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ABSTRACT

The synthesis, purification, and characterization

of a large number of benzimidazole derivatives are described.

Compounds have been prepared which allow for the correlation

of systematic structural variations with the physical and

electrical properties.
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1 INTRODUCTION

The objective of these investigations has been prepara-

tion of a series of closely related high purity benzimidazole

derivatives. The electrical properties of these compounds

are then to be correlated with molecular properties such as

degree of conjugation, electron availability, ring sub-

stituents, bond strength, chain length, steric effects and

crystal structure. By a comparison of this type, it should

be possible to gain considerable understanding about the

relationship of chemical structure to electrical conductivity

and other physical properties in organic compounds.

This report for the period March 1962 through February

1963 describes the methods of purification and characterization

of benzimidazole derivatives to be used for further studies.

V ~ , i ] i i
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2. PREPARATION OF BENZIMIDAZOLES

2.1. St ia
In the synthesis program, several methods have been found

useful. The majority of these depend upon. the reaction of an

aromatic (or aliphatic) carboxylic acid -- or one of its esters --

with an aromatic o-diamine.

2.1.1. Direct Acid Synthesis

For aliphatic acids of low melting point, it is usually possible

to form the benzimidazoles by heating the diamine for several hours

with an excess of the acid at about 1000C (or at the reflux

temperature of the acid). This route was utilized for the prepa-

tion of 2-t-butylbenzimidazole. The strong trifluoroacetic

acid reacts in this fashion with g-phenylenediamine to give an

almost quantitative yield of 2-trifluoromethylbenzimidazole. The

direct acid synthesis is also useful for preparation of

2-methylbenzimidazoles (acetic acid) and benzimidazoles unsubsti-

tuted in the two position (formic acid). 1

In some instances, the reaction is preferably carried out in

4 N hydrochloric acid and/or with the acid anhydride. This was

found to be the case for benzimidazoles made from 3-nitro-g-

phenylenediamine (in particular 2-methyl-4-nitrobenzimidazole).

2-Phenyl-'-nitrobenzimidazole can also be made by this means from

benzoic anhydride. This reaction is commonly known as the

Phillips synthesis. 2

0
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The benzimidazoles are usually easily separated from the

reaction mixture by neutralization of the excess acid, which

causes the precipitation of the benzimidazole.

In the case of most aromatic acids the Phillips synthesis

fails. It is possible to cause aromatic acids to react by con-

ducting the reaction (in hydrochloric acid) under pressure at

18O0-19OOC.2 However., as other procedures exist for the prepara-

tion of the benzimidazoles of aromatic acids, pressure reactions

have not been attempted in this laboratory.

2.1.2. PolvyhosDhoric Acid Condensations

Alternative methods for the preparation of 2-arylbenzimidazoles

usually involve the use of a high-boiling solvent or dehydrating

agent for their success. The formation of the benzimidazole

from the starting materials usually becomes an important reaction

at about 1800C. The rate of reaction can often be measurably

improved by a choice of suitable media and temperatures as high

as 2900 without causing an untenable increase in the products of

side reactions.

One of the most useful media for the condensation is the

strongly dehydrating polyphosphoric acid. 3 Condensations carried

out in polyphosphoric acid are usually conducted at 1800-250C

under a nitrogen atmosphere and utilize the starting materials

in stoichiometric quantities. Reaction times of three to four

hours are customary. At the end of the reaction the polyphosphoric

acid-benzimidazole mix is partially cooled (to about 500-1500C)

and is poured into ice water, which procedure results in the pre-



cipitation of the benzimidazole. After filtration, the precipitate

is washed with water and then treated with dilute base to remove

most of the contaminating phosphates and any unreacted carboxylic

acid. The benzimidazole is then dissolved out of the precipitate

by an appropriate solvent and reprecipitated as a crude product.

Most of the "monomeric" benzimidazoles have been - or can be -

prepared by condensation in polyphosphoric acid. There have been

notable exceptions, however. In particular, it has not been

possible to prepare 2-phenyl-5-nitrobenzimidazole by this

method.' Difficulties in isolating a product have also been en-

countered with the following acids:

1. Trans-cinnamic acid (2-styrylbenzimidazole) -- Phosphory-

lation of the double bond may take place, or possibly

isolation of the extremely soluble 2-styrylbenzimidazole

formed may be complicated by the large volumes of water

involved. Synthesis has been accomplished by the reaction

of benzaldehyde with 2-methylbenzimidazole.

2. Pivalic acid (2-t-butylbenzimidazole) -- Violent de-

carboxylation takes place. Synthesis of this compound

has been carried out by the direct acid method.

3. 2-Hydroxybenzoic acid (2-E-hydroxyphenylbenzimidazole).

4. P-Methoxybenzoic acid (2-•-methoxyphenylbenzimidazole).

Lack of clear and particular interest in 2-9-hydroxyphenyl-

benzimidazole and 2-2-methoxyphenylbenzimidazole has prevented

further attempts at their synthesis, detailed investigation into

the products obtained, or possible reasons for failure.

