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I. INTRODUCTION

The imidazoles include many substances of both biological and chemical
interest. Of special significance are the purines, proteins, and other imidazoles
discussed in this review. Inasmuch as the imidazole moiety is part of a fused-
ring system in the purines, these compounds have been excluded from considera-
tion here. The imidazole content of protein is due chiefly to histidine, which is
separately discussed. The isolation, structure determination, and synthesis
of biological imidazoles are reviewed in the following sections. Only occasional
references to important physiological, biochemical, and pharmacological attri-
butes are made, since these latter are thoroughly treated in Guggenheim’s
Die biogenen Amine (45a).

1 Contribution No. 915 from the Gates and Crellin Laboratories of Chemistry of the
California Institute of Technology.
2 Present address: F. E. Booth Company, Inc., Emeryville, California.
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Speculation on the biogenesis of the imidazoles would lead one to believe that
the simpler metabolic intermediates arise from natural sugars and ammonia.
This type of synthesis has its laboratory counterpart (29, 80, 103, 108), and is a
kind of process for which the intermediates should be readily available phyto-
chemically. For instance, known sugar metabolites might react as follows:

RC—NH
NH, AN
Carbohydrate — RCOCHO ————— CH
HCHO 7
HC—N

After conversion to histidine, the imidazole is incorporated into protein.
Alkaloids containing the imidazole nucleus may also arise as conversion products
of histidine, as well as of other amino acids, such as arginine (compare page
57). The strueture of the purines is sufficiently complex to suggest that they
result from elaboration of the imidazole molecule from ingested histidine.

The prototype of the group, imidazole, was first observed by Debus (29) in
reacting ammonia and glyoxal. This reaction was responsible for the alterna-
tive name for imidazole, i.e., glyoxaline. Hantzsch (49) later suggested the
use of the name imidazole. Both names are very common in the literature, but
imidazole has been given official recognition (81).

The numbering of the imidazole ring begins with the nitrogen atom bearing
a hydrogen atom.

In the case of some imidazoles monosubstituted on either the 4- or the 5-
carbon atom, the designation 4 (or 5) is employed, since decision as to where
the group is attached has not been made. A mathematical treatment of the
corresponding resonance forms of histidine has been published (58).

II. BETTER-KNOWN NATURALLY OCCURRING IMIDAZOLES

A. Anserine

In 1929 Ackermann and coworkers (6) announced the discovery of a new,
nitrogenous component of goose muscle. This compound proved to be basie,
possessed the empirical formula CiHsN4Os, and was given the name anserine.
Its aqueous solution was alkaline; anserine could be precipitated from it by
picrie acid, by aleoholic mercuric chloride, and as the chloroaurate. Its solu-
bilities in alcohol and water resembled those of most peptides. It could best
be purified as the copper salt, of which these workers obtained 8.4 g. from 5.7
kg. of fresh goose muscle. Color tests for histidine, tyrosine, tryptophan, and
arginine, as well as a biuret test, were negative. The ninhydrin reaction was
positive.
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In the same year Linneweh, Keil, and Hoppe-Seyler (75) solved most of the
problem of the structure of anserine by means of several experiments and some
intuition. The reaction with nitrous acid indicated that one of the four nitro-
gens was present in a primary amino group. Failure of a solution of the material
to decolorize permanganate eliminated the possibility of an aliphatic double
bond. Oxidation with chromic acid, chlorine water, permanganate, nitric
acid, or hydrogen peroxide, reduction with hydriodic acid, and dry distillation
all failed to yield further clues. These investigators therefore resorted to a
procedure which had been adapted by Jowett (64e) to pilocarpine, i.e., heating
with soda lime in a stream of hydrogen. As a result of this treatment it was
possible to isolate 1,5-dimethylimidazole as the chloroaurate, possessing the
properties recorded by Jowett for this compound.

This reaction established the presence of an imidazole ring and the locus of
the —NCHj; group, and also diminished the number of possible points of attach-
ment of the rest of the molecule. These facts further checked the previous
notion that anserine was simply monomethylated carnosine with similar proper-
ties. The Pauly diazo color test for the imidazole nucleus, which was positive
in the case of carnosine, was negative for anserine. This diazo color evidently,
then, required an unsubstituted ring —NH— for its appearance, in agreement
with observations of Burian (24).

With the above information as a background it was possible to continue in
the same fashion employed for carnosine, as described in the section on that
compound. Hydrolysis with barium hydroxide solution gave dl-methylhisti-
dine, separated as the phosphotungstate and isolated and identified as the
picrolonate and nitrate. B-Alanine was also isolated from the phosphotungstate
filtrate, as the naphthylurea, and it checked in nitrogen content and melting
point with a synthetic preparation.

The order of attachment of the two amino acids was not settled by the above
work, but the authors suggested that the same order known to exist in carnosine
was likely. The validity of this surmise was substantiated by Keil (68a), who
employed the device of condensing the peptide with trinitrotoluene (17) and
hydrolyzing the resultant compound with dilute sulfuric acid. B-(Dinitrotoluyl)-
alanine was isolated.

Keil synthesized both the 1,4- and 1,5-dimethylimidazoles and separated
them by the method of Pyman (87f). The chloroaurate of the dimethylimidazole
from anserine had a melting point of 224°C., and a mixed melting point with
1,5-dimethylimidazole chloroaurate of 224°C. The structure of anserine was
therefore established as

CH
7\
1
HC==CCH,CHCOOH

|
NHCOCH,CH;NH,
Anserine
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Keil (68b) subsequently attempted to synthesize anserine by methylation of
carnosine with dimethyl sulfate in soda solution, but a polymethyl product
resulted. The partial synthesis of anserine was accomplished by Behrens
and du Vigneaud (20), who employed a supply of 1-N-methylhistidine
furnished by Ackermann. This compound was converted to the (-alanyl
peptide by the method used for carnosine by Sifferd and du Vigneaud (94).
The product was identical with natural anserine.

