the principal sites for metal interaction (52). Evidence has

been given which indicates that the imidazole nucleus of dimethylbenzimidazole

provided one cf the five nitrogen atoms coordinated to Co (III) in vitamine

^12* ^^ provided a site for similar interactions with hemoglobin, myoglobin,

cytochiome C, and histidine (24).

The first investigation of imidazole by infrared spectra was undertaken

by Otting ih7) . His study of imidazole spectra in both the solid state and

in chloroform solution led him to postulate the structure of imidazole as

best being represented by two ionic structures: " J-

HC = CH

N. .N

H

KG = CH

( 1

HN. .NH

H



Tliese structures both posses C syrrmetry. Therefore, it may be assumed

that the molecule would also exhibit C^ Bv^nr-etry.

Zimmerman investigated the infrared epc-;ctrura of imidazole in the solid

state and in non-polar solvents (58). He concludsd that imidazole existed

in a highly associated form due to the amount of intermoleculai' hydrogen

bridges between the pyrrole nitrogen of one imidazole molecule and the

pyridine nitrogen of another.

More recently, X-ray studies by Lundberg (57) ha.vo also shovm a high

degree of intermolecular hydrogen bridge bonding betv/een nitrogen atoms of

adjacent molecules in solid imidazole. The N-H N distance was reported

to be 2.7 A.

Raman spectra have been reported for imidazole, imidazolium chloride,

and the N-deuterated analogs in aqueous solution (22). Assignments were

tentatively proposed for a few of the bands. A normal coordinate analysis

was made for the imidazole molecule assuming it as a ten-body structure having

^2V
^y^'^^^^^y (13). All modes of vibration were assigned as v/ell as overtones

and combination bands. -"

Metal-imidazole complexes in aqueous solution have been investigated

extensively by using polarographic and various titrimetric techjiiques.

Andrews and Romary (2) have determined the Guccecsive stability constants of

Cd (II) complexes by polajography. Edsall and co-workers (I9) have deter-

mined the successive formation constants for the Cu(ll) and Zn(II) imidazole

complexes from potentiomotrlc titration work. From this work, they concluded

that the maximum coordination number shovni by Cu(ll) and Zn(Il) toward

imidazole in solution was four. Li and co-workers (36) determined the forma-

tion constants for the Cd(l.T)-innidazolc and the Cd(lI)-l-methylimiddzole



co.iiplexes from polarogi-aphic data. They concluded that the highest ordered

complex obtained with either ligaad v;as the h to 1 complex. These authors

also observed that the formation constants of the imidazole and 1-raethyl-

imidazole complexes were nearly equal. They concluded, therefore, that,

due to the fact that the pyrrole nitrogen was substituted in the latter

complex, the bonding must have occurred through the pyridine nitrogen.

The successive formation constants of the Mn(II) and Co (II) -imidazole

complexes have been determined by Martin and Edsall (38). V/hite and co-

workers (5b) measured the magnetic moment of the Co (II) -imidazole coro.plex in

aqueous solution and concluded from the high spin of the complex that -che

bonding v;as predominantly ionic. The maximum coordination number for the

Co(II)-imidazole complex was reported to be six. Li and co-workers (3^) have

determined the successive formation constants for the Ni(lI)-in!idazole

complex by potentioraetric and polarographic methods. Again the maximum

coordination number was found to be six. The same investigators measured the

magnetic moment of the hexacoordinated Ni( II) -imidazole complex and obtained

a value of 3,2k BM. This was consistent with an octahedral configuration

which contained two unpaired electrons, ,

The thermodynamic functions of the Cu(ll), Ni(ll), Zn(II), and Ag(I)

complexes of imidazole have been determined by Bauman and Wang (5) using

calorimetric techniques. Identical values were obtained for the heats of

formation of the Ag(I) complexes of imidazole and 1-methylimidazole. There-

fore, they, too, concluded that the pyridine nitrogen was responsible for the

bonding which formed the complexes.

Bauman and V/ang (5) have also investigated the infraxed spectra of the

solid imidazolato complexes of Ni(II), Cu(ll), Zn(II), Cd(ll), and Agd).



In these complexes, the ionization of the pjrrole hydrogen produced the

anionic imidazole ring which so^:vod as the coordinating ligand. Unlike the

raonodentate imidazole ligand, the imidazolate anion was capable of coordina-

tion at both nitrogen positions. However, due to the proximity of the bind-

ing sites, the ligand could not form a bidentate complex. Instead, the sites

were utilized to form imidazole bridges in a polymeric metal complex structure.

Histamine

Histamine, ^(or 5) - (2-3jninoethyl) imidazole, is one of the many biologi-

cally important compounds found to contain the basic imidazole ring. The

physiological action of the compound has been summarized by Sir Henry Dale

(15). The resemblance betv/een the effects of histamine and many of the

effects caused by anaphylactic shock has been noted by Dale. Histamine has

been Icnown to be a stimulator of the plain muscle. Asthmatic reactions of the

allergies are considered to be a result of the bronchiole-constrictive proper-

ties of histamine. Rashes and urticarial reactions of the allergies are h<5-

lieved to be caused by the capillary - dilatant action of histamine.

As a result of many isolated animal cxperim.ents with histamine, much

speculation concerning the uncertainty about the mechanisms of histamine forma-

tion, release, ai;d production of the biological response has been related to

lack of understanding of the histamine responsive sites vd.thin the tissues.

To ascribe all allergic manifestations to the reaction of histamine

producing a direct response has probably been an over-simplification of the

mechanism. Histaj-.dne is nov; considered to be probably only one of the active

agents which causes allergy. Another unidentified agent may also be involved.

There has been so little information available concerned with the nature of the
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histamine bonding sites that ariy information cf a positive nature may prove to

be of significant value. A stiiiy of the rrorc simple reactions of histamine

should eventuaJ-ly enable workers to better understand the more complex

reactions involving histamine in the tissues of the body.

Certain generalizations have been made from a reviev/ on the activity of

histamine as a function of its molecular structure (28). It may be noted from

these generalizations that requirements which promoted highest biological

activity also tend to promote the complexing ability of the molecule.

A. The presence of a basic side chain nitrogen has been shown to be

essential. N-alkylation of the histamine primary amino group reduced activity

in proportion to the size and number of the attached groups. For instance,

N, N-dibenzylhistamine possessed no histaminic activity. Acylation or

benzoylation of the side chain nitrogen also deprives the molecule of its

norma] biological activity.

Substitution of the primai-y amino hydrogens would also be expected to

result in a negative effect upon the ability of the molecule to form a

bidentate complex because such a complex would utilize the primary atJ.ino

nitrogen.

B. The number of carbon atoms bet\i?een the imidazole nucleus and the

primary amino nitrogen was shown to be critical. The 2-aminoethyl side chain

produced maximum activity when attached at the h (or 5) position of imidazole.

Any variation from this number of carbons diminished the biological activity

of the molecule.

When histamine forms a bidentate complex the two carbons on the side

chain, the carbon from the imidazole ring, the tv/o nitrogens, and the complex-

ing metal can form a 'iix-membered ring. This is considered most favorable

for chelate stability. Therefore, ary variation from the two carbon side



chain would probably diminish the complexing ability of the nolf-cule.