The polyphosphoric acid method for synthesizing benzimidazoles
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has many advantages - the most important of which Is Lhat it

is literally a "quick and dirty" means of synthesizing a broad

range of compounds. However, separating the product from the

phosphates present is tedious, and it is also difficult with

many of the higher molecular weight materials which have low

solubility in even the best organic solvents. In addition, it is

not readily applicable for use with amine hydrochlorides because

of the foam generated by the evolving hydrogen chloride as the

mix is heated. In some of the other methods the hydrochlorides

can be used directly.

2.1.3. Ester Synthesis and Variations

It has been found in this laboratory and others that 2-aryl-

benzimidazoles can be effectively made by melt condensation of

the phenyl esters with Q-phenylenediamine (e. g. Ref. 5). Several

benzimidazoles, both monomeric and dimeric have been prepared

by this method -- among them 2- -naphthylbenzimidazole,

2-M-tolyl-5-methylbenzimidazole, 1,3-bis-(2-benzimidazolyl)benzene

and poly-2,2'-(M-phenylene)-5,5'bibenzimidazole. In this laboratory

these reactions are usually run at 200 0 -290 0 C for two hours. At

the endcfthe reaction, most of the phenol has distilled off and

the remainder can be removed by application of a vacuum to the

reaction flask. The product is often very easily isolated from

the cooled and solidified reaction mixture by leaching with

methanol or ether. The unreacted starting materials and impurities

will dissolve out leaving the product behind, often in crysta11ine

form.

__ _ __ _ _
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Several variations of this synthesis have been tried with

some success. In the case of 1,4 bis-(2-benzimidazolyl)benzene,

the diphenyl terephthalate which would normally be used as a

starting material has such a high melting point that the

reaction mixture never liquifies. This results in an incomplete

reaction and in the production of impurities. If dimethyl

terephtlalate is used with phenol as a solvent the reaction

proceeds smoothly (T = 2500C) and the product is relatively

clean. This reaction is normally run using one mole of phenol

for each mole of the acid.

Many aromatic carboxylic acids are not commercially available

in the form of their phenyl esters. Although the formation of

the phenyl ester from the acid via the acid chloride is relatively

straight-forward, it has been found that the benzimidazole

will often form from the acid if a stoichiometric amount of phenol

is used as a solvent, which obviates the need for making the

ester. A small amount of concentrated hydrochloric acid added

to the reaction flask seems to catalyze the reaction. In many

cases, the phenyl ester produces a cleaner product and is therefore

the preferred starting material.

Phenol boils at 1820C and disappears quite rapidly from the

reaction mix above 2000C. For benzimidazoles melting below 3000C

this is not a problem.because the reaction mixture usually remains

fluid throughout the course of the reaction. For some of the

higher melting benzimidazoles, however, the removal of the phenol

causes the reaction mix to solidify prematurely, thereby reducing

the efficiency and uniformity of heating and resulting in the

appearance of more impurities. Accordingly, the use of higher

*2
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boiling phenols has been investigated. To date, considerable

success has also been obtained with m-cresol(b.p. 2040C). The

bis-benzimidazole from1-napthoic acid and 3,3'-diaminobenzidine

tetrahydrochloride forms quite readily with m-cresol as a solvent

(T = 2500CI.

2.1.4. Other Methods

Still another synthetic route recently applied is the con-

densation of 2-methylbenzimidazole with aromatic aldehydes.

Triethyl phosphate has been found to serve as a suitable solvent

for this reaction, as do acetic acid and acetic anhydride. Thus,

reaction of terephthalaldehyde appears to have provided the

interesting compound, $,-bis-(2-benzimidazolyl)-lJ+-divinylbenzene

which may exist as the tautomeric

N

although characterization of the yellow crystalline product is

not complete.

An alternative type of preparative scheme, which has not

yet borne fruit, is the attempt to utilize derivatives of 2-diamines

which can be condensed with carboxylic acids directly. This

would allow better purification of starting materials, and would

lend itself to more convenient preparation of simple polybenzimidazoles

via intermediate acids. A particularly attractive type of compound

is piazthiole (2,1,3-benzothiadiazole) prepared from 2-phenylene-

diamine and thionyl chloride in pyridine. This is a low melting

stable crystalline solid which offers a potentially anhydrous
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condensation with acids:

"iR+ P'+ SOS

Unfortunately, this reaction has not yet proved possible, because

of the excessive stability of the piazthiole.

2.1.5. Telemers and Polymers

As a prelude to the study of high molecular weight polymers,

a series of telemers of well defined structure and chain length

and moderate molecular weight was of interest. In particular,

investigation of the following series of benzimidazoles was

proposed and synthesis undertaken:

NN

NN
N NN

Two procedures were investigated. The first utilized the

polyphosphoric acid method for the condensation of 3,+-diamino-

benzoic acid in the presence of a considerable excess of carboxylic

acid groups in the form of isophthalic acid to form compounds of

the type:

AN m
AN ma ý coo,.
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which could be further condensed with o-phenylenediamine to

give the desired products. A crude separation of the acid

products from the first condensation was effected by their

differential solubility in alkaline solution. However, the

products of the second condensation with g-phenylenediamine

proved prohibitively difficult to separate. Therefore, this

preparation was postponed until purificational techniques

could be more highly developed using simpler benzimidazoles.