An excellent review on the chemistry and physiology of carnosine and anserine
has been published by du Vigneaud and Behrens (100). Anserine has, since
1929, been found in the muscles of many species (113). The possible im-
portance of this compound and of carnosine as natural buffers in muscle systems
has been suggested by Smith (95).

B. Carnosine

Carnosine, one of the so-called muscle extractives, was first isolated from
“Liebig’s meat extract’” as the phosphotungstate, silver salt, and nitrate by
Gulewitsch and Amiradzibi in 1900 (47). The nitrate was found to exhibit
optical activity: [a]p = +22.3°. A melting range of 211-212°C. was recorded.
Analysis of the nitrate and silver salts in both cases corresponded to an empirical
formula of CgH14N,Os for the carnosine base. In 1906, Gulewitsch (46a) showed
that carnosine was identical with Kutscher’s base (74a) “ignotin’’, as shown by
its melting point and the mixed melting point of the nitrates.

The similarity in behavior of carnosine and arginine first suggested to Gule~
witsch that the new compound contained a guanidine group. In order to check
his belief, the compound was hydrolyzed with barium hydroxide solution, but
none of the expected urea was obtained. Instead, there was isolated a base
which precipitated with silver nitrate and barium hydroxide. When the
argentous precipitate was decomposed with hydrogen sulfide, a base was libe-
rated, the analysis and decomposition point of which corresponded to those of
histidine. Its precipitant properties with phosphotungstic acid and with
mercuric chloride also agreed with the properties of histidine. From the equa-
tion

CQH14N403 + HzO = CeHgNst + 03H7N02 (not isolated)

Gulewitsch concluded that the other product was probably alanine.

Subsequently (46b) the hydrolysis was repeated. On this occasion the
histidine was completely removed and the residue was treated with a-naphthyl
isocyanate. Analysis of the product again indicated CsH;NO;. The melting
point of the urea was 230-232°C., whereas 198°C. was found to be the melting
point for the di-a-alanine derivative.

Gulewitsch therefore concluded that the compound was B-alanine. This
substance was therefore prepared from S-iodopropionic acid and converted into
the naphthylureide. The melting point of this compound was 231-233°C.
These experiments constituted the first record of the existence of B-alanine in
nature.
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The constitution of carnosine was thus shown to be either 8-alanylhistidine
or histidyl-g-alanine. Its structure was unequivocally settled in 1918 by two
groups of workers (17, 19).

One of the groups, Baumann and Ingvaldsen (19), first deaminized the
carnosine with nitrous acid until 98 per cent of the amino nitrogen had disap-
peared. From the solution a 70 per cent yield of histidine was isolated, indi-
cating that carnosine is G-alanylhistidine. Carnosine was then synthesized by
the following reactions:

Ba(OH),

ICH,CH;COCl + Histidine = ICH20H200NH?HCH21m3
COOH
[
NH20H20H200NHICHCH2? ?H
COOH N NH
N/
CH
Carnosine

Three grams of carnosine of melting point 250-251°C. was obtained.

Barger (17) reported that he and Ewins also deaminized carnosine and came
to the conclusion that the peptide was 8-alanylhistidine, but not with certainty,
because no pure products were isolated. With Tutin, Barger introduced a new
reaction of value in this type of structure determination. These workers
found that 8- and y-trinitrotoluenes condense with amino acids, when dilute
aleoholic solutions of the substances are boiled, with the liberation of nitrous
acid. The reaction oceurs with primary amino groups only. +-Trinitrotoluene
condensed with carnosine as follows:

N02 NO2

NO, HCH;CH,CONHCHCH;Im
+ Carnosine — |
NO; NO; COOH

CH, CH;

When this substance was hydrolyzed, histidine was isolated.

An attempt to synthesize the peptide from g-chloropropionylhistidine with
ammonia did not yleld the desired peptide. Histidine methyl ester and g-nitro-
propionyl chloride were then coupled and reduced by stannous chloride and
acid. A small amount of the copper salt of the hydrolyzed reduction product
was obtained, but perfection of the method was abandoned, owing to the prior
publication of Baumann and Ingvaldsen’s process.

A yield ten times as great as that of the early syntheses was recorded by

8 Im = imidazolyl.
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Sifferd and du Vigneaud in 1935 (94), employing the Curtius and Bergmann
reactions:

RCOOH* — RCONHNH, — RCON; —
RCONHCHCH;Im — RCONHCHCH,;Im

|
COOCH;s éOOH

l

Carnosine

The over-all yield from histidine was 65 per cent.

Methyl histidinate was successfully condensed with S-alanyl chloride in
another method (55). Abderhalden (1) also successfully concluded Barger’s
attempted synthesis, by employing the methyl ester of histidine.

du Vigneaud and Hunt (101) prepared d-carnosine and found that this gave
no blood pressure lowering in twenty times the dose adequate to give a pro-
nounced effect with l-carnosine. The short-lived depressor effect of I-carnosine
is not of pharmacological importance, although it may be important physio-
logically.

C. Ergothioneine

Ergothioneine (thioneine, thiasine) derived its name from its original isolation
from an aleoholic extract of ergot by Tanret (98). It has been isolated from
other sources, such as mammalian blood (61). Tanret found the substance to
be optically active with [a]p= +110° (no temperature was given). The com-
pound proved to be a weak base and formed salts with mineral acids and mer-
curic chloride. It had the empirical formula C¢gH;s0.NsS. Practically all of
the structural work published on ergothioneine is contained in the paper of
Barger and Ewins (16). From the facts that it formed a silver precipitate as
histidine does, and had a large nitrogen content these workers suspected the
presence of an imidazole ring. The carbon and hydrogen content also suggested
a betaine group to them. Confirmation of the first guess was furnished by the
red color obtained with p-diazobenzenesulfonic acid, a color reaction typical of
mmidazoles (61).