C. The position at which the side chain is attached was also important.

It had to be attached at the h (or 5) position of imidazole or its biological

activity would be diminished. Both l-(2-aminoethyl) -imidazole and 2-(2-araino-

ethyl) -imidazole are inactive. This requirement is also necessary for the

formation of the six-membered ring upon complexation.

D. Ring substitution has been shown to reduce histaminic potency.

Methylation of the imidazole ring at tho 2-carbon caused the least decrease

in activity, l-m-ethyl-^^-(2-^.^^inoethyl)-imidazole exhibits only slight

activity v;hile l-methyl-5-(2-arninoethyl)-imidazole showed no activity at all.

E. Other aromatic nuclei have been used to replace that of imidazole

(i.e. pyridine). However, activity depended upon the existence of a tertiary

amine nitrogen as part of the aromatic system. The nuclei also had to be

small and unsubstituted. For imidazole complexes, the tertiary amine- nitrogen

has been shovm to be the one which was involved in complexation v/ith the metal

ion. Therefore, its existence in the histamine molecule v;ould be expected to

be crucial in order for the molecule to complex with metal ions. These

structural restrictions upon histaminic activity suggested an enzyrne-like

specificity in the production of the histajnine responses. The possession of

active pol;ar centers has been found to be characteristic of enzyme systems.

The activity of many enzyme system.s has been shown to be dependent upon

the presence of specific metal ions. Klotz and Loh Ming (30) confirmed the

postulate that metal ions may serve i\s a bridge between proteins and small

organic molecules. Mediation, by the binding of Hg(II), Cu(II), Ag(I), Ni(ll),

Au(ll), Co(ll), and f-indl) ions has also been demonstrai.ed. Kickel and

Andrews (^3, kk) studied histamine-metal complexes titrimetrically. They
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suggested that the molecule v;ar a bidentate ligand. The tv;o binding sites

were the tertiary nitrogen in the imidazole ring and the primary amine

nitrogen on the side chain. The secondciry amine nitrogen plays no part in

the complexation of the ligand to a metal ion»

Very little work has been reported of histamine-metail coraploxes in the

solid state.

Histidine

Histidine, an amino acid, is the precursor of histamine. Histamine

was fir8t synthesized by the decarboxylation of histidine. Histidine has

also been very important from a biological point of viev; because it is one

of the strongest coordinating ligands among the amino acids. X-ray data

(16) have shown that histidine-hydrochloride exists in the solid state as a

"zv/itter" ion with the follo'/ri.ng structure:

HC = C - CH^ - CH - Cof
I I '

I
'

KN © NH mi

v; ^'
c

H

The structure of histidine in aqueous solution has been foimd to be a

function of pH. Its acid dissociation constants in water are I.8I, 6.11,

and 9«20 for proton ionization from the carboxyl, imidazole, and amino groups,

respectively (28). The histidine molecule contains an asymmetric carbon.

Therefore, it is capable of exhibiting the optically active dextro and levo

isometric forms.

The nujol mull spectrum of histidine-hydrochloride has been investigated

in the region of 65O to 5000 cm" ' by Larsson (31) . He made general assignments
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for some of the bands appearinr; in the spectrum. The Rsr.an spectra of histi-

dine in aqueous solution as en anion snd as both a doubly and singly charged

cation has been investigatod b-j Garfinkel tmd Edsall (22). They, too, have

suggested general assignments based upon comparison with corresponding

spectra for imidazole and ^-methylimidazole.

As in the case of imidazole, there has been a large amount of literature

available concerning foririation constants for histidine-metal complexes in

solution. Li and co-workers (53) have deterMined the formation constants of

the Cu(II) and Ni(ll) complexes of histidine by ^11 titration and have assumed

the bonding site of histidine to be the amino group and the pyridine nitrogen

of the imidazole ring.

Doran and co-v;o2%ers (17) have investigated the Cu(.Il) complex of

histidine and concluded that the ligand probably functions as a tridentate

ligand in the complex. Leberman and Rabin (32) have deduced fror:; potentio-

metric work that histidine was coordinated as a tridentate ligr^nd in the

complexes of Co(ll), Ni(ll), c^nd Zn(ll). Earnshaw and Larkv/orthy (1 3) have

proporjed an octahedral structure for the solid Co(lI)-histidine coraplex. They

assumed that the histidine molecule behaved as a tridentate ligand. They

based their argument en the magnetic moment of the bis-CodI) histidine

complex v/hich was found to be 3.16 BK. Tnis value agreed well v/ith that ex-

pected for Co(II) octahedral complexes, flortia ^5) has concluded, on the

basis of spectrophotometric and magnetic studies, that the solid bis-Ni(Il)-

histidine complex had an octahedral configuration v/ith histidine acting as a

tridentate ligand.. The crystal structure of the bis-ZndD-histidine complex

has been determined by Harding and Cole (26). Their work has indicated that

Zn(ll) is coordinated. -tey tv/o amino nitrogens and by tv/o imidazole nitrogens.
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v/ith two carboxylate oxygens rear enouch to be considered loosely coordinated.

Weitzel (55) has reported tl'e solid state IR spectrum of the bis-Zu(II)

histidine complex. However, detailed investigation of the chelates, including

general assignment of absorption bands has, as yet, not been undertaken.

McDonald and Phillips C-i-O) have reported Nf4R investigation of the struc-

ture of the paramagnetic Co(lI)-histidine complex in aqueous solution as a

function of pH. From the observed Nf4R contact shifts, these workers were able

to distinguish four Co(lI)-histidine complexes. At pH values of less that k

a v;eak 1:1 metal to ligand complex formed in which only the histidine carboxy-

late group was bonded to the metal ion. At pH values of k to 10 strong 1:1

and 1:2 metal to ligand complexes v/ere formed in which the histidine behaved

as a tridentate ligand. At pH values above 11 a tetrahedral 1:2 Co(II)-

histidine complex was formed in which histidine was bound to Co(II)- through

the amino group and an imidazole nitrogen.

Benzimidazole

Benzimidazole is a disubstituted imidazole. The k and 5 positions have

been substituted by the fused benzene ring. The benzimidazoles have been

found to be predominantly basic compounds due to the ability of the pyridine

nitrogen to accept protons. The pK of benzimidazole has been found to be
3.

5.5. IMs value is significantly lower than the pK of 7.1 for imidazole iz8)

.

3.

This compound js not of the biological significance of the previous

ligands. Its importance here lies in its similarity to imidazole. In spite

of its comparatively low basicity, metal complexes of the compound have been

isolated by Goodgane and Cotton (2^1). These authors also reported the ultra-

violet spectra and performed ligand field calculations for the complexes.
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Pyrszo Le
'

Pyrazole is a structural isomer of iriidazole. The difference in struc-

ture is the position of the tv/o nitrogen ator.s. They ai'e adjacent in the

purazole molecule, while they are separated by a carbon atom in the imidazoJ.e

ring. This has the effect of considerably lov;ering the dipole moment and

dissociation constant for pyrazole (28).

TABLE 2

The diple moment and pK of imidazole and pyrazole.

Diple Moment pK
•^ a

Pyrazole 1.57 2.53

Imidazole 3.8'.^ 7,1

There has been little literature data concerning pyrazole as a ligand eithier

in solution or in the solid state.