Column chromatography and high temperature sublimation techniques

now in use should simplify product isolation.

A second approach to proidde essentially the same series

paralleled the work of PoraY-Koshits.6 This utilized the oxi-

dation of ring methyl groups to carboxylic acids. Attempts

were made to oxidize 2-M-tolyl-5-methylbenzimidazole to be

followed by condensation with o-phenylenediamine or with 3,1-

diaminotoluene and a second oxidation. However, it appears that

destructive oxidation of the benzimidazole is difficult to avoid

under the vigorous oxidation conditions required. 7

Synthesis of the poly-2,2' -(m-phenylene)-5,5' -bibenzimidazole

was accomplished using 3,3'-diaminobenzidine and diphenyl iso-

phthalate according to the method of Marvel and Vogel. 5 This

high molecular weight polymer had characteristics distinct from

but consistent with the low molecular weight compounds.
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2.*2. Pui cto

2.2.1. Preliminary Purification

Benzimidazole crystals involve strong hydrogen bonding and

consequent high lattice energies, favoring.low intrinsic solu-

bilities. Opposed to this is the low symmetry of most of the

compounds, coupled with disorder due to l(H)4-.,3(H) tautomerism.

The high degree of ordering required for crystallization of these

large molecules manifests itself in slow rates of solid-solute

equilibration. Moreover, the solubilities are strongly dependent

both on the pH of the solution and the state of the solid phase

present. These factors have proven a source of difficulty, but

also provide a wide range of conditions which can be profitably

manipulated during the course of purification, leading up to

sublimation and subsequent efforts toward hyper-purity.

For the lower molecular weight members of the series,

recrystallization from methanol and/or acetone has proven to be

the easiest method of purification. These are good solvents for

treatment with charcoal, but rates of solution are sometimes

slow; likewise, the solutions may supersaturate. Precipitation

by addition of water to these solvents is relatively non-selective.

Slow evaporation often leads to crystallization, but in at least

one case 1,3-bis-(2-benzimidazolyl)benzene, the crystals

obtained from methanol appear to include this solvent in their

crystal structure. Often a combination of both acetone and

methanol will improve the rate of solution and the characteristics

of the benzimidazole precipitate.

For higher molecular weight materials (most dimers and the

trimer from trimesic acid), neither methanol nor acetone dissolves



an appreciable quantity of the benzimidazole. For purification

of these compounds, methanolic sodium hydroxide, 6 N aqueous

sodium hydroxide, 88% formic acid, and glacial acetic acid have

proven to be valuable solvents. Recovery of the benzimidazole

is accomplished by neutralization (with CO2 or dilute HCl) in

the case of the sodium hydroxide based solvents. Neutralization

must be employed judiciously in the case of formic acid because

of the danger of forming gelatinous precipitates. A preferable

method for formic acid solutions is dilution with ether or in

some cases methanol. Use of ether as the diluent generally

favors the formation of a crystalline material. Alternatively,

evaporation of formic acid solutions allows isolation of the

formate salts.

Aqueous sodium hydroxide is a particularly valuable solvent

because it will often separate the benimidazoles from almost

all of the impurities. Most of these impurities are highly

colored amine condensation products, and formic acid dissolves

them quite readily as does any methanol based solvent.

Powerful hydrogen bonding solvents such as dimethyl sulfoxide,

dimethylformaml4e and dimethylacetamide are useful primarily as

extractants and lead almost invariably to gelatinous, intractable

precipitates. The exceptions are terephthalic acid derivatives,

of very low solubility, which crystallize upon cooling of hot

dimethyl sulfoxide solutions. In addition, dimethylformamide

and dimethylacetamide seem to react with some benzimidazoles

under the conditions of these experiments. Therefore, the use
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of these solvents has been avoided where possible.

2.2.2. Purification Techniaues Leadine To Hiah Purity MaterialS

Several techniques have been investigated for obtaining

hyper-pure benzimidazoles. Thus far, the best method has been

sublimation in vacuo (usually repeated sublimations). Because

of their unique thermal stability even the higher molecular

weight compounds such as ppl-bis-(2-naphthimidazolyl)bipheny1

(sublimed at 4500C), and 1,3,5-tris-(2-benzimidazolyl)benzene

(sublimed at 4200-4300C) have proven to be sublimable. As the

impurities seem to be either decomposed by the high temperatures

involved (into gaseous and/or tarry products) or do not sublime,

two or three sublimations usually result in a product which

exhibits greater purity than any of the materials obtained by

other methods. In addition, this has been the 2nja satisfactory

method for assuring a solvent-free material and, as will be noted

below, there is increasing evidence that many of the benzimidazoles

form complexes with solvents such as methanol and water. Formic

acid salts of benzimidazoles will also form.

Standard sublimation techniques have been used satisfactorily

for the lower molecular weight compounds. However, for those

compounds which are very high subliming and from which many of

the impurities sublime first, it has been found that sublimation

in a long tube through a temperature gradient will often cause

the impurities to sublime preferentially to the coolest portions

of the tube while the benzimidazole collects in the hotter

portions.
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Two or three sublimations of this type have thus far reduced

the most recalcitrant benzimidazole to a crystalline mass of

sharp melting point.