Heating with concentrated potash cleaved ergothioneine to trimethylamine
and a yellow acid having the composition shown by the formula CgHsO.N.S.

SH SH
¢ &
HN/ \N -_— HN/ \N + (CH,;)sN
Hé—:éCHzCHCOO‘ HC|=(JJCH=CHCOOH
II\T“’(CHs)a
Ergothioneine

‘R = CH;CH;OCONHCH,CH¢—.
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When the sulfur of the acid was oxidized away with nitric acid and the resultant
compound was reduced with sodium and ethanol, there resulted a substance
which, by melting point and mixed melting point, was shown to be identical
with an authentic specimen of 8-imidazolylpropionic acid.

Oxidation of the original compound with iodine gave a disulfide. The sub-
stance thus showed a similarity in reaction to cysteine, in contrast to its stability
toward hot alkali, which would not obtain for cysteine. From these results
Barger and Ewins concluded that the sulfur was present in thiolimidazole form,
although they did not rule out as possible an attachment of sulfur to the beta
carbon atom.

The position of the sulfur in the ring was confirmed synthetically twenty-two
vears later by Akabori. Akabori (9) prepared thiolimidazolylpropionic acid
from glutamic acid, by a ring closure known to give thiolimidazoles; the same
compound was obtained by reduction of Barger and Ewins’ thiolimidazolyl-
acrylic acid with sodium amalgam.

C,H; OCOCHCH,CH,CO0C,H, Y*H8, CHO?HCHaCHzCOOH HSCN,
NH,-HCI NH, -HCI
| |
N NH
N/
i
SH

Although attempts to synthesize ergothioneine have been made, this goal has
not yet been attained. Jackson and Marvel (62) attempted the preparation of
a possibly useful intermediate from 2-thiol-4(or 5)-hydroxymethylimidazole.
Experiments designed to convert the hydroxyl group to chloride by thionyl
chloride and by hydrochloric acid were, however, unsuccessful because of polymer
formation.

At about the same time several attempts at the same preparation were
recorded by Harington and Overhoff (53). Their paper also includes a critical
analysis of the synthetic problem and the various possible approaches. These
investigators concluded that the most likely mode of synthesis will involve the
action of trimethylamine on an appropriate halogen compound. The problem
of synthesis therefore remains to be solved. The physiological importance of
ergothioneine, if any, has yet to be established also.

Ergothioneine is one of the non-sugar-reducing substances in blood and its
value may be related to this fact (18). Extensive tests emphasizing its negative
pharmacological action have been reported by Tainter (97).

D. Histamine

This physiologically important amine is probably the best known of the
imidazole group. Before it was recognized as a naturally occurring substance,
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histamine was prepared (70, 112) by Windaus and Knoop as part of a program
of syntheses of imidazoles (110). The process was built around a Curtius
degradation:

CH; COCH;CH:COOH — CH;BrCOCHBrCH.COOH —

C.HsOH
CHOCOCH, CH,COOH %-» ImCH, CH; COOH? —2-5
ImCH, CH, COOC,Hy ™M, 1 0H,CH, CONHNH, -2,
HCl
ImCHchchNs ——— ImCHchzNHz

Histamine

In 1910, Barger and Dale (15) and Kutscher (74b) simultaneously announced
the discovery of the amine in extracts of ergot. In this same year, Ackermann
(4a) recorded the enzymic decarboxylation of histidine to histamine. Histamine
was thus the second proteinogenous amine to be isolated, following tyramine.

Another synthesis of histamine, by Pyman (87a), followed soon after this
discovery. Diaminoacetone was synthesized by the method of Kalischer (65)
and converted in the usual fashion to the thiolimidazole.

?HchOH CH,COOH CH=NOH CH,NH,
HSCN
HO?COOH — ?o — 5 Co — ?o _—
|
CH, COOH CH,COOH CH=NOH CH;NH,
HC——NI\{\
csH 289, nomom B mon,c1 2265
Y
NH, CH, C——N
TmCH,CN N2+ GOt 4y, o mine

During the oxidation of the thiolimidazole, nitrous acid is formed, and converts
the terminal amino group to hydroxyl. Yields were all above 60 per cent,
except in the last step which gave 29 per cent conversion to histamine. Imida-
zolylacetic acid was also isolated by Pyman, in 35 per cent yield from the nitrile.

The Pyman-Kalischer synthesis has been improved by Koessler and Hanke
(71). The intermediate hydroxymethylimidazole may be directly obtained
from fructose (28, 104). An inexpensive but useful form of fructose for this
reaction is honey freed of glucose (38).

Another synthesis of histamine by Pyman (23) starts with NH,CH,CH,-
COCH,NH,. This is condensed to the thiolimidazole with thiocyanic acid,
and oxidized to histamine by ferric ion. Yet another synthesis by Pyman (41)

8 Im = imidazolyl.



BIOLOGICALLY IMPORTANT IMIDAZOLES 55

converts hydroxyethylimidazole (histidol) to the chloride, and thence to the
amine (80 per cent) with alcoholic ammonia.