/
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EXPERIMENTAL

Definition of Terms and Symbols

Throughout the rest of the text certain terms, symbols and abbreviations

v/ill be frequently used. In order to avoid possible confusion they have been

collected and listed as follov/s:

Im - imidazole

Py - pyrazole

Bz - ben7.iralda.zole

Hm - histamine

Hd - histidine

ligand - A molecule or ion vfhich is bound in a complex to a central ion.

complex - The product which results when a metal ion combines with an

electron donor.

chelate - The complex which is formed by the combination of a metal ion with

a ligand having two or more electron pair donating groups. This

produces a ring structure. -'

,

bidentate - A ligand which contributes two electron pair donating groups

when combining with a metal ion to produce a chelate.

The follov/ing abbreviations are found in tables containing infrared spectra:

VS - very strong W - weak

S - strong br - broad

K - medium Sh - shoulder



Instruments

All infrared spectra were obtained usin;: a Perkin-Elmer ^57 Model Spec-

trophotometer. This instrument was equipped to perrrdt scale expansion if

desired and provided three scanning speeds. With this instru-nent , it was

possible to scan the region froni ^000 cm' to 250 cm" . Cesium bromide

optics were used for the 600 cm" to 250 cm"" region. Some of the infrared

spectra were obtained as nujol mulls pressed between sodium chloride plates.

However, most of the spectra were obtained by means of pressed potassium

bromide pellets. These pellets were prepared by means of a Pellet Press and

Holder v/hich was purchased from Wilks Scientific Corporation.

Glove Bags were purchased from Instruments foi Research and Industry.

They were utilised in the preparation and handling of some of the corriplexes

which proved to be either water or oxygen sensitive.
;

The polarograms determined for analysis purposes were obtained by the

use of a Sargent Polarograph Model XXI. -

Materials • •> , » ^

Imidazole was purchased from K & K Laboratories, Plainview, New York. It

was then purified by vacumm sublimation and recrystallization from benzene.

In the purified form the imidazole existed as long, needle-like, white

crystals. It had a melting point of 90°C. ITiis was identical with the

literature value. , .

Pyrazole was purchased from Eastman Organic Chemicals, Rochester, New

York. It was purified by vacumm sublimation. The white crystals which were

collected had a melting point of 70°. This was identical with the literature

value

.

Benziraidazole was purchased from Eastman Organic Chemica].E. The v/hite
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crystals had a melting point of 170°. No further purification was attempted.

Histidine v.-as purchased from Nutritional Blochemicsils Corporation. The

white, finely divided crystals melted at 287°. No further purification was

necessary. ,

'

Rista-iiine free base was purchased from Eastman Organic Chemicals, The

crystals v,ere light yellow in color. The melting point vms 83°. It was used

without further purification.

All metal (II) perchloraie hydrated salts were piu-chased from G. Fred-

erick Smith Chemical Company, Columbus, Ohio.

Deuterium oxide v/as pvirchased from Merck and Company Inc., St. Louis,

Mo. The isotopic purity of this compound was guaranteed to be at least

99-7/^ by the distributor.

Procedures

N-deuterated imidazole v;as prepared by dissolving one gram of imidazole

in 10 ml. of DO. The solution was then evaporated to dryness in a vacuum

ovei^ ^^pO , This procedure was repeated twice more to assure adequate exchange

in the 1-position of imidazole. Exactly the same procedure was employed to

prepare N-deuterated pyrazole and N-deuterated benzimidazole.

An investigation of the literature has revealed that a number of methods

have been devised to prepare metal complexes of imidazole. Carlson (8) pre-

pared the solid imidazole complexes of Cu(Il), Ni(II), Mn(ll), Fe(II), and

Co(ll) by dj.ssolving the chloride salt of the metal ion in H^O and -reducing

the pH of the solution to approximately three with HCl. An excess of imidazole

was added and the complex immediately precipitated out of solution. The

crystals were then filtered, washed and dried under vacuum without further

purification.
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• Bauman and tfan£;(5) , howevc-r, pieferreJ to prepare the complex by adding

NaOH to a solution containing Vag metal ion ar^d an excess of imidazole. The

precipitate which formed v;as then filtered and dried under vacuum. Other

methods have been suggested (?)? but have all been similar to the two afore-

mentioned methods. If the preparation involved a base, the product was gener-

ally polymeric in nature as v;as Baa-nan's. However, if the prepai'atior> utilized

a neutral or acidic media, monoraeric complexes resulted. Therefore, a pro-

cedure was devised in which slightly acid solutions were used.

The mole ratio of metal to imidazole was one to six. The metal per-

chlorate was dissolved in a 30?o ethanol - 30% water mixture at about 80 degrees

C. The imidazole was also dissolved in a similar mixture of hot ethanol-

water. The solution containing the ligand was then neutralized by dilute

HCIO. , The two hot, concentrated solutions were combined and allov/ed to cool.

The crystals v;hich were formed were collected and recrystallizcd fro~ ethanol.

The purified crystals were filtered, dried, and kept in a vacuum desiccator

at 5°. After this reseai'ch had begun other workers have prepared similar

complexes by much the sarie method, (20, 21, 25).

The motcil complexes with the other ligands were prepai'-ed by the sjime

method. The mole ratio of metal ion to pyrazole was one to six. The mole

ratio of netaJ. ion to benzimidazolc was one to six. The mole ratio of metal

ion to hi.stidine was one to three. Tbe mole ratio of metal ion to histamine

was one to three. ' '

All the Cd(lX) coraplexes formed v/hite, needle-like crystals which seemed

stable to air and water- All the Zn(ll) complexes were also v;hite and remain-

ed stable in air. Hie Cu(Il) co.r.plexes with irrd.dar-ole and pyrazole were blue

in color. The C'j(II) complex with benairriidazole was violet in color. The

.».*v
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histidine and histamine compj.ex{;s of Cu(l.I) were a deep blue. All the Cu(ll)

complexes were stable to air and water. The Ni(II) complex with bcnzimidazole

was yellov/. The Ni(ll) complexes with histamine and histidine v/ere violet.

All the Ni(II) complexes were air ajid water stp.ble. Tae Co(Il) ccnplexes

with imidazole and histidine were pink in color. The Co(ll) complex v/ith

benzimidazole was blue. The Co(ll) complexes with pyrasole and histamine were

light orange. All the Co(ll) complexes were air and water stable.

. Fe(Il) and I'ln(Il) formed white complexes v/ith all five ligands. How-

ever, they presented a problem in their preparation aiid handling because

they were all easily oxidized and therefore air sensitive. They v/ere handled

as much as possible in a nitrogen atmosphere. The Cr(ll) ion did not form

stable complexes with imidazole and pyrazole. The Cr(II) complexes with benz-

imidazole and histamine were white. The Cr(ll) complex with histidine was

pink in color. These complexes were hygroscopic as well as air sensitive.

They, too, were handled in an atmosphere of nitrogen.

The analysis of all complexes was determined by polarograpViy (2, ^l).

It was first determined that the complex could be dissociated completely so

that an analysis for the metal ion could be undertaken. It v/as found that all

the comj)lexes dissociated completely in ari acid solution. However, eji

adequate polarogran could not be obtained from the- acid media. KCIO, v/as

then tried as the supporting electrolyte. It served well in that capacity.