An attempt has been made to purify 1,3-bis-(2-benzimidazolyl)-

benzene by adsorption chromatography utilizing a mixture of

benzene and ethyl acetate as a solvent on a silica gel column.

The results of this experiment indicated that a considerable

improvement in the purity of this material can be achieved by

this method. However, the comparative advantages of this technique

require further evaluation.

In view of the highly polar nature of benzimidazoles and

their ability to form both acid and basic salts, another technique

for purification might be chromatography with ion exchange resins.

Preliminary investigations in this area indicate that this could

be a fruitful area for further investigation.

Zone refining seems to be a very sensible method for the

purification of benzimidazoles with melting points below about

3500 C, particularly since this is the technique employed to

obtain hyper-pure inorganic compounds for electrical applications.

First efforts in this direction, using a molten zone travelling

from the bottom to the top of a glass-enclosed sample, resulted

in breakage of the glass tube envelope by the expansion of the

compound upon melting. Reversing the direction of zone travel

resulted in the sublimation of the compound through the hot

region, leading to a kind of fractional sublimation process;

this led to some sweeping of the impurities to the bottom of the

tube, but seemed to be accompanied by a gradual decomposition of



the compound. Intermediate results could be obtained by horizontal

orientation of the apparatus, but with no perceptible improvement

in performance.

It was also anticipated that vapor phase chromatography

might offer a useful method either for the .purification of

benzimidazoles or for the determination of their purity. Since

these compounds can generally be sublimed, it seems reasonable

to suppose that some sufficiently inert column packing, run at

a sufficiently high temperature, would pass, and perhaps resolve,

various compounds of this type. In fact, no such conditions

could be found even when a short column was packed with pure

sand and run at 3000 C.



3. COMPARISON OF PHYSICAL PROPETIES

The properties of the benzimidazoles synthesized in the

course of this project show several consistent patterns.

Infrared absorption spectra and ultraviolet absorption spectra

have been taken on these compounds, and rough comparisons of

their solubilities, melting points, flourescent properties

have been made. Preliminary conductivity measurements are being

used as criteria for purity.

3.1 Infrared Spectra

Infrared spectra of this series of compounds are all

consistent with the benzimidazole structure. Several useful

correlations can be applied to further compounds of this class.

A pair of absorption bands, probably due to the -C=N vibration,

are found at 6.2 and 6.3 microns. These bands may-be weak and

one may be a shoulder. A strong absorption band at 7.60 - 7.66

microns, probably due to the phenyl-nitrogen stretching vibra-

tions is always present, but may often be a shoulder of an adja-

cent stronger band. The N - H stretching absorption at about

2.9 microns in the spectra of 2-alkylbenzimidazoles in solution
8

is not evident in spectra of the solid state. However, this

band is seen in the spectra of many of the solid state phenyl

substituted compounds.

The entire series has an aromatic C=C peak at 6.90 - 7.00

microns. (Unsubstituted benzimidazole has two peaks at 6.85

and 7.10 Microns in this region.) Further, aromatic absorption

bands are found at' 7.85 - 7.90 microns and at 8.13 - 8.18 microns.
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The former band is very weak in the 2-phenyl-substituted

compound and is missing in 2-trifluoromethylbenzimidazole.
The latter band is found in all compounds of this series

except those having nitro or chloro substituents on the

benzene ring of the benzimidazole. Several other correla-

tions due to the nature of the aromatic substitution may be

found within a particular group of this series. For example,

the di- and tribenzimidazoles linked through the 2-position by

a benzene ring all have a very strong band at 6.97 - 7.00

microns with a shoulder at 6.85 - 6.90 microns and a moderate-

ly strong band at 7.82 microns. The stronger band is not found

within this range for any other compound of the series. Many

other similarly limited correlations can be made.

3.2. Ultraviolet Spectra

Table I lists the wavelength and normal extinction co-

efficients (based on benzimidazole residues) for the first

three ultraviolet absorption maxima observed below 400 mp in

tetrahydrofuran or methanol. These generally occur in the

form of a right-hand and left-hand shoulder on a principle

central peak. Where only one broad absorption is found, it

is listed as the central peak. It is interesting to note the

smooth shift to longer wavelengths with increasing conjugation.

This series gives the first quantitative indication of the

relative properties of these compounds; particularly interest-

ing are compounds 6 and 9, the cross-conjugated dimer and

trimer, which are not far removed in their spectral properties

from their prototype 2-phenyl-benzimidazole. Contrast this with
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the large shift .to longer wavelengths seen in compound 17,

the highly c onjugated para-dimer. Also noted should be the

large increase in the ultraviolet absorption associated with

aromatic substituents, as compared with aliphatic. The

listed extinction coefficients must be treated as approx-

imate,. since no corrections for fluorescence or overlap have

been made.