HC—NH HC—NH
AN AN -
CSH — /CH — Histidol (1)
V4 7
CeH;OCH,CH,C—N CeHs OCH; CH: C—N (wyriflrd)cent
CHNH,CO HC—NH
N\
20— CSH —— Histidol (2)
/ 7 (30 per cent
CH.CH, HOCH,CH;C—N yield)

Besides these syntheses, Ewins and Pyman (36) developed the chemical
decarboxylation of histidine to histamine. This involved reaction periods of a
few hours, instead of the weeks employed in Ackermann’s bacterial process.
This method is the principal one used for the commercial preparation of hista-
mine, Ewins and Pyman found that heating with 20 per cent sulfuric acid,
concentrated hydrochlorie acid, or potassium deid sulfate gave no decarboxyla-
tion in 3 hr. at 240°C. At 265-270°C., however, yields up to 25 per cent were
obtained. Histidine, benzoylated on the a-amino group, could be heated at
240°C. in a vacuum, alone, and the resultant benzoylhistamine hydrolyzed to
give yields of 10 to 20 per cent.

The most recent synthesis of histamine was reported by Akabori and Numano
(11c¢). Glutamic acid was converted in six steps to «, y-diaminobutyric acid
(also prepared (8) by the action of hydrazoic acid on glutamic acid), from which
the synthesis proceeded as follows:

NH,CH; CH, CHNH,COOC;H, X**%, NH,CH,CH, CHNH,CHO 255,
NH;CH,CH,C==CH ¢,
I —_— NHzCHzCHzIm
HN N

\C 7 Histamine

I
SH

The medical utility of histamine includes its use as a gastric stimulant (it is
probably a natural gastric hormone (90)), and in ointments for the treatment of
rheumatism. An excellent review of the physiological literature to 1931 has
been published by Best and McHenry (21a). Histamine is believed to be
liberated as part of the mechanism of allergic manifestations in shock, urticaria,
asthma, sneezing, ete. For such maladies it has been recommended as a de-
sensitizing agent (37a, 105).

In a recent paper, Kapeller-Adler (66) describes an isolation of histamine.
The base is finally separated as the diflavianate, and a few milligrams are re-
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coverable. By this method it was possible to demonstrate that, although
histidine is excreted by normal pregnant women, histamine, instead, is excreted
by those suffering from toxemia.

E. Histidine

Kossel (72) is credited with the original isolation of histidine, from the prota-
mine sturine. Kossel gave the base its present name. The compound was
isolated by sulfuric acid hydrolysis and separation as the mercury salt. After
removal of mercury, the base was neutralized with hydrochlorie acid, and the
hydrochloride was isolated. Analysisindicated either C;sHggN¢O4-2HCI + 2H,0
or CeHgN;3O,-HCl + H,0. A small amount of histidine was prepared by re-
moving chloride ion with silver and precipitating from the concentrated aqueous
solution with alcohol and ether. The amount of material obtained permitted
three analyses, two of which corresponded most closely to the C¢ formula. On
the other hand, the boiling-point elevation in phenol indicated a molecular
weight of 296, whereas the Cy; formula requires 312.

In the same number of ‘“Hoppe-Seyler’’ (56), Hedin reported further on the
chemistry of histidine isolated from blood serum and from casein. The material
was prepared from the arginine filtrate with silver, giving CeH;2N;0;Cl.  The
base analyzed as CeHyIN;O:. A determination of molecular weight by freezing-
point lowering, more dependable than Kossel’s ebullioscopic method, indicated
155.4 as against a theoretical value of 155.1. The Cs formula was thus firmly
established.

Hedin found that histidine could be precipitated from its aqueous solutionby
careful addition of ammonia, This precipitate dissolved in excess ammonia.
Attempts to obtain a crystalline sulfate or nitrate were unsuccessful. Identity
of the substance with Kossel’s histidine was proven by crystallographic com-
parison. Kossel and Kutscher reported later (73), in contrast to Hedin, that
natural histidine is optically active: [a]p = —39.7°. Kossel and Kutscher
showed that histidine dihydrochloride, melting point 231-233°C., could be
obtained from the monohydrochloride by evaporation with hydrochloric acid.

Herzog (57) reported several chemical tests run on a sample of histidine.
The tests chosen indicated that Herzog was unaware of the type of structure
present in his compound. He noted a positive biuret reaction, which was
probably due to the presence of peptide impurities. Methoxyl and methylimide
tests were negative. It was reported that hydroxylamine hydrochloride reacted
with histidine to give a crystalline substance. Oxidation with barium per-
manganate in neutral solution evolved hydrocyanic acid. Histidine also
reacted as a saturated substance when tested with bromine in acetic acid.
From these tests, Herzog concluded that the substance was neither dimethyl
malonylguanide nor malonylguanide, which conclusion was correct as far as it
went.

Fraenkel (40a) heated histidinium chloride above its melting point and found
that carbon dioxide was evolved. This reaction indicated the presence of a
carboxyl group, and histidine could be formulated as CsHsN;COOH. Sodium
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hypobromite was found to remove one nitrogen; therefore one amino group was
present. Fraenkel, however, reported a positive Wiedel reaction, which incor-
rectly led to the suggestion of the two pyrimidine structures

NH;CH, IC——-C H, NH, ﬁ——? H,
l
HOOCCI NH and HOOC? ITTH
N=(jJH N=CCHj

By a critical review of the published observations and by means of a few
well-chosen experiments, Pauly (82) arrived at the now-accepted structure of
histidine. He failed to get a definite compound from histidine by the action of
benzoyl chloride and alkali, but succeeded with benzenesulfonyl chloride. Two
molecules reacted for each molecule of histidine. Since one nitrogen had
already been shown to be a primary amino nitrogen, there was thus evidently a
secondary amino nitrogen also, and the third was correctly concluded to be
tertiary nitrogen. From the analysis, Pauly concluded that there must be two
double bonds or a triple bond. Only one could be between nitrogen and carbon,
since one nitrogen bore a hydrogen atom. If a =C==NH group were present,
barium hydroxide treatment, in contrast to the experimental finding, would
hydrolyze it. The other double bond must be between two carbon atoms.
Stability to acid permanganate indicated that the double bonds must be in the
ring.

