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I. INTRODUCTION

The main lines of research and the results obtained
during recent years on one of the most important vitamins
of the B group, thiamine, have consisted in the development
and improvement of manufacturing processes, a more
thorough investigation of chemical properties, and finally
elucidation of the mechanism of its action in biochemical
processes. .

Thiamine, whose structure was established in 1936, is
now produced annually in tens and hundreds of tons*in many
countries of the world. The methods for its production are
continually being improved. Tens of derivatives of thia-
mine are known which possess varying biological activity
and have varied clinical applications. The synthesis of
analogues of thiamine and the investigation of their proper-
ties have acquired great significance, their study having
promoted an understanding of the role of individual struc-
tural groupings in the vitamin molecule. Finally, the
detailed investigation of the chemical properties of thiamine
has enabled new products to be synthesised (propyl thiamine
disulphide, S-benzoylthiamine O-monophosphate, etc.) and
the mechanism of the biochemical action of vitamin B, to
be elucidated.

The chemical properties of thiamine and its derivatives
are determined to a large extent by the extremely reactive
thiazolium ring.

s
L
H"\’+ Hs
| i
Yy, }\: CH.
H;CA NH, 1 IS CHa/ '\OH
L

'
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The known reactions of thiamine can be divided into two
groups: (i) reactions (1) and (2) which do not involve
cleavage of the thiazolium ring; and (ii) reactions (3) which
result in cleavage of the thiazole ring with formation of
various derivatives of the unsaturated thiol. The arrows
with attached numerals in the above formula show the
direction of attack of reagents in the various processes.

A recent X-ray analysis of thiamine chloride has
established interesting peculiarities in the spatial structure

Three-dimensional model of vitamin B;.

of the vitamin. The accompanying diagram shows a pro-
jection of a three-dimensional model. The planes of the
pyrimidine and thiazolium rings are at an angle of 76° to
one another. As a result of this relative arrangement of
the rings, position 2 in the thiazole ring is not shielded by
the amino-group.

IL REACTIONS NOT INVOLVING CLEAVAGE OF THE
THIAZOLIUM RING

1. Sulphite Cleavage of Thiamine

Sulphite cleavage of thiamine (I) leads to the formation
of 4-amino-2-methylpyrimidin-5-ylmethanesulphonic
acid (II) and 2-(4-methylthiazol-5-yl)ethanol (IIT). A recent
reinvestigation of this reaction? has shown it to be specific
to thiamine derivatives containing a quaternary nitrogen
atom. Thus cleavage of the vitamin is not observed in
strongly alkaline solutions, in which thiamine exists in the
thiol form. In concentrated solution hydrogenated deriva-
tives of thiamine (containing a tertiary nitrogen atom in the
thiazoline ring) also are not cleaved. In dilute solutions
they are oxidised to thiamine, after which the usual cleav-
age of the vitamin takes place.

Reaction with thioglycollic acid also results in the
degradation of thiamine, with the formation of a pyrimidi-
nylmethyl sulphide (IV) and the substituted thiazole (III):3

S0 + (M1
RcH,—ﬁ; |:cn, ychﬁ?,H (1)

Hsch, Coop
CHiCHOH ——m RCH,SCH,COOH

m av)
NN
in all casesR = |
H,C NHy
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2. Reactions of Thiamine with Carbonyl Compounds

The interaction of thiamine with carbonyl compounds
represents a typical electrophilic substitution. Investiga-
tion of this reaction has established the role of thiazolium
derivatives as natural catalysts for aldol condensations.
Mizuhara ¢ was the first to observe that acetoin (V) is
formed when thiamine is treated with pyruvic acid in weakly
alkaline medium (pH 8.5). Condensation of thiamine with
acetaldehyde under these conditions results in “a~hydroxy-
ethylthiamine” (VI), in which the hydroxyethyl group has
been added at position 2 of the thiazole ring. Another
compound is also formed, and is found to have the structure
of an “acetointhiamine” (VII).5 Thus the formation of
acetoin from aceétaldehyde in non-enzymatic processes
involves the following reactions:

+
RCH,—N
(D) + CH,CHO —————= ’)L I] Mo

CH,CH(OH)Y " \CH,CH,0H

(vh
+
CH; CHO

*T
CH;CH(OH)C(CH,) (O CHyCH,OH
(vi)
RCHy—N—T—CH,§ \
)l\ |
HOCH,CHOH)" "S” “CH,CH,0H

CHaﬁCH(OH)CH,
o (v
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The reaction is general in character 3, formaldehyde under
these conditions giving a dihydroxyethyl derivative of thia-
mine (VIII). The analogous reactions with hydroxyacetal-
dehyde and hydroxypyruvic acid result in the formation of
mixtures of sugars.

3. Hydrogenation of Thiamine

RCH—N—(CH3 IH R(ZH:;—-Ni
k /\cu,/ H: ks

CH,CH,OH
(X1n

CH,

) —» RCHy—N

‘b\ 0

CH,CH,0COCqHs .

Investigation of the properties of dihydrothiamine, which
isformed by the hydrogenation of thiamine !°, has shown that
in fact it has the structure of a perhydrofurothiazole® (IX),
as has been confirmed by comparing the infrared spectra of
dihydrothiamine with those of substances possessing an
analogous structure. Only very cautious reduction of
thiamine with sodium hydrotrimethoxyborate gave the iso-
meric dihydrothiamine (X), in which closure of the hydro-
genated furan ring could be effected simply by heating in
water’. In addition to these substances, hydrogenation
also yields a pseudodihydrothiamine, which has been found
to be a pyrimido[4,5-d]thiazolo[3,4-a]pyrimidine®. Benzo-
ylation of dihydrothiamine in pyridine yields the benzoate
of the pseudo-form (XI). ¥ Reduction of thiamine and of
dihydrothiamine with sodium tetrahydroborate gives tetra-
hydrothiamine (XII). ®

190

III. REACTIONS RESULTING IN CLEAVAGE OF THE
THIAZOLIUM RING

1. Inmactive Thiamine; Formation of Thiamine Anhydride

Thiamine is hydrolysed in alkaline media to thiol forms
of the vitamin, which are derivatives of an unsaturated
thiol. The properties of these derivatives are determined
by the specific atomic grouping (XIII) present in all these
compounds:

CH,
N when R' =H
4 when R # H s
R'—§
(X H

This grouping is liable to undergo various rearrangements,
which occur under mild conditions. When the second
valency of the sulphur forms part of a thiazole ring, ready
closure of a perhydrofurothiazole ring is observed (as
occurs with dihydrothiamine); if, however, a thiol group
is adjacent to the double bond, dehydration to a thietan
occurs. Formation of the four-membered ring is facili-
tated in arenesulphonic esters of thiamine, in which the
atomic grouping

| .
—?—o—s -0,
I

is réadily broken between carbon and oxygen atoms. There-
fore, in contrast to the monophosphoric ester of thiamine,
the substituted sulphonates are extremely unstable, and in
alkaline media undergo fundamental and irreversible
changes. In alkaline solution thiamine is inactivated after
the addition of only 1-3 drops of benzenesulphonyl chlor-
ide. !2 It has now been found that such treatment of the
vitamin involves formation of a substance having the empi-
rical formula C,H,;ON,S. This compound is not converted
back into thiamine by cysteine, and hence does not contain
a disulphide bond. It has the structure of an anhydride of
the thiol form of the vitamin (XIV), % and has been called
thiamine anhydride:

+ Hy
M RCHQ,—NQf\v NaOH
5 50,CeHs

CHa /

N

HO

CH,
RCH7\ A

OH&

SH 0SO,CH

RCHx

O~z

(X1v)

Thiamine anhydride, and also the corresponding sul-
phone formed by its oxidation with hydrogen peroxide, have
practically no biological activity !4

Careful treatment of thiamine chloride, or of alkyl
thiamine disulphides in pyridine in the cold, with alkane-
sulphonyl or arenesulphonyl chlorides yields the corres-
ponding sulphonates of the thiamine disulphides 5:

I i
RCHz\ /\/\/OH RCH\N/\‘/\/OSO,C.Hr» (X1V),

| s | S
CHO CHO “N\g_
\S—C;H, y S—GHa

CyH,SO:Cl
bl
CsHeN
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which in alkaline alcoholic media are converted into thia-
mine anhydride (XIV).

In order to elucidate the mechanism of this reaction, a
study has been made of the behaviour of the benzenesul-
phonates of thiamine and thiamine disulphide in alkaline
media. The former ester was found to be converted into
thiamine anhydride even at pH 8, whereas more concen-
trated alkali is required for decomposition of the latter !¢,
Treatment of g-deoxy-g-chloroethylthiamine with aqueous
alkali gives the same result!”.

The thietan ring with the substituted endo-ethylene
group is fairly stable: hydrolysis of thiamine anhy-
dride with hydrochloric acid yields methyl 2-thietanyl
ketone (XVI) which is reduced with sodium tetrahydro-
borate to 1-2’-thietanylethanol (XV):!®

HCI NaBH
(XIV) — RCH,NH.-HC!-}-HCOOH-}-CH,—(“:—Q % XV

o
(Xvh

2. Unsymmetrical Disulphides of Thiamine

One of the most important reactions of the thiol form of
vitamin B, is the formation of disulphide derivatives of
thiamine. Treatment of thiamine with alkane-, arene-,
and aralkane-thiols and with organic thiosulphates yields
the corresponding alkyl, aryl, and aralkyl thiamine disul-
phides, which show vitamin activity 19:

aOH f”s R’SH or CH,
(1) —— RCH, R’S,0,Na RCH,
’\N/ \I/\/OH —, '\N/i\/oﬂ .
l SNa I o
CHO CHO \g_p

Another method of synthesising unsymmetrical thiamine
disulphides consists in the condensation of 3-acetyl-3-butyl-
dithiopropyl acetate with 4-amino-5-aminomethyl-2-methyl-
pyrimidine (XVTI) or its formy! derivative (XVIII), and
treatment of the product with formic acid %:

CH,
HCOOH
CH,COCHCHCH{OCOCH 3 +RCH;3NH; (—CHO) =t RCH,\ /k
5 (XVI) (XVIID N [\ ocock
\S—C«H. CHO \s—C,H,

The above synthesis implies as a probable intermediate
stage the tautomeric change:

Alkylation of thiamine mononitrate with triphenylmethyl
chloride and with derivatives of benzyl chloride yields
benzyl thiamine sulphides?!.

3. Cyanothiamine and Its Reactions
The action on thiamine of cyanogen bromide in alkaline

solution produces fundamental changes in the vitamin, the
thiazole ring undergoing cleavage with formation of the

so-called “cyanothiamine” (XIX), 22 which represents a
new fat-soluble form of thiamine. ® Also, the cyclic thiol
of vitamin B, (Ib) is converted > by cyanogen bromide into
the corresponding thiocyanate, which is termed “neocyano-
thiamine” (XIXa). This reaction has been investigated in
detail, the influence of various substituents being studied,
and has been shown to be fairly general for thiazolium salts
containing various substituents in positions 3, 4, and 5:

H,

RCH H CH
'\ﬁ I RSP W \ "
k NaOH ou&
OH {X1X)
?{f”’\ BrCN fr jY\/
HL N
NN (XiXa)

Hydrolysis of the unsaturated thiocyanate formed from
3-benzyl-5-2’~hydroxyethyl-4-methylthiazolium yields
3-benzyl-5,8,7,8-tetrahydro-2-imino-8-methylfuro[2,3-d }-
thiazole, which has been isolated as the picrate. Similar
treatment of “cyanothiamine” (XIX) produces a mixture of
various compounds 38,

CH,

ncn.\ H, ch,
HC! u OH
(XIX) —— + RCHNH,-HC1 + .

Heating “cyanothiamine” (XIX) with organic acids also
results in cleavage with formation of a mixture of various
acylated products s, Boiling (XIX) in butanol gives thia-
mine anhydride (XIV). 2

A subsequent detailed investigation?” of the inactivation
of “cyanothiamine” (XIX) and its conversion into thiamine
anhydride (XIV) has shown that methanolic alkali also
effects this change, an S-methyl derivative of the B,
thiol (XX) separating at the same time. This latter com-
pound has been obtained also by the action of methyl iodide
on the vitamin in alkaline solution, as well as by treatment
with methanolic caustic potash:

L CHs

RCHs. | _oH

GH, I/NaHO N

0 Gomon X1V + | o SCHs
(XX)

It is interesting that the position of the hydroxyl in the
hydroxyethyl group is of no significance for the formation
of thiamine anhydride. The latter (XIV) is formed also
from the 5-1’-hydroxyethylthiamine (XXI), which has been
obtained from the corresponding 5-acetylthiazoline-2~

CHCl ———

~thione (XXII):**
RCH7\
(XX11y
o o ic o

Pt

(XX1) OH

CH,GO
RCHiNH, + CS, +

— (XIV),
iﬂcn,
H
The presence of sulphur adjacent to the double bond is

a necessary condition for the formation of a thietan ring.
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Thus, like other alkyl thiocyanates, 2-thiocyanatopentan-3-ol
in methanolic alkali?” merely yields disulphides 2

CH,CH (SCN) CH,CH (OH) CH, — [CH,CH (OH) CHsCH (CH,) —S—]s .

IV. ACYLATION OF THIAMINE AND ITS DERIVATIVES

Many S-acyl derivatives — p-nitrobenzoyl, p-chloro-
benzoyl, p-toluoyl, phenylacetyl, cinnamoyl, furoyl, furyl-
acryloyl, thenoyl, and butyryl — have been obtained by the
acylation of thiamine O-monophosphate®. Dihydropyran
acts on S-aroylthiamines to give ethers of the vitamin,
S-aroyl- O -tetrahydropyranylthiamines 2.

Acylation of “cyanothiamine” (XIX) with acid chlorides
yields OS-diacylthiamines3°;

CH, ol CH,cOC1
RCH,\ P(kl N NaOH A‘ CH.
Lo SN cio soo
(XIX) CH.

The stability of the S-acyl derivatives of thiamine
depends on the acidity of the medium and the nature of the
acyl group. When S-benzoylthiamine is heated in an acid
medium, migration of the benzoyl group is ohserved with
formation of O-benzoylthiamine. This reaction goes
better at pH 5. Aliphatic S-acylthiamines are less stable
than the aromatic and heterocyclic derivatives, which may
be explained by the inductive and steric effects of acylthia-
mines3!. Acylation of OS-dibenzoylthiamine and 0S-di-
acetylthiamine with acetic anhydride yields N-acetyl-
~ 0S~dibenzoylthiamine and NOS-triacetylthiamine respec-
tively32. Other N -acyl derivatives have been obtained in
a similar manner33. On the other hand, treatment of
S-benzoylthiamine with succinyl anhydride has given
S-benzoyl-O-succinylthiamine 34,

CaHs (.H,\
Hy [OC=0 _(eHgcono »/I
RCH AN co
WY HyC
é c.n,
OH co
CeHs . Ha

A study has been made of the acylation of one of the
most important intermediates in the synthesis of thiamine,
the 3-pyrimidinylmethylthiazoline-2-thione or so-called
“thiothiamine” (XXIV). 3% However, such reactions cannot
be used for the synthesis of hiologically important N-acyl-
thiamines, since N-acylthiazolinethiones are readily
hydrolysed by dilute acid. Acyl derivatives of perhydro-
furothiazolethione (XXIII) are equally readily hydrolysed
by acids, the tetrahydrofuran ring being at the same time
cleaved with the formation of “thiothiamine” (XXIV):

(XX
RCH,\ / COR ) P
l HC! @0
\
s)\ Rew, ""
:}:‘C\o
H

(Xxiv)
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Nevertheless, the diethyl and diphenyl phosphates formed
by the phosphorylation of “thiothiamine” (XXIV) are resis-
tant to the action of hydrogen peroxide, and are readily
converted into the corresponding substituted phosphates of
thiamine®®, It has also proved possible to phosphorylate
S-benzoylthiamine, with the resulting synthesis of
S-benzoylthiamine O-phosphoromorpholidates3”.

C,-Acyl derivatives of thiamine have not yet been ob-
tained owing to their instability®8. Oxidation of 2-1'-hy-
droxyethyl-4-methylthiazole has given 2-acetyl-4-methyl-
thiazole in the form of a dioxolan derivative (XXV), which
is converted by benzylation and hydrolysis into 3-benzyl-
-4-methylthiazolium bromide;

g ,gf" |

Br
CeHgCHp + Hy
'k | + CH;COOH.
S’

1. CgHsCHy Br
2, HBr

In another case the extraordinarily unstable 2-acetyl-
-3,4-dimethylthiazolium system was obtained. 2-Benzoyl-
-3,4-dimethylthiazolium iodide, prepared from 2-benzoyl-
-4-methylthiazole and methyl iodide in dimethylformamide,
decomposed into methyl benzoate and 3,4-dimethylthiazol-
ium iodide on dissolution in methanol.

2-Benzoyl-3,4-dimethylthiazolium iodide was found to
have a very high free energy of hydrolysis®. The value
calculated for 2-acetylthiamine phosphate places this com-~
pound among other classic phosphates (ATP, etc.), while
the presence of a labile bond in position 2 of 2-acylthiazol-
ium allows us to speak of a new type of “high-energy bond”.

V. THIAMINE-PROTEIN COMPLEXES

Thiamine forms stable complexes with several proteins,
for example by precipitation on casein®., Ovalbumin and
denatured milk protein with thiamine disulphide form thia-
mine itself and undialysable protein—-thiamine complexes
having 90% of the activity of the vitamin.

Further work has shown % that this complex has a disul-
phide structure, since the vitamin is liberated on treatment
with cysteine or sodium thiosulphate.

The protein of soya-bean oil firmly retains thiamine
after being frozen and then allowed to melt again“®. The
adsorption of various derivatives of thiamine — the hydro-
chloride, nitrate, thiocyanate, dihexadecyl sulphate, and
dibenzoate — has been investigated. They are all found to
combine firmly with the protein, and have been isolated
after treatment with proteinase and Taka~-Diastase and
after acid hydrolysis of the adsorbate. After denaturation
of a protein, its capacity for adsorption is affected by
hydroxylamine solution; mercury p-chlorobenzoate does
not affect this property. Hence it is concluded that the
active centre in a protein which is responsible for combina-
tion with thiamine contains a carbonyl group. It is note-
worthy that thiamine diphosphate also forms a quite stable
complex with an apoenzyme