[0
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TABLE I ULTRAVIOLET ABSORPTION DATA

1. Aromatic or Oleftnic S~bnI1Iuss .0 I

1. 2-Pb@Mi 36 IT 34 is 311 10

2. 2-o-Tolybousimidmuud 2 305 34 16 M1 I
3. 2-m-Toyb~iI ~ 30" it 305 13 310o a

4. 2-j-Toly~bonmirndamoe 306 14 308 1? 330 10

5. 2-m-Tc33v1-5-m tmmddaueh 300 34 307 33 333 13

6. 1.3-Bis(2-benalim~mA, ybs~ 300 15 363 13 333 12

7. 2-Pb~ony-5-chlorabom~in1azcI 301 20 30 23 323 14

8. 2-Pbeny1-5-mtybam1z. 301 16 316 13 333 13

9. l.3.5-Tria(2-bemdU kmzn tpd~b..m 363 13 310 13 33? 13

10. 1.3-31s(5-mefty-2-b.a11iids.8y3)..nm 306 1s 314 16 336 11

11. 2-m-Nsbb 313 13

12. 2-0-Ilp~~mi~u~ 306 16 313 31 336 13

13. Poly-2.31-(ua-pbmiyl..*-5.5-bbtumuIbzolm 336

14. 2.2'-Diwbmmy1-1-5.5'-bfidmzoWd 321

15. 2-9W7 lt,,- i mf 336 33 336 34 354 13

16. 2.2'-Di-5-naphftbl-5.P-bndia s 343
11. 1.4-Bis(2-b~ou 11I-olwbm m 333 341 Se1

18. 9.I'-Bls(3-bnxmzimdmseoi-1.4-4vbyv .m 366 3W 400

U. Naa-cmajugatng Subo.Uoof

1. Dmusimidazole 363 1.0 313 2.6 200 3A0

3. 2-t-Uutylbemzlinidmuds 311 3.3 315 4.5 233 4.0

3. 2-Tr flnora 26t0 3.1 211 3.8 335 3.3

MU. Anomolma Compunds:

1. 2-Ueftl-4-z US 6A

2. 2-Pbasyl-4-a 3d 63 13 330 &A 36? .

*Wav.1.mgth are In mfll1~rm

t Exuncti Coofficiego inla 1 L~m= 0%q l



-19-

3.3 Qualitative Fluorescence

Many of the benzimidazoles, particularly those substi-

tuted with aromatic groups in the 2-position are fluorescent

in the solid state. In many cases the solutions of such

compounds are also fluorescent. Preparative to a more sophis-

ticated evaluation a very rough qualitative analysis of their

relative fluorescent behavior has been made by visual

observation under ultraviolet light. The compounds dissolved

in methanol (4 millimoles to 16 ml of methanol) were visually

observed for fluorescence as neutral, acid and basic solutions

under ultraviolet light. The results of this experiment are

reported in Table II. In cases where the benzimidazoles

would not dissolve at the above concentration, a saturated

solution was used, and these are indicated by an asterisk in

the table. The order of fluorescence is reported as the

relative intensities which are indicated as 0 - not visibly

fluorescent through 7 - very intense. Fluorescence was also

observed for the same materials in their various crystalline

states and the results are recorded in Table III.

In general, the materials with 2 or more benzimidazole groups

and those compounds exhibiting greater conjugation show the

greater fluorescence both in the crystalline state and in

solution. The one exception is 1,3,5-tris-(2-benzimidazolyl)-

benzene which does not fluoresce very intensely. The most

highly fluorescent material synthesized in this laboratory is

the highly conjugated*4,9 8 -bis-(2-benzimidazolyl)-1 ,9-divinyl-

benzene followed in intensity by the other dimers, 2-styryl-
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23-Ms~'-4-d eami~dsw 0 00

2-Phawl-4- adedm~s 0 0

elbam emp are not soluble ts the exten of 4 udlflalese In 16 ml 1 mof tharna and lb seleka
sue are satuate soluion.

ttaebdive lammew~ to rated &,mm T - vow7 fluwnrseceat toee - no visabl nwoumsesm.



TAMLA IM QUALITATIVE FPLUORCENIT ODSERVATIOU

(Crystailme Ut1"s)

a MENu PSUPARATIVE TZlflhQU3 _____

*.'Dt4eI Iiau*O4.4- yelow" powder from Solution biht~ yellow
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(m.p lII@C
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2.29-0iphs..y-S.W40b..muludasoe 1. cream crystal. Frnom solution 1. brightp~
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2-trbuludai subimed white crystals pale blue 'noIsi

2-a-Na1 t bealmdaeale 1. white crystasl from MOCK 1. very pale red viole
2. white crystals sublimed 2. very pale YWed wht

2-=-T*17-S4meft* eashaidesol from KMoK white beadb brigh hiss Whie
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2-m-uleaiiad sublmsed wIde crystals very very Pals hss
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2. sublimed white crystals S. hMes

2-Trifiuoromeftbodids 1. sublimed white crystals 1, blue
2. white powder from water 2. bhis

2-tD~bsdmdaslssublimed white crystals ram while
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benzimidazole and the two naphthylbenzimidazoles. Almost

without exception, either the acid or the basic solution or

both are considerably more fluorescent than the neutral

solution. However, there is often very little correlation

between fluorescence in the crystalline state and in acid,

basic, or neutral solution. The color of the fluorescence

for a given compound varies depending on whether it is in

acid, basic, or neutral solution or is a precipitated or

sublimed sample in the solid state. One anomolous compound

is 2-m-tolyl-5-methylbenzimidazole. This compound shows an

unusually high degree of fluorescence in basic solution and

also in the solid state (probably as the monohydrochloride)

The sterically hindered 2-o-tolylbenzimidazole is unusually

fluorescent in the crystalline state but loses this behavior

in solution.