A procedure was then devised for the analysis of metal ions in the complexes

using KCIO, as the supporting electrolyte.

Standard solutions of the metal ion from the perchlorate salt v/ere made

up in 0.1 N KCIO, . Approximately 0.1 gram of the complex was weighed accurate-

ly and dissolved in 20 ml. of 0.25 N HCIO, . After the complex was dissolved.
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it was neutralized by 0.25 N KOH, Two drops cf acid were then added to

insure slight acidity and the solution was diluted to 50 ml. This procedure

resulted in the same concentration of KCIO, in the sample solution ai^ in the

standa.rd solutions. The polarograjtis of the standards and samples were then

determined. From the polarograms of the standards, a graph of diffusion

current versus concentration of the metal ion was prepai-ed. By means of the

graph, the diffusion currents from the polarograms of the samples were convert-

ed to concentration. From this value, a per cent of metal in the sample v.'as

calculated. Theoretical percentages for the metal were then calculated for

all possible complexes. T>ie percentage from the seunple v/as then compared

with the theoretical percentages and the coordination number for the metal

in that particular complex was thereby determined.
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RESULTS AND DISCUSSION

, , \ Analysis of Complexes .

'
'

'

The results of the polarographic analysis of the complexes to determine

coordination number are shovm in Table 3. ,

Compound

Table 3

Analysis results for the metal complexes .

Theoretical % of metal % found

Cd(lm)g(C10^)2 15.58

Cd(Py)g(C10^)2 15.58

Cd(Bz)i^(C10^)2 1^.3

Cd(Kd)2(C10^)2 18.03 ,

Cd(Hm)2(C10^)2 21.01

Znam)g(C10^)2 9.67

Zn(Py)g(C10i^)2 9.67

Zn(Bz)^(C10^)2 8.83

Zn(Kd)2(C10j^)2 11.3

Zn(Hm)2(C10^^)2 13.^

Cu(Im)^(C10^)2 11.88

Cu(Py)^(C10^)^ 9M
Cu(Bz)^(ClG^)2 8.65

Cu(Hd)2(C10^)2 11.1

Cu(Hm)2(C10^)2 13.1

Ni(Im)g(C10^)2 8.82

15.53

Vuo

17.1

20.8

9.32

9.17

8.90

10.7

13.3

11.7

9.72

8.05

10.8

12.6

8.62
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Table 3 -- continue

CoiTipouncI

Ni(Py)g( C10;j^)2

Ni(Bz)^( ClO,)^

Ni(Kd)^(
C.

cio^).

Ni(Hffl)2( cio,)^

Co(lm)^( ClO^)^

Co(Py)^( cio^)^

Co(Bz)^^( ClO^)

Co(Kd).( C1U^)2

CoCHm)^':cio^)2

Fe(Im)g(^C10^)2

Fe(Py)g(:cio,^)2

Fe(Bz)^ :cio^)2

Fe(Hd)^ :cio^)2

Fedlni)^ [ClO^),

Kri(Im)^^ ^010^)2

Mrx(P:/)i^ [010^)2

Mn(Bz)^ [010^)2

Mn(Hd)^ ^C10^)2

MnCHm)^ [ClO,)^

Cr(Bz)^^ (010^)2

Cr(Hd) (C10,^)2

CrCHm)^ (CIOJ2

Theoretical % o?;^ nP -A I % foima

8.82

10. Jit

12.2^

8.85

8.85

8.07

10.37

12.27

8.^3

^M
7.68

9.89

11.71

10. if5

10.45

9.74

11.54

7.19

12.81

10.99

8.83

7.9

10.0

11.6

8.6

8.4

7.7

1G.6

11.9

8.1

7.76

10.04

9.7

9.9

7.7

9.27

12.53

10.2

Imidazole Complexes

The infrared spectruiri of imidazole has been obtained and assigned by

Cordcs and V/alter (13). 'TVie work done by the author was initiated by an



infrai-ed study of the imidazole free ligand in the solid state. The spectra

which were obtained compared quite well wit'n that of Cordes. Assignments of

the principle bands were made on the basis of Cordes work. The spectrum and

assignments are listed in Table h.

The effect of coordination upon the ligaid has been of prime interest in

this work. To determine this effect, one must have first determined which

infrared bands were the most sensitive to coordination. Other workers ( ^,

11, kb) have found that metal-nitrogen absorption bands served well in that

capacity. Karkins and co-workers (27) have indicated that the nitrogen-

hydrogen band can also be sensitive to small electron shifts in a ligand

which occur upon coordination.

Corsin and co-workers (1^) helped assign the spectra of pyridine complexes

by comparing the spectra of the free ligand to that of the deuterated analog.

A similar project was lindertaken in this work to verify the spectral assign-

ments, especially those for N-H modes. The amine hydrogen of imidazole was

deuterated and the spectrum determined for the product. This spectrum has

been shovm in Table k and Plate 1. Splitting occurred for several imidazole

peaks, but the appearance of three new peaks was particularly significant.

These v/ere the peaks at 13't9 cm" , 955 cm~ , ajid 557 cm" . Tlaey were attri-

buted to the N-D bending mode. This helped establish the acciiracy of the

original assignments because the bcUids at 1535 cm" , 11^5 cm" , and 621 cm""

would be expected to be shifted douTifield as was observed.

When the imidazole ligand v.-as coordinated by a metal ion a considerable

shift of electrons within the ligand occurred. This was reflected by the

frequency shifts in the infrared spectra. Coordination induced an electron

flow into tlie ring from each of the ring protons. Therefore, absorption bands
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jmidazole

l8l5-> m *

1662 s

1569 s

1535 s

1^76 s

1440 s

1323 s

1260 s

12^2 m

1100 s

105^ vs

q-^^ vs

893 m

8kc. s

830 ra

756 E

739 S

660 3

621 s

TABIJ] k

Infrared frequencies (era" ) of imidazole and d-imidazole

,

Assignments

overtone
overtone

Ring stretch
N-H band +0=0 stretch

Ring stretch -t- N-H bend
Ring stretch + K-H bend
N-D bend
C-H bend
C-H bend
Ring breathe .

*"

'

combination

Ring stretch + N-H bend

C-H bend

C-H bend
N-D b-nd
C-H bend
Riniy bend

C-H bend out of plane
C-H bend out of plane

Torsion

N-H bend out of plane
N-D bend out of nlane

d-Imidazole

166^ m

1579 m

1533 m

1490 m
l^f72 m
14^1 s

13^9 m
1318 s

1303 m
1261 s

12^8 m
1210 w
ll^t^ m

1138 sh
1128 m

1112 s

1099 s

1089 m

1059 s

965 m

930 s

8'fl s

831 s

758 s

7^2 s

725 s

662 s

635 m
623 ra

557 s

See explanation - page Ih,
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EXPLANATION OF I'LATii I

; A. Infrared Spectrum of Imidazole.

. B. Infrared Spectrum of N-deuterated Imidazole.

C. Infrared Spectrum of Fe(Im)^(C10, )_. --

6 '+ 2 '
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assigned to various ring vibrations under^ent the largest shifts.