Two two-nitrogen rings were known at the time—pyrazole and imidazole.
Pauly considered that the former did not merit consideration as a physiological
component. Because of the close physiological and chemical similarity to
arginine, Pauly suggested the correct formula for histidine:

HC=CCH,CHCOOH H.C CH.CH,CHCOOH
Hll\' N llIHz HllI NH 1L'H2
\Cé \C/
Xa,
Histidine Arginine

The imidazole authorities, Knoop and Windaus (70), reported experiments
designed to settle whether the histidine ring was a derived pyrimidine structure
of the type suggested by Fraenkel, or was Pauly’s imidazole. Knoop and
Windaus treated histidine with sodium and aleohol, without change. A reaction
would not be expected with an imidazole, whereas one would be with a pyrimidine
(26). Further, by reducing Fraenkel’s desaminohistidine with hydriodic acid
and phosphorus, they obtained an acid of melting point 208-209°C. This
substance was shown to be identical with imidazolylpropionic acid, an inter-
mediate in their histamine synthesis deseribed above.

Fraenkel, however, refused to accept the accumulated evidence for the
imidazole structure. In a short paper (40c) he pointed out that pyrimidine
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derivatives with no oxygen in the ring give a color with diazobenzenesulfonic
acid as does histidine. A more logical argument was the statement that the
Bamberger reaction (fission of the imidazole ring by acid chloride in alkali)
did not oceur with histidine when it was treated with benzenesulfonyl chloride.
This argument is of little significance however, since, even to the present date,
the specificity of the Bamberger reaction has not been thoroughly elucidated,
and it is clear that the reaction is not a general one.

Knoop (69) also settled the position of the amino group by the following
reaction:

ImCH,CHNH,COOH?® m ImCH,CHOHCOOH Oxid.ation wi_th
acid MnOy

ImCH,COOH

An acid of the correct analysis for imidazolylacetic acid was obtained.

The synthesis of histidine did not occasion as many false starts as did the
determination of its structure, but it also was not without an unfruitful attempt.
Gerngross (42a) first attempted a synthesis from methylimidazole as follows:

/NH——-CH
HC " + CCLCHO — ImCH,CHOHCCl; —
N
N—CCH;

ImCH,CHOHCOOH — ImCH,CH(NH;)COOH

Gerngross thought the first step went as expected, but it was later shown that
condensation occurred on the unsubstituted 4(or 5)-carbon atom (106). This
was established by hydriodic acid reduction of the formaldehyde condensation
product to dimethylimidazole:

NH—CH NH—CCH,;0OH NH—CCH;
/ / °HI ..
HC + HCHO — HC - HC\
AN AN N
N— 3 N—CCH; N——CCH;s
Dimethylimidazole

The only recorded syntheses of histidine are those due to Pyman (87b, 87¢).
Pyman employed imidazolylmethyl chloride, an intermediate in his histamine
synthesis. He reacted this with the novel reagent, sodiochloromalonic ester:

20 per cent
—_—

ImCH,Cl + CCINa(COOC,H;); — ImCH:CCI(COOC;Hs). HCl

NHOH | 11 stidine

ImCH,CHCICOOH

8 Im = imidazolyl.
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In Pyman’s later preparation an Erlenmeyer synthesis was employed:

HNos (CHJCO)ZO + CHaCOONa
ImCH, OH — ImCHO = ONACH cooH
CH
/7 X
CH; CO—N N CO0—0
I I / Na,COs;
HC==CCH=C
N CC¢H;,
COOH /COOH
/ g ‘
ImCH=C\\ Na-He, 1mCH,CH ”gg*ﬁfﬁmmme
NHCOC:H; NHCOCGC:H;

Abderhalden and Weil (3) worked out a resolution of histidine with d-tartarie
acid.

Histidine is an “‘essential’”’ amino acid (7). It has achieved some recognition
as a medicament in the treatment of ulcers. Commerecially it is made by isola-
tion from blood paste and from other protein sources. The uncoupled imidazole
radical of histidine contributes to the basic properties of proteins. A large part
of the ability of the proteins to form azo dyes can be attributed to histidine
also. That it is the l-nitrogen atom and not the 4- or 5-carbon atom which
couples was demonstrated by Burian (24), who found that N-methylimidazole
did not react, whereas N-unsubstituted imidazoles, including purines, did.

F. Pilocarpine and related alkaloids

Several alkaloids have been isolated from the leaves of Pilocarpus jaborands.
These include pilocarpine (the one known to medicine), isopilocarpine, pilo-
carpidine, and pilosine.

Pilocarpine was discovered independently by Hardy (51) and Gerrard (43) in
1875. Harnack and Meyer (54) established the empirical formula of Cy;H160.Ns.
Hardy and Calmels (50) presented a volume of evidence that the alkaloid was a
derivative of B-pyridyllactic acid and trimethylamine. This was shown by
others, such as Merck (77), to be an incorrect formulation.

Elucidation of the structure of pilocarpine was the result of the labors of
Jowett (64a, ¢, d, e, f) and of Pinner and Schwarz (83). Jowett first found that
pilocarpine was converted to isopilocarpine by heat. It was convenient to
conduct the structural studies on the latter isomer. By oxidation with per-
manganate, Jowett obtained a new acid, C;HyO4, which he named pilopic acid.
Titration of pilopic acid showed it to be lactonie, and sinee further oxidation
resulted in butyric acid, the formula C.H;CH—CHCOOH was suggested.

|
COOCH,
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The silver and barium salts, the ester, and the diamide of the dicarboxylic acid

were prepared. The homolog, homopilopic acid, CgHaciH—-CIHCHﬂOOH,
COOCH;

was also obtained by oxidation of isopilocarpine. Alkaline fusion of the latter

led to the compound C.HsCH(COOH)CH (COOH)CH.COOH, previously known.