3.4 tblt

The benzimidazoles as a group are unusually stable both

thermally and chemically. Decomposition temperatures above

450°C are not uncommon. The sterically hindered 2- 0( -

naphthylbenzimidazole and 2-o-tolylbenzimidazole, however, tend

to decompose under strong ultraviolet light. The 2-m-tolyl-

5-methylbenzimidazole, the m-phenylene dimers, 1 ,3,5-trimer

also show less thermal stability than other compounds of

similar structure.

3.-. Crystal Properties

In the course of the experimental work many qualitative

observations have been made concerning the relative solubilities,
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melting points, and the ease of crystal formation of the

various benzimidazoles. In general, the solubilities of the

more symmetrical compounds are much lower and their melting

points are much higher.

Benzimidazoles have high melting points and are generally

crystalline materials when precipitated or sublimed.

However, asymmetric substituents such as 5-substitution on

the benzimidazole ring or 2-or m-substitu:nts on the 2-phenyl

ring reduce the melting points.

The same asymmetric substitutions make crystallization

difficult. The M-phenylene dimers tend to form glasses on

sublimation rather than crystalline products although the

1,3-bis-(2-benzimidazolyl)benzene has been sublimed to a

microcrystalline powder.

Solvent complexes appear to be formed with many of the

asymmetric compounds. The compound which has been most

thoroughly studied in this respect is 1,3-bis-(2-benzimidaz-

olyl)benzene. This compound exhibits two distinct melting

points.. When precipitated from methanol-water it melts at

180°C and resolidifies at 2600C followed by melting at

308-310 0C. Elemental analysis of this precipitate corresponds

to a 1:1,water complex. Sublimed samples of this material

melt at 308-310 0 C directly. Bands also appear in the

infrared Spectra of the potentially solvated compounds which

are not present in the spectra of their sublimed samples.

L



3.6 Preliminary Conductivity Measurements

Preliminary conductivity data has been obtained on a

limited series of benzimidazoles. Dark conduction, fitted

to the equation V 06 exp (-E/kt), yields consistent

values of E in the expected range. While most of the data

was obtained on highly purified samples, comparison of the

conductivity of samples after further stages of purification

are necessary in order to confirm that the data represents

intrinsic conductivities. Comparison of E for

2-p-tolylbenzimidazole in the impure (E=0.83 e.v.) and the

pure (E=1.3 e.v.) states demonstrates that such measurements,

as expected, are necessary for monitoring the purity of

these benzimidazoles. The value of E(0.4 e.v.) for pure

2-M-tolylbenzimidazole is similar to that for the pure

2-p-tolylbenzimidazola. A sample of 2-40-naphthylbenzimid-

azole, on the other hand, showed an E value of 0.57 e.v. a±id

a conductivity about 10 times that of the 2-tolyl compounds.

The conductivity data, however, because of the varying nature

of the samples used, are only approximate and will probably

require revision when the current series of measurements on

a standardized sample form are completed. For this reason

conductivity values are not included in this report. The

E values, however are less sensitive to the nature of the

sample. Although measurements on single crystals are

preferred for the determination of conductivity and activation

energy of pure compounds, the technique is impractical for

monitoring successive stages of purification. Initial
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measurements were made on pressed microcrystalline pellets.

The final sample form chosen was a thin crystalline

layer prepared by melting the compound between plates of

conducting glass separated by Teflon spacers of 4 x 10" 3 cm.

thickness. The melt, when allowed to cool slowly forms a

multi-crystalline film, the crystals of which appear

continuous in the very short current path. This technique

conveniently allows one to vary the degree of crystallinity

of the sample in order to determine whether the measured

conductivity is independent of sample preparation. Such a

procedure is difficult with pressed powders.

Since the measurements are currently being made with

D.C. apparatus shown in Figure 1, they are sensitive to an

initial rapid drop in conductivity due to polarization

effects. Plots of current versus time following voltage

application are similar to those of Riehl who reported the

initial drop to be more rapid, the higher the conductivity

and the temperature.10 Current measurements are being taken

at a 30 second interval after voltage application and yield

linear plots of log conductivity vs 1/T over the temperature

range studied as shown in Figure 2. Modifications are being

made which will allow for measurements over a much broader

temperature range. In addition the apparatus is being

adapted for the study of pulse photoconduction.
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Fig. I Conductivity cell used for electrical measurements.

In the cell at left is a pressed pellet. At the right

bottom is a sample between conducting glass plates.