An increase in the idng frequencies upon coordination was expected for

t\vo reasons. First, a simple inductive effect was expected because the boad-

ing occurred with a positive metal ion. Second, a d^-- I^interaction may have

occurred to provide a mechanism by which the n-ietal ion may dissipate excess

negative charge to prevent a negative? charge accumulation on itself.

In both cases, the stronger coordinating metal would be expected to

produce a higher electron density in the ring system of the ligand. Therefore,

the energy of the ring bonds ciiid the frequency of the infrsred bands assigned

to ring vibrations served as a means to measure the extent of the metal -

imidazole interaction. The stronger metal - imidazole bond was expected to

produce a higher ring frequency.

The infrar-ed spectra of all the metal - imidazole complexes were listed

in Table 5. All the spectra were quite similai', but trends which reflected

the degree of interaction or bond strength between the meta] and imidazole

were apparent. ITie bands at about 1530 cm" , I'fSO cm" , l^flO cm" , and

1251 cm all reflected the amount of electron density in the ring system.

The ring stretching frequencies increased in the following order: Cd(II)-^

Fe(II) < Co(ll) < Mndl) < Ni(II) < Zn(II) < Cu(ll). The bands at about

250 cm " have been assigned to the metal-nitrogen bond vibration. The trend

exhibited by this band placed fln(II) equivalent with Cd(ll) and Fe(TI). This

was in good agreement with the Irving-Williams order of stability of transi-

tion metal complexes with nitrogen containing ligands. The fe(II) had been

coordinated to only four imidazole ligands. Therefore, the inductive effect

caused by the positive Mn(ll) \;as slightly larger than would have occurred

with six ligands attached to the metal ion. This increased inductive effect
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TABLE 3 . .

-1
Infrared spectra of metal-imidai-iole complexcations in cm

Mn(Im)^ Fe(Im)g Co(Iin)g Ni(lm)g Cu(Ira)i^ Zn(Im)g Cd(Iin)g

1527 s 152^ s 152^ s 1528 s 1529 m 1527 s 1522 s

lif8l s l'f78 s 1^81 s 1^81 s 1^+85 El li^8M s I'fQO s

1^*08 s lif06 s 1409 s lif09 s lil-22 s 1^120 m lif09 £

1321 s 1320 s 1321 s 1322 s 1325 s 132.5 r. 1323 £

1251 s 1251 s 1252 s 1253 s 1258 s 1260 s 1252 s

12hk w 12^1^ rn 12^3 s 12^7 m 1233 sh 12^1 m

933 s 935 s 935 s 938 s 3kl s 939 s 933 s

919 s 919 w 920 m 920 s 919 m 920 m 915 s

8^8 s 850 s 850 s 850 s 850 s 850 s 85^ s

833 m 835 s 835 a 835 s 82it s 831 br

776 s 776 s 778 s 778 3 777 s 765 vs 758 s

7^^ s 7^5 s 7he s 7^5 s 7^7 s 7^5 s 7^5 s

66o vs 661 s 662 s 665 s 660 vs 656 s 658 s

62^ s 626 s 622 m 626 s 620 s 625 s 625 s

250 m 250 m 260 m 266 m 285 s 273 m 238 :r.
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was reflected in the ring frequencies, but did not seem to be quite as large

a factor in determining the metal - nitrog6:n frequencies. Therefore, if ring

frequencies had been used to determine thu order of stability Mn(ll) would

have been misplaced. The metal - nitrogen frequencies proved valuable in re-

solving the question.

Pyrazole Complexes

Some work has been done on the infrared spectrum of the pyrazole ligand

in the solid state (57). Although the work was by no means conclusive, it

was used as the basis from which assignments of the pyrazole spectrum were

made. As with imidazole, assignments were verified by comparing the spectra

of solid pyrazole and the nitrogen-deuterated analog. These spectra are

shown in Table 6 and Plate II. Again, as with imidazole, a large amount of

splitting of the original pyrazole vibrational bands v/as observed. However,

only one band in the spectrum of the deuterated pyrazole was considered to be

due to a nitrogen-deuterium bond. This ba:id was observed at 9^9 c^ • This

substantiated the assignment of the ll48 cm" and 113^+ cm~ ' bands in the

spectrum of the free pyrazole ligand to a mode of vibration due to the nitro-

gen-hydrogen bond. The shift observed was similar to that observed in the

imidazole and deuterated imidazole spectra.

The splitting of the higher vibrational frequencies of ikGO cm
,

-1 -1
1391 cm , and 1353 cm " upon deuteration provided additional evidence to

substantiate the assignments. ViT^en the amino hydrogen was replaced by a

deuterium the synu'Tietry of the ring was decreased. The expected result would

be that the vibrational bands due to ring stretching would be split.

ITie complexes of pyrazole, as well as the complexes of all the other

ligands, were prepared from metal perchlorate salts. The perchloratc anion

.M^'itl.
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TABLE 6

Infrared frequencies (cm~ ) of pyrazole and d-pyrazole.

d-Pyrazole

1463 ir.

1^55 m

1^1? s

1392 s

1372 s

135't s

13^+9 s

1201 s

llifS 3

1133 S

1065 s

10^9 m

1029 E

969 m

931 g

913 s

890 s

832 s

736 s

660 s

613 s

imentsPyrazole

l460 s 1^63 iri ring stretch

1391 s 1392 s ring stretch

1372 s

1353 s 135'<- s ring stretch

13^+9 s

1307 m

l?^k m C-H bend + ring

1225 w

llifB s 11^8 5 ring stretch + N-H bend
113if s 1133 s ring stretch + N-H bend

1052 s 10^9 m C-H bend
1031 s 1029 E C-U bend

N-D bend

93^ s 931 E ring bend in plane

890 m 890 s * C-H bend out of plane

875 m
837 s 832 s ^ C-H bend out of plane

757 s 736 s C-H bend out of plane

65^^ w 660 s ring bend out of plane
618 s 613 s ring bend out of plane



EXi'I^ir^ATION 0? PLATE II
'i

A, Irxfrsred Spectrura of Pyrazole.

E. Infrared Spectrum of N-deuterated pyrazole.

C. Infrared Spectrum of Kn(Py), (CIO, ). .
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was, therefore, present in all of the metal complexes.. This anion also con-

tributed its ovin vibrational bojids to the spectra produced by the metal com-

plexes. These bands occurred at 626 cm" ', 9hO cm~ ^and in a broad area frcn

about lOOO en" to about 1200 cm"''". These bands interfered very little with

the bands of interest in the imidazole complexes. Hov/ever, such was not the

case vdth the pyrazole complexes. Tlie two bands v/hich contained nitrogen-

hydrogen bending modes were completely obscured by the broad perchlorate band.

However, bands of higher frequencies were found to be quite useful in

determining electron density shifts in .the ligrnd upon coordination. The

-1 -1 -1
three bands observed were at about l^oO cm" , l^tOO cm "^^ajid 1550 cm . The

first and third of these bands were generally lowered with respect to the

frequency of the same band in the spectrum of the free ligand. The second

band was raised with respect to its position in the free ligand spectrum.

These bands were shovm with the spectra of the metal-pyrazole complexes in

Table 7.