The suggestion that the nitrogenous moiety was an imidazole came from
Pinner and Schwarz. These investigators found a small quantity of methylurea
after oxidizing the alkaloid. From this information, from the fact that substi-
tution rather than addition of active reagents occurred, and with the empirical
formula as a background, the imidazole structure was deduced.

To confirm this deduction partially, a test developed by Rung and Behrend
(89) was applied. The original imidazole did not evolve an amine on alkaline
treatment, but the ethyl iodide addition product did. From such evidence,
the two formulas

L
N—CH |CHS
CzHa CH—CHCHzC " and 02H5 CH_—'CHCHQ C—N
A é | N\
ocC H, N—CH 0 CH, C
N N 7
0] 0] HC—N

were proposed. The second structure, later shown to be correct, was favored
because it was more likely to yield methylurea on oxidation.

Since the above evidence was not conclusive, Jowett studied the products
of alkaline pyrogenesis of isopilocarpine. He found

CH;(CH:)sC—NCH;  and CHsﬁ NCH;
HC H HC H
N4 N4
N N

The latter was established by comparison with the synthetic 1,5-dimethyl-
imidazole (64f, 87f).

Although the formula was thus established and Jowett attempted the synthesis
by various approaches, it was not until 1933 that a synthesis was announced
from Moscow (85, 86, 99).

C:H; CHCH; COOC:Hs  11c000,H, C:H;CHCCOOC:Hs 4 g,
0C.H: é (“J
00C,H; NaOG:Hs  C,H,00 HOH
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C,H;CHCHCOOC,H;

distillation HCI
(]3 | —_—
C.H;00 CH,0OH

RCOOC.H;” —

Pilopic ester
(Isopilopic ester)

RCOOH — RCOCI &%, RCcOCHN, —%»
2
RCH,C00H 2%, rcH,coct &Y, ReH,COCH,Cl —
/CO\
RCH,COCH,N c.H 2% RCH,CcOCH,NH,.HCl B5CN,
co
HC—N HC—N
AN CH,I AN
CSH — RCH;Im——— CH
/ /
RCH,C—NH RCH,C—N
Lu,
Pilocarpine
(Isopilocarpine)

There were obtained both pilocarpine and isopilocarpine by the use of stereo-
isomeric homopilopic acids separated with strychnine. The yield of pilocarpine
nitrate was 29 mg.

Dey (30a) has developed an alternative synthesis for the homopilopic acids.
These were converted to the alkaloids as follows:

CH;ZnI

RCH.COOH — RCH,COCl ——==, RCH,COCH; CsH;CHO

0
RCH,COCH=CHC,H; —2% RCH,COCHO —Hgﬁaoﬁ

RCH,;Im E}E-I—) Pilocarpine
(Isopilocarpine)
Pilocarpine is widely used in medicine as a diaphoretic and myopic.

TR = CgH;CIH———CH-—.

ocC CH
N/
0
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Pilosine (87d) has been decomposed into benzaldehyde and pilosinine. Pilo-
sine is believed to be

CHs
CeHs CHOHCH—CHCH, C——N

Oé éHz }' /

Pilosine possesses to a lesser degree the physiological properties of pilocarpine.

The synthesis of pilosinine has been accomplished (84) starting from sucecinic
ester and following the procedure given above for pilocarpine. In a variant
of the synthesis, the imidazole portion of the molecule was built up as follows:

H.C CHCH.COOH H,C CHCH; COCHN,
é | — —
0C CH, 0C CH,
ANV ANV
0 0
H,C—CHOH, COCH:0COCH: guniigi
oC éH2 HCHO
ANV
0
?Hs
H.C CHCH,C—NH CH,I H,C——CHCH,C—N
| | I\ | | AN
ocC CH; CH ocC CH; CH
N/ v ANV 7
0 — 0 HC—N

Pilosinine

Pilocarpidine, the imino ecompound corresponding to pilocarpine, has been
reported as a jaborandi alkaloid which is found infrequently (64b). Methyla-
tion of pilocarpidine (25) yields pilocarpine.

G. 2-Thiolhistidine

The presence of thiolhistidine in protein has not been proved by isolation.
In 1928 Hunter (61) discovered that diazotized sulfanilic acid gave a specific
purple-red color with the thiolimidazole nucleus when the test was carried out
under special conditions. In the same year, Eagles and Vars (31) applied the
test to a number of proteins and found that zein gave a strong positive reaction.
Since zein contains appreciable amounts of sulfur which cannot be accounted
for as cystine, the likelihood that this unexplained sulfur is in thiolhistidine is
increased.

Harington and coworkers are credited with two syntheses of this compound.
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In the first synthesis (14), histidine serves as an initial material which is con-
verted to a desired intermediate by a Bamberger reaction:

CH CeH; CgHs CeHs
/7 \.
HN N cacoa €0 €O CO HCI
L S oweroudl Lo omon
HC=CCH2?HCOOCH3 N U Us ITH ITTH ITTH 8
CeH; CeH;
| 1TH2
CO CO
1 | 20 per cent HO vy, 0B, COCH, CHCOOH E5C5,
NH ITTH
éHchCHchCOOCHs
?H
C
/7 \
HN N

NH,

|
HC=—=CCH.CHCOOH
Thiolhistidine
The nature of the product was proved by almost quantitative conversion to

histidine with ferric sulfate. Both the starting and final products were optically
active.