-7 -

2 -/G - Naphthylbenzlmidazole

-9-0-

2.6 2.7 2* 2.9 30 3.1 3.2 3.3 3A

1000/T (OK)

Fig. 2 Typical curve: temperature dependence of electrical conductivity
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1.* EXPERIMENTAL

4.1. Synthetic Procedures

Most of the compounds synthesized for this project were

prepared by either the polyphosphoric acid method or one of the

four melt condensation procedures. The remaining two were pre-

pared by condensation of the appropriate aldehydes with 2-

methylbenzimidazole. Descriptions of these procedures follow

a discussion of the purification of starting materials. The

objective of these syntheses has been to obtain high purity

products rather than high yields. The data on the preparation

of the compounds is summarized in Table IV. Infrared and ultra-

violet spectra in all cases are consistent with the assumed

structures.

4.1.1. Preparation and Purification of Startine Materials

The carboxylic acit used were all commercially available

and when necessary were recrystallized from methanol before use.

Commercial phenyl esters were recrystallized from methanol-water

as necessary, and those not commercially available were prepared

from the acid chlorides by standard techniques. Those acid

chlorides not commercially available were made by the reaction

of the acids with thionyl chloride.

g-Phenylenediamine and 3,4-diaminotoluene are commercially

available from Distillation Products Industries of Eastman Kodak

Company and were purified before use by the procedure described

in Organic Syntheses. 1 1

The 3,3'-diaminobenzidine tetrahydrochloride was obtained

from two suppliers, Aldrich Chemical Co. and Burdick and Jackson

Laboratories. Both materials were used directly in the form ofA
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the hydrochloride except in the preparation of poly-2,2'-(M-phenylene

5,5'-bibenzimidazole for which the tetrahydrochloride was converted

to the free base and purified by the precedure used by Vogel

and Marvel. 5

The 1,2-diamino-3-nitrobenzene used in the preparation of

2-methyl-l+-nitrobenzimidazole and 2-phenyl-4-nitrobenzimidazole

was made by the method reported by Rabinowitz and Wagner with

the substitution of methanol for the ethanol. 12

Polyphosphoric acid is commercially available from the

Victor Chemical Works and was used as supplied.

4.i.2. Polyvhosphoric Acid Method

Stoichiometric quantities of o-phenylenediamine or a sub-

stituted Q-phenylenediamine and the carboxylic acid were added

to 250 ml of polyphosphoric acid in a 500 ml resin kettle.

This viscous mixture was slowly heated with stirring and under

nitrogen to 2300 C (t 300). The resulting solution was stirred

at 230 0 C (± 300) for three to four hours, permitting it to cool

to about 1000C and poured in a thin stream into a rapidly stirred

mixture of 1.5 liters of ice and water. The insoluble flocculent

residue was collected by filtration, washed with a small amount

of water and slurried with enough aqueous sodium hydroxide to

give a pH of 9 to 10. After standing for a few minutes the

alkaline slurry was filtered and the precipitate washed once with

water. The product was then extracted from the precipitate with

successive portions of hot methanol. After treatment of the

combined alcoholic extracts totaling 300 to 1000 ml with a small

amount of activated charcoal, hot water was added to the boiling
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filtrate until crystallization was imminent. The product

crystallized from the solution upon cooling and was collected

by filtration.

4.1.3. Melt Condensation Methods

4.1.3.1. Phenyl Ester Reactions

Stoichiometric quantities of o-phenylenediamines and phenyl

esters of carboxylic acids were normally used. After thoroughly

mixing the two powders in the dry state a few drops of con-

centrated hydrochloric acid were added and the resulting mixture

was heated under nitrogen to 250 0 to 2900C over a period of one

hour and held at that temperature for one or two hours longer.

The water and phenol evolved during the course of the reaction

were condensed and collected. The reaction is terminated when

most of the anticipated amount of phenol has been driven off.

The remaining phenol can be removed by evacuation of the flask

if desireable.

The product was isolated by leaching out the impurities with

6 to 8 small portions of methanol or methanol-ether (for the lower

molecular weight products) or until a fairly light colored

crystalline product was obtained.

In the case of l,4-bis-(benzimidazolyl)benzene, the product

was instead dissolved away from the impurities with 6 N aqueous

sodium hydroxide and precipitated by the addition of concentrated

hydrochloric acid.

4I.13.2. Direct Aromatic Acid Synthesis

In this procedure stoichiometrio quantities of 2-phenylene-

diamines and the aromatic carboxylic acid were employed. In

* addition, a catalytic amount of hydrochloric acid was used and an
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equimolar quantity of phenol or M-cresol - - with respect to

the aromatic acid - was added as a solvent. The reactions were

run and the products isolated in the same fashion as in the

phenyl ester synthesis described above.

4.1.3.3. Direct Acid Synthesis

In this procedure g-phenylenediamines were reacted with an

excess of liquid aliphatic acid and/or acid anhiydride. The

reaction was generally carried out at the reflux temperature

of the acid or at 1000 C for periods of from 4 to 8 hours.

The mixture was then poured into cold aqueous-sodium hydroxide,

decolorized and neutralized with hydrochloric acid. The pre-

cipitate formed was collected, dried and recrystallized when

necessary. When 4-nitro-Q-phenylenediamine was used in this

procedure it was necessary to employ a 2:1 acetic acid: acetic

anhydride mixture in orde'to obtain satisfactory yields. Reaction

of this amine with pure benzoic anhydride gave the corresponding

2-phenyl compound.