'. Imidazole and pj-razole proved to be quite similar in their electron

shifts upon coordination with a metal cation. There was a gener-al v/iihdrav;al

of electrons from bonds attached to the ring. This v;as duo simply to the

attraction from the positive ion. The electrons were withdrawn through the

ring for the same reason. The point to which the electrons were attracted

was the bond between the nitrogen and the metal. Since this occurred with

each ligand, the result was that the metal ion had attracted more negative

charge than it could tolerate by the principle of electroneutrality. There-

fore, the metal ion utilized a d - P^ mechtmism to place excess negative

charge back on the ligand. This mechanism is known as "back-bonding". It

places electron density in the pi bonding system of the ring. Hence, the
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TA.BLE 7

Infrared specta of rr.f.'tal-pyrazole complex cations in cm .

MnCPy)^'' Fe(Py)J^ Co(Py)^'' NKPy)^"" CuCPyP^"" Sn(Py)^^ Cd(Py)!^

lif^D S l45'f s li<60 s 1^5? s life^i s IhGO s lifOl s

1398 & 1393 5 1^02 s I'lOl s litOl s 1^+00 s 1398 s

13'f8 s 13^+5 s 1350 3 13^9 s 1352 s 1550 s 1350 s

1256 m 1255 w 1260 m 1259 m 1253 m 1259 m 1255 s

lO'fl s 1040 s lC'+5 s 10^6 5 10^9 s 10'f2 s 10^0 s

9'tO s 939 s 9'j2 s 9^+1 s 9^+3 s 9^+0 s 93S s

912 s 909 s 912 s 911 5 911 s 910 s 909 s

897 m 895 w 890 m 89^ m 896 m 898 w 892 m

871 s 860 m 863 m 869 m

.J

865 s 861 m 861 rn

858 m

786 s 78'f s 787 s 782 s 791 s 785 s 783 s

7"*^ s 771 s 77'f s 770 s 776 s 772 s 769 s

720 s 720 m 722 s 725 ni 725 m 725 c

68^+ s 68it s 690 s 685 s 697 s 68^ s 679 s

639 s 637 s 639 s 637 s 637 s 636 5 636 s

628 S 625 s 628 s 626 s
'

627 s 626 s 626 s

602 s 600 s 605 m 600 m 612 s 6C0 m 599 s

585 s 588 e 589 s 593 s 593 s 589 « . 581 s

'.V
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increase of the ring frequenciec v/as actually a reflection of the "back-

bonding" process.

Each of the frequencies ie determined by the vibrational modes of a comb-

ination of sigma and pi bonds v/ithin the ring. The sigina bonds experience a

general withdrawal of electrons while the pi bonds gain electron density.

Therefore, the bands which were shif-ued to a lower frequency were due to a

combination of vibrational nodes due primarily tc sigma bonds. The baiid which

shifted to a higher frequency was primarily due to the pi bonds in the ring.

The ring frequencies also provided a reasonable measure of the ability

of the meta3. ion to coordinate with the ligand. However, some of the bands

in the region between bOO cm" and 250 cm~ were also u.reful. The pyrazole

complexes all contained a band in the region of 590 cm . This band exhibited

a trend which again compared favorably with the Irving-Williams order of

stability. The same trend determined on the basis of ring frequencies would

have placed Co(Il) higher than Ni(II). The greater inductive effect of i-b(Il)

en the ligand due to its lower coordination number was again taV:en into con-

sideration as with the Mn( II) -imidazole complex.

Benzimidazole Complexes

Benzimidazole has been used to form stable tetrahedral complexes (2^^,

k2) , However, very little v/ork has been published concerning the assignment

of the infrared spectrum of sclid benzimidazole. The spectrum is consider-

ably more complex than the spectrum of solid imidazole. This v/as expected

due to the fact that the benzimidazole spectrum contained absorption bands

from the fused benzene ring as well as the principle absorption bands due to

the imi.dazole ring. Therefore, assignment of all the absorption bai\ds in the

spectrum was not attempted. Interest was centered only on absorption bands



35

produced by the imidazole ring. The locati:\n of those b?jads was facilitated

by deuteraticn of the amine hjdvoaen on ben-i-fiidazole and comparison of the

infrared spectra of benzinidar-ole and the nitrogen-deuterated analog. These

spectra are sho'.v-n in Table 8 and Plate III. It was found that deuteration

produced a dovmfield shift for one band and a considerable amount of split-

ting of other bands found in the benzimidazole spectrum. Using this data,

it was possible to deduce v;hich absorption bends had been produced by the

imidazole ring.

The band at 1152 cm" was shifted to 955 cm" . The band at H^^l cm""^

was split and shifted slightly downfield. The bands at 1270 cm""*" and

12'fl cm "^ were also split upon deuteration. Therefore, the bands at 1^51 cm"
,

I'-KDl cm , 2170 cm", and 12^1 cm" were expected to be dependent upon the

imidazole ring vibration. The spectra produced by the benzimidazole metal

complexes indicated this was true. The spectra are shown in Table 8. The

two higher bands, 1^+51 cm" and 1^01 cm" , experienced a shift to a higher

frequency in the spectra of the metal complex. Therefore, the two bands

resulted primarily from vibrations due to bonds related to the pi bonding

system within the imidazole ring. The two lower bands experienced a shift

to a lower frequency. This indicated that the bands were produced from

vj.brational modes consisting of bonds in or near the imidazole ring, but

primarily not concerned with the pi bonding in the ring.

The frequency shifts found for the benzimidazole complexes were generally

Bmaller than the shifts found in the spectra of the imidazole and pyrazole

complexes. Tliis was explained by the presence of the fused benzene ring on

the ligand. The pi system from the benzene ring and that from the imidazole

ring interacted. The benzene ring v;as then able to serve as an electron
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reservoir which could easily accept or donate electron density to the pi

system of the imidazole ring. Electronic changes in the imidazole ring due

to complexation would be diminished due to that mechanism,

TABLE 8

Infrared spectra of benzimidazole and d -benzimidazole in cm

Benzimidazole d-benzimidazole

176^+ s 1761 m

I6l4 m

1596 w

1582 s 1582 s

lif90 sh l'i92 w

V^IZ s \hl\ s

itfSl s Ihhl s

/* 1^25 vS

lifOl vs 1^02 s

1360 s 1358 s

13'+1 m 1338 s

1325 s

1296 s 1298 s

1280 s

1270 E 1270 E

1259 s

12'fl s \2hG s

123'^ s

.
-- 1219 s

1199 s • 1191 w
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Table 8 - continued
Benziraidazole d-benzimidazol

e

iim sh

1158 m

1132 s

1111 m

1001 s

957 s

931 m

895 sh

886 s

8k6 m

769 s

750 s

7^'+ s

63'f s

627 s

618 s

578 m

k22 s

419 s

270'

m

1175 w

1158 m

1110 s

1002 sh

995 s

9^9 s

920 sh

887 s

8^5 w

769 s

756 £h

7^9 s

7't1 s

628 s

613 s

58^1 s

555 m

539 m

k21 s

'tl2 s

405 s

268 m
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'.':; ECPLANATION OF PLATS III '-
»