The second synthesis was developed during attempts to prepare ergothioneine

(53):

?OOH ?001 ?Hﬁcl
CH, ?Hz ?O
éH——N\ CH—N ?Hﬁ
l ccH, —2%_, /CCHs -—CP—HH%;{—» CHNHCOCH; ——
241p
0—0 CO0—0 CO0C;H;
co
/N
CHzN CGH4 CH2NH2
N/
?o co $o
CH, CH,

| |
CHNHCOCH; —— CHNH, + HSCN —— Thiolhistidine
00C;H; COOH
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Dey (30b) has also recorded two syntheses, which are similar. His products were
racemic. In the first synthesis:

HBr
—_)

RCH,COCH,I® 4+ RCNa(COOC;Hs); — RCH; COCH,CR(COOC,H;),

NH;CH; COCH, CH(NH,) COOH.-2HBr — N, Thiolhistidine

II. OTHER NATURALLY OCCURRING IMIDAZOLES
A. Dimethylhistamine

Ackermann and coworkers (5) have isolated as the picrate a dimethylhistamine
from Geodia gigas. The structure was determined by a positive diazo reaction
and analysis. Although the structure is probably correct, synthetic confirmation
is lacking, and the positions of the methyl groups have not been fixed.

B. Hercynin

Hercynin was discovered in mushrooms (74c¢) and molds (88, 111). The
facts that it gave a Pauly reaction for the imidazole nucleus and that it analyzed
as the betaine of histidine led Kutscher to deduce its structure correctly:

ImCH,CHCOO~

I
N+(CHj)s
Hercynin

The partial synthesis of hereynin was first reported by Barger and Ewins (16),
who oxidized ergothioneine with ferric chloride. Another synthesis (35) de-
pends upon the reaction of the reaction product of histidine and nitrous acid
with aleoholic trimethylamine. The intermediate was not isolated, but it was
undoubtedly imidazolyllactic acid, and the reactivity of the hydroxyl group
with trimethylamine is somewhat surprising in an aliphatic side chain.

C. Histidol

Histidol, 4(or 5)-hydroxyethylimidazole, ImCH.CH,OH, was discovered by
Ehrlich (32) as a produet of yeast fermentation of histidine. Three syntheses
have been recorded (41, 109). The simplest of these involves the treatment of
histamine with nitrous acid. Pyman and Garforth (41) synthesized histidol by
two methods which use it as an intermediate for histamine (see page 54).

D. Imidazolylglycine

A small amount of imidazolylglycine, InCH(INH;)COOH, was isolated from
normal human urine as the picrolonate, by Engeland (34). The compound was
synthesized by Stewart (96) from imidazole aldehyde by the Strecker reaction.
The melting point of the picrolonate of Stewart’sbasewas 243°C., 1°C.lower than
that reported by Engeland. Since the range of melting points of compounds of
this type is not large, however, a mixed melting point with an isolated specimen
is to be desired.

8 R = CeH,(CO)N—.
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E. Imidazolyllactic acid

Imidazolyllactic acid, InCH,CHOHCOOH, was found as a bacterial product
(59). Hirai obtained it in 11 per cent yield from histidine by the action of
Proteus vulgaris. Prior to this discovery, two syntheses were recorded. Fraen-
kel (40b) isolated the compound as a reaction product of histidine hydrochloride
and silver nitrite. Pyman prepared it from the chloro analog that he used in
the synthesis of histidine (87b). Conversion was brought about by moist
silver oxide.

F. Imidazolylpropionic acid

This compound represents another bacterial conversion product of histidine
(4b). Prior to its discovery as a natural product, Knoop and Windaus (70)
prepared it by the hydriodic acid reduction of imidazolyllactic acid, and by the
condensation of glyoxylpropionic acid with ammonia and formaldehyde as on
page 54. The compound was also prepared by Pyman (87b) from (imidazolyl-
methyl)malonic acid.

Imidazolyl-
propionic acid

Barger and Ewins (16) reduced imidazolylacrylic acid to this compound with
sodium and aleohol.

Two patents describe the synthesis of imidazolylpropionic acid from glutamie
acid by the Akabori method (11a, 93). Glutamic acid ester is reduced to the
aminoaldehyde, which is condensed with thiocyanic acid and the product is
then oxidized with ferric chloride in the usual fashion.

G. Urocanic acid

Urocanic acid, imidazolylacrylic acid, was discovered in 1874 by Jaffe (63)
in the urine of dogs and coyotes. It is also formed in pancreatic protein digests
(2, 60).

The first synthesis started from the alkaline treatment of ergothioneine (g. v.).
The imidazole sulfur of the resultant acrylic acid (16) was oxidized away with
nitric acid. Urocanic acid was also obtained in small yield by the action of
trimethylamine on ImCH.CHCICOOH. Akabori and coworkers (12) de-
veloped the following method:

CH,(COOH),
_

ImCHO —
pyridine

ImCH=CHCOOH
Urocanice acid

IV. OTHER IMIDAZOLES

A. Histamine analogs

This subject has been well reviewed by Guggenheim (45b) in his chapter on
“Imidazolverbindungen.”
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Analogs of histamine are of interest principally because of their pharmaco-
logical possibilities. The difference in pharmacological activity between an
amino acid and the amine resulting from decarboxylation is especially empha-
sized in the case of histidine and histamine. One would expect that derivatives
of the carboxyl group of histidine might resemble histamine in their action.
This expectation has been tested by Arai (13), who prepared histidine methyl
ester and found a similarity to histamine in effects on blood pressure and smooth
musculature. The action was, however, less marked.

In the homologous series of imidazolyl alkylamines, Im[(CH).],NH: (where
n = 1 to 4), the greatest activity is found when n = 2. The only homolog
which shows appreciable relative activity is the propyl compound (n = 3).