4.1.3.4. Methyl Ester Reactions

Stoichiometric quantities of 2-phenylenediamines were mixed

with the methyl ester of an aromatic carboxylic acid. In addition

to the catalytic amount of hydrochloric adid, an equimolar

quantity of phenol (with respect to the aromatic acid) was

added as a solvent. The reactions were run and the products

isolated in the same fashion as the product from the phenyl ester

synthesis described above.

4.1.4g Aromatic Aldehyde Condensation

I. In this first method, 50 milli-equivalents of an aromatic

aldehyde and 6.6 gm of 2-methylbenzimidazole are dissolved in
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100 ml of triethyl phosphate. Direct use of commercial materials

often yields a brown solution at this point; this should be

decoJlorized with charcoal to a pale yellow. This solution is

heated to reflux (216 0 C) for about two hours, cooled, and poured

into 700 ml cold water. The resultant solution is made slightly

acid with aqueous hydrochloric acid, and the precipitate filtered,

washed, and recrystallized from a suitable solvent.

II. In the second method the above quantities of reactants are

dissolved in 100 ml of an equi-volume mixture of acetic acid

and acetic anhydride. This solution is refluxed, with gradual

removal of solvent, over a period of three hours to a volume of

about 40 ml. The solution is allowed to cool somewhat and

enough water is added to destroy residual acetic anhydride.

This solution is diluted with water to about 500 ml and made

neutral with aqueous ammonia. The precipitate is collected

and recrystallized as above.

The bright yellow bis-(2-benzimidazolyl)-l,4-divinyl-

benzene can be made from terephthalaldehyde by either of the

above procedures, the first going in higher yield and the second

leading to the better product. Only the second was successful

in the prepamtion of 2-styrylbenzimidazole from benzaldehyde;

here an excess of ammonia must be used to react with residual

benzaldehyde, and care must be exercised in the isolation of

the very soluble product. Some 2-methylbenzimidazole remains

in the product and must be removed by sublimation.

4.2. Purification of ComDounds

4.2.1. Sublimation at Moderate Temperatures

For sublimation at moderate temperatures a large sublimator
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of essentially standard design was constructed (3.5 inch cylin-

drical chamber with a 2 inch air or water cooled probe). This

has proven satisfactory for benzimidazoles melting below 300°C.

In general, the sublimator was loaded with about 2.5.g. of

preliminarily purified benzimidazole. In the vacuum sublima-

tion, it has been found that a suitable rate of sublimation can

be obtained at 20o-300 below the melting point of most benzim-

idazoles. This method is unsuitable for compounds containing

impurities which sublime or boil at a lower temperature than the

benzimidazole and condense along with the benzimidazole on the

probe (the case for most of the higher molecular weight

materials).

Usually in the course of second and third sublimations no

further colored decomposition products appeared in the bottom of

the sublimator and very little residue remained. The sublima-

tions were carried tD completion. Three such sublimations nor-

mally constitute the final level of purification for these

compounds.

4.2.2. Sublimations at Hither Temperatures

For those materials containing impurities which sublime or

boil at lower temperatures than the benzimidazole and for those

benzimidazoles of exceptionally high melting or sublimation point,

sublimation was conducted in a long, continuously evacuated pyrex

tube. The lower 3.5-4+ inches of the tube was immersed in a sand

bath, heated from the bottom, which provided a temperature gra-

dient in the bath of about 200°C for the normal sublimation

temperature of 4O0-4O'50 C at the lower end of the tube.
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Samples of 1 gram or less were placed in lipless pyrex

test tubes of about 3 inches length which fitted quite closely

in the long tube. Under these conditions the more volatile

impurities normally sublime out of the inner tube and the

removal of the sublimed sample is also fneilitnted. Repeated

sublimations were usually accompanied by little or no residue

or colored decomposition products. Three such sublimations

normally constitute a purified product.

+.2.3. Adsorption Chromatography

Into 100 ml of refluxing ethyl acetate one gram of impure

1,3-bis-(2-benzimidazolyl)benzene was introduced. Solution

was facilitated by the addition of acetone which was boiled off

after the addition of 100 ml of benzene. Enough benzene was

added to bring the volume of the solution up to 300 - 350 ml.

The hot solution was put on 60 g of silica gel (Grade 923, 100 -

200 mesh, Davison Chemical Company). The charge was washed onto

the columnwith 200 ml of 25% ethyl acetate in benzene. The position

of the benzimidazole on the column was followed under fluorescent

light, and when the violet fluorescent band had moved away from

the top of the column leaving a small yellow non-fluorescent band

at the top, it was eluted with 50% ethyl acetate: benzene. Fractions

of about 33 ml were taken and dried at 80 - 1000C in a stream of

nitrogen and weighed. Of the 36 fractions taken, numbers 4 to 21

of the yellowish crystals were combined, recrystallized from

methanol and air-dried to yield 4+O mg. fine white crystals.

The purity of this material is greater than that of the starting

material, but it is doubtful whether it is as good as the sublimed

material.
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