A. Infrai-ed Spectrum of Benzimidazole. " •

j

B. Infrared Spectrum of N-deuterated Beiizimidazole. '>

C. Infrared SpGctrurn of Cd(Bz). (CIO, ) .
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TABLE 9

Infrared spectra of metal-benzimidazol.e co.Tiplex cations in en

CrCBz);;^ MnCBz);^"" FeCBz)^"" Co(Bz)
'r

NiCBz)^"" Cu(Bz)^"

loll m 1618 in I6l4 5 1612 s 1618 m

1584 w 1583 m 1586 w 1594 s 1595 s 1595 s

1473 s 1489 s 1490 s 1490 s 1490 s 1491 s

1449 s 1452 s 1450 s l450-60br 1456 s 1463 s

l409 s 1402 vs 1402 s 1403 s 1405 s 1410 E

1360 rri 1361 m 1362 m 1560 sh 1561 m 1362 sh-

1345 m 1340 sh 1347 w 13^+5 m 1549 ra 1549 m

1298 s 1298 s 1298 s 1294 s 1504 s 1203 s

1261 sh 1264 s 1265 s 1268 & 1270 s 1269 s

1240 s 1243 s 1239 s 1234 s 1245 s 1251 s

1005 s 1009 m 100^ m 1003 m 1009 s 1010 m

949 s 954 s 949 s 972 m 458 s 976 s

929 sh 930 m 928 m 930 m 931 s

881 w 884 s 873 ni 883 m 887 s 888 m

768 s 773 s 781 m 771 s 776 s 775 s

757 sh 765 s 767 s 761 w 762 m 763 s

742 vs 74o vs 741 vs 74o vs 741 vs 737 vs

624 w 625 s 625 s 620 s 626 s 625 sh

540 m 540 w 540 m 551 m 550 m 550 m

421 vs 425 vs 421 vs 425 vs 425 .-3 429 s

269 ra 279 m 268 w 261 s

ko

ions in cr
-1

I": .

Zn(Bz);J^ Cd(Bz)^^

1613 E 1618 s

1595 s 1585 ra

1492 G 1490 s

1452 rn 1457 £

l4o6 s 1404 s

1361 sh 1562 m

1346 m 1349 sh

1298 s 1300 s

1270 E 1269 s

1242 s 1244 E

1004 s 1002 m

975 s 957 ffi

927 m 933 w

885 m 886 m

773 s 775 m

751 s

74o vs 740 5

620 s 625 s

552 ir. 571 w

429 s 424 s

280 s 270 m
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reservoir which could easily £CCc:pt or donalo electron density to the pi

system of the imidazole ring. Elsctroiiic chances in the imidazole ring due

to complexation would be diminished due to thai; mechanism.

The benzimidazole ligand itself contained absorption bands in the

region 500 cm""*" to 250 cm""'". Tnese bands also occurred ir. the spectra for

the metal complexes thereby obscuring any absorption bands due to a metal-

nitrogen bond v;hich may have teen present. Hov/ever, the trend established

by the ring absorption bands compared favorably with the Irving-V/illiams

order of stability for transition metal ions.

Histidlro Complexes

Little previous v/ork hao been undertaken to establish assignments for

the infrared spectrum of histidine free base. Deuteration of this ligand

would have been cT little value due to the fact that the amine protons and

the acid proton would also undergo exchange. This would have produced a very

complicated specti-um which would have been of little aid in interpreting the

histidine spectrum.

Intra-nolecular bonding obscured a large portion of the spectrum of

the free ligand from I36O cm" to loSO cm"". Therefore » the absorption bands

in the spectra of the metal-histidine ccriplexes which were due to imidazole

ring vibrations were determined by comparison with the spectra of the metal

complexes of the previously discussed ligan.ds. Absorption bands at about

1370 cm and I26O cm""" v;ere assigned to vibrational modes of the imidazole

_1
ring contained in the histidine molecule. The band at about 290 cm " was

assigned to the metal-nitrogen bond. The spectra are shov/n on Table 10 and

Plate IV. The trends exliibited by these bands are ag3.in consistent with

the lrving"V;illian)E order of stability.
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TABLE 10

Infrared spectra of hisbidihie free base

and metal-histidine complex cations in cm

Hd Cr(Hd):^'" MnCHd)^'" FeCHd)^' CoCHd)^'' NiCHd)^"" CuCHdj^"" ZnCKd)^'' CdCHd)^

1569 m 157^+ m 1571 s 1578 s J 1576 ra 1570 m

1487 s 1^82 m lkS6 s 1496 m 1481 s 1487 s

1^29 m lk2.S m 1430 s 1429 s 1430 ra 1429 m 1428 m

lit03 s 1^02 s l^O'f s 1^00 m 1394 s 1385 s 1403 s 1405 s

1363 w 1365 w 136^+ w 1364 s 1384 s 1385 s 1363 w

1336 s 135P s 1335 s 1333 s 1345 m 1331 s 1345 m 1335 s 1331 s

1282 m 1282 m 1282 s 1299 s 1281 w 1302 m 1280 m 1282 \^

12f+8 s 1238 s 1259 w 1259 m 1267 s 1266 m 1268 m 1258 w 1258 £

1219 m 1231 s 1230 s 1232 m 1221 w 1230 ra 1229 w

1167 m
/

llHl w

1110 s
_^

10835 s

1961 s 987 w 985 w 990 m 988 w 984 ra

963 s 959 m 959 s 958 m 957 w 958 w

917 s 9^0 w 9to m 939 m 929 m' 939 m 938 w 9'+0 w 940 w

850 sh 863 s 858 s 862 s 839 s 863 m 865 m 856 m 862 n

832 s 820 s 820 ni 81s m 819 m 819 ra ^?Z r 819 m 820 ra

90^ m 80'+ m 8o4 w 802 m 797 s 803 s 803 ra 803 m 803 ra

792 w

775 s 78c s 782 s 780 s 775 s 780 s 780 s 780 s 778 s

731 3 711 s 711 s 711 s 710 rn 712 E 719 m 712 s 712 ra
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Table 10 - continued ...
Bd er(Hd):!;'*" Mn(Hd)^^ Fe(Hd)^^ Goii-fd)';''' Ni(Hd)^'" Cu(Hd)J^ Zn(Kd)J"' Cd(Hd)^"

683 s

6.51 s 665 s 665 s 665 s 683 n. 65?. G 675 m 665 s 66^f ni

622 s 627 s 628 E (iZZ s 626 s 625 s 625 s 625 £ 62.5 s

536 s 540 s 5*^2 s 5itO s 530 s 5'-tl m 3'+2 m 3^1 s 5^0 s

k2h s ^18 s '20 s ^17 s ^23 w '+20 s kO'^ w 'fl9 s ^^20 s

360 s 353 s 357 s 355 s 360 d 359 s 368 w 556 s 352 s

335 s

315 s 505 s 310 s 303 s 302 w 310 s 30^! m 309 s 302 s

281 m 290 s 292 m 291 m 295 m 291 m 390 rti
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EXPLANATION OF PLATS IV

». A. Infrai'ed Spectrum of Kistidine.

B. Infrared Spectrum of Ni(Hd) (GIO, ) .

. C. Infrared Spectrum of Zn(Ed) (CIO. ) .
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Histfui'iiue Complexes

Much the same procedure vao used in the investigation of the histamine-

metal complexes as was used vdth the histidine complexes. Deutsration v/as

not utilized because the primary amine hydrogen would have also exchanged

with the deuterium. The spectrum of the resulting deuterated histamine

would have been of little use in assigning the absorption bands of histamine

to specific vibrational modes.

Absorption bands due to the imidazole ring vibrations were again lo-

cated by comparison of the spectra of metal-histaniine complexes with the

metal complexes of the other ligands. The histamine absorption bands at

1^62 cm , ik^k cm '

J
and 12^7 cm were assigned to vibrational modes of the

imidazole ring of the histamine molecule. The bands at about 280 cm were

assigned to metal-nitrogen bonds. The spectra ai-e shov/n on Table 11 and

Plate V. Again all trends proved to be consistent v;ith the Irving-Willia,ms

order of stability.



^7

TABLK j.l .

Infrared spectra of histamine free base and

metal-histcvtnine complex cations in cm

Histamine Cr(Hm):^^ MnCHra)^^ CoCHnO^'' NiCHni)^* CuCHni)^^ ZnCHra)^^" Cd(Hm)^^

1560 br 156^ s 1563 s 1589 s 1570 s 1583 s 1579 s 1569 5

1^62 s 1^88 s 1^82 s 1^89 s 1^91 & 1500 ra 1492 m 1^+88 s

Ik^k s lk3k s 1^55 s 1^59 s l46o s 1^476

1^128 sh 1438 s l^f33 s 1^29 s l^f30 m l'f30 s

1379 rn 1381 ra I385 w I386 ra I382 w

1351 s 1350 m 1351 s 1350 m 1350 m

1351 s 1318 m 1316 w 1307 m 1318 m 132^ w I318 ra

12^7 ra 12^1 s 1262 s 1266 s 1269 s 1272 s 1270 m I269 m

1228 m

1098 s

1033 s /• .

'

938 E

923 s 928 ra 928 s 926 s 931 s 928 s 921 w

SkS s 853 s 855 s 861 s 867 m 851 s 845 5

830 5 802 m 827 s 835 m She ra 841 s

811 S

762 M 762 s 761 m 761 s 762 s

7hO w 7^+0 a 739 w 735 br .«'
- '^ 7^0 s

665 s

636 sh 63k sh 6if2 3 6^^9 r- •'-

/ •; 636 s

62't s 623 s 625 s 623 s 622 s 621 s 623 s 622 s

506 br k^e w if53 m ^75 ra '491 m if85 m

395 br 365 s 3'f5 m 351 s 360 s 362 s 363 s

268 m 263 m 285 m 290 v; 295 w 291 n 270 m

"A
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EXPLMATION OF FLAK V ,- >

A. Infrared Spectrum of Histamine

.

B. Infrared Spectrum of Co(Hm) (C]0, ) ,

C. Infrared Spectrum of Cu(Km) (CIO, )^.
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SUMMARY

> The transition metal coraplezes of five siinilar ligands, imidazole,

pyrazole, benzimidazole, histidine, and histamine were prepared by adding

together hot, concentrated solutions of the metal perchlorate and the ligancl.

This proved to be a more successful method of preparing the complexes than

had been used in the past. Since the work began, others have used the same

method in the prepsu-ation of the complexes (20, 21).

The resulting complexes were analyzed for metal ion content by polaro-

grajihic methods. The per cent m.etal ion in the complex was then calculated

from, diffusion current and compared with the theoretical per cent of metal

in complexes of various coordination numbers. In this way, the coordination

number for the complexes was determined. '

Assignments of some of the spectral bands was accomplished by deut ora-

tion of the amino hydrogen and analysis of the resulting spectra or by compari-

son v;ith spectra for which the assignments had previously been determined.

The order of stability for complexes of nitrogen containing ligands with

the transition metals has been determined by Irving-Willisjns to be as follows:

Kn(ll) < Fe(II) < Co(II; < Ni(II) < Cu(Il) > Zn(II). The complexes of each

of the five ligands agreed favorably with that trend. •,.,. ',
,.

•

The results of the investigation revealed the changes which occurred in

the electron densities within the ligand upon coraplexation. There was a

correlation between the strength of the raotal-ligan.d bond and the frequencies

of the absorption bands due to vibrational modes of the imidazole ring. This



was an indication that as the siipa bond strength between the metal and ligand

increased, the back-bonding between metal d oi-bitals and unoccupied nitrogen

orbitals also increased. This strengthened the metal-nitrogen bond even more

while increasing the electron density in the imidazole ring.

The absorption bands in the region of 2^0 cm"" to 300 cm" were assigned

to the bond between the metal and the J-nitrogen in the imidazole ring. From

those bands, an order of stability may be consbructed for the five ligands

to reflect their ability to form stable complexes with metal ions. The bands

for the histidine complexes were of slightly higher freqi^encies than the cor-

responding bands for the histamine complexes. Imidazole formed the most

stable m.onodentate complexes. Benzimidazole and pyrazole formed the least

stable complexes as they showed no evidence of a band above 250 cm which

could have been assigned to a metal-nitrogen bond. The order of bonding

strength for the ligands would be as follows: histidine^ histainine>

imidazole^ benzimidazole ^^^ pyrazole.
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Over the years it has been established that the basic structure of the

imidazole molecule is very important biologically. It has been included in

the structure of a great many biologically important compounds, such as, histi-

dine a^id histamine. Other heterocyclic nitrocen-containing compounds similar

to imidazole have also proven to be biologically important. Their importance

has been derived in part at least, from the ability of the nitrogen atoms to

complex v;ith metal ions.

Complexes of ligands containing the. imidazole ring with certain metal

ions have been the center of extensive research in the past few year:.. How-

ever, most of the work investigated the complexes in solution. The present

work has dealt witli the complexes in the solid state.

The com.plexes were prepared by adding together hot, concentrated solutions

of the metal por.^hlorate and the ligand. The resulting complexes were then

analyzed for metal ion content by polarographic methods. The complexes were

then investigated by meajis of infrared spectroscopy. Assignment of the

spectra was verified by comparing spectra of the free ligand with that of the

K-deuterated analogs. In the case of the ligands for which that method was

impossible, assignments were determined by comparing the unknown spectra with

the spectra of other ligands which had previously been assigned.

Irving and Williams have determined the order of stability for complexes

of nitrogen containing ligands with transition metals to be as follows:

Mn(ll) < Fe(ll) < Co(II) < Ni(ll) < Cu(II) > Zn(ll). The complexes of all .

five ligands compared favorably with that trend.



The results of this invc-s Ligation revealed the changes which occurred in

the electron densities within the ligand as it changed from a free ligand to

a conplexed species. There was a definite correlation between the strength

of the metal - ligand bond and the frequencies of the absorption bands due to

vibrational modes of the imidazole ring. This was an. indication that as the

strength of the sigma bond between the metal and ligand increased, the back-

bonding between metal d orbitals and unoccupied nitrogen orbitals also in-

creased. This strengthened the metal-nitrogen bond while increasing the

electron density in the imidazole ring.

The absorption bands in the region of 250 cm"^ to 300 cm'^ were assigned

to the bond between the metaJ. and the 3-nitrogen j.n the imidazole ring. This

bond strength was a direct indication of the stability of the complexes.

Therefore, from those bands, an order of stability was constructed for the

five 2igand3 which reflected their ability to form stable complexes with

metal ions. The order is as follows: histidine > histamine > imidazole >
bejizimidazole /v pyrazole.