Pyman (87¢) prepared the methyl homolog from his own supply of 2-thiolimi-
dazolyl-4(or 5)-methylamine by oxidation. It was not possible to desulfurize
with nitric acid, because the resultant nitrous acid would react upon the primary
amino group. Ferric chloride was accordingly employed instead. Pyman
prepared the butyl analog, but not the propyl, and concluded that imidazolyl-
ethylamine was the only active compound in the group.

Akabori was, however, able to prepare the propyl, as well as the butyl, analog
by his aminoaldehyde method (page 55), and found the former to be fairly active
(10, 11b). The starting materials for these syntheses were arginine and lysine.
This is of incidental interest as an ¢n vitro example of the suggested physiological
convertibility of arginine to imidazole bodies, especially purines (7).

The two monomethyl derivatives of histamine (87¢) are almost inactive.
The same statement applies to 2-thiolhistamine. The latter compound is also
an analog of thiolhistidine. Its synthesis (87g, 107) illustrates an utilization of
the Bamberger reaction:

CH=‘——-_‘?—CH2—?H2 ?HgCOCHz ?Hz
|
Histamine <28C0CL xg NH Ny 10Rercent HO ny NH
NaOH I I I in alcohol (jj I
?O ?O ?O | 0 ?O
C¢H; C¢H; CsH; CsH; CeH;
HCIl in a?:;cgs aleohol NH,CH, COCH, CH,NH, HSCN_)
?H
C
7\
HN N

H(jj——=é CH2 CHg NH2
Thiolhistamine

The histamine-like activity of the three isomeric g-pyridylethylamines has
been studied (78, 102). Of these only the 8-(2-pyridyl)ethylamine exhibited an
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effect. The molecular fragment —CH=N—C(CH,CH,NH;)==CH—, common
to both this amine and histamine, has accordingly been postulated as the essential
structure for the pharmacological activity.

B. Histamine-azo-protein

Since the release of histamine in the tissues is believed to be responsible for
allergic manifestations (37b), attempts have been made to provide counter-
acting treatments as relief for asthma, hay-fever, ete. Desensitization by
graded doses of injected histamine and the employment of histaminase have not
(21b) provided a complete answer to this problem.

More encouraging results have been obtained by the provision of an immunity
to histamine by the administration of histamine, as a hapten, coupled to protein
(92). The rationale of this attack is based on the fact that proteins participate
in almost all studied cases of antigenicity, and upon the pioneering work of
Harington (52), who was able to elicit active antisera to thyroxine and aspirin
by similar means. Of a number of coupling methods tried, the most practical
seemed to be the following:

(CyH;)s N

ImCH,CH;NH,* + NO.;CsH,COCl in CHCI,

FeSO HNO,
ImCH,CH,NHCOCsH,NO, leoﬁ‘* ImCH, CH; NHCOC, H,NH, ——
T t i
ImCH, CH,NHCOCsH, N, Cl 1‘;2 g‘g

ImCH, CH;NHC O Cs Hi N=N—DProtein
Histamine-azo-protein

The use of this compound is indeed a hopeful example in the fast-growing field
of drug antisera production.

C. Histamine-tyramine

This interesting compound was prepared since it combines in one molecule
two pharmacologically active compounds found together in ergot. No pharma-
cological data were reported, but the synthesis followed the plan below (33, 42b).

HNO:, 110CsH, CH, CH,OH ——

Tyrosol

p-HO Ce H4 CHg CHzNHz

histamine in -
HOCGH4 CH2 CH2 Cl m? HOCGH4 CHchzl\HCHz CHzIm

Histamine-tyramine
D. Imidazolylacetic acid

This compound, ImCH,COOH, has been suggested as a probable metabolic
intermediate (44); thus it bears an analogy to indoleacetic acid, which is found

® Im = imidazolyl.
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in urine and may arise entirely or in part from tryptophan. Imidazolylacetic
acid was first synthesized by oxidation of imidazolyllactic acid (69) and later
was obtained as a by-produet in one of Pyman’s histamine syntheses (87a).

E. Pilocarpine analogs
It is natural that several Russian workers have prepared analogs of pilo-
carpine. Information on the medical value of these compounds is unfortunately
not available.
One analog uses acetobutyrolactone, a commercial thiamine intermediate,
and (echloromethyl)imidazole (27):

CHsCOCNaCQ\ COCH,
ImCH.Cl + 0— ImCHzé——CO
4 N
CH, CH,
il
CH,CH.,

Some general syntheses of analogs have been patented (67). There is cer-
tainly considerable room for improving the medical situation regarding pilo-
carpine by cheapening its synthesis or by providing more readily available
active analogs.

F. Sulfa imidazoles

No knowledge of useful sulfa compounds containing an imidazole nucleus has
come to hand. Northey has reported negative tests (79) with sulfahistamine,
and two British chemists with considerable experience in imidazoles have
assigned a patent for the preparation of such derivatives (76). The process
involves the conventional coupling of acylated sulfanilyl chloride and amino-
imidazole, followed by deacylation.

G. “Vitimidazole”

The imidazole analog of thiamin thiazole has been synthesized in this labora-
tory (39). Before the structure of thiamin was elucidated, imidazolemethyl-
ethylearbinol was actually claimed to be antineuritic (91). This was later
disputed (48).

The synthetic process was carried out as follows:

C.H,ONO CH;COCCH.CH.OH g
— —_—

CH,COCH,CH,CH,0H
NOH HCl
CH,COCH(NH,)CH,CH, 0H.HC1 255,
SIH
N AN
Vi /
ll\I/ II\IH FeCl; IT II\IH
CH, C=—CCH; CH, OH CH,C=—CCH,CH,0H

“Vitimidazole”
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When tested on Phycomyces Blakesleeanus, this compound lacked the charac-
teristic activity of the analogous thiazole (22).

Grateful acknowledgement for encouragement and criticism in the prepara-
tion of this manuscript is made to Dr. E. R. Buchman.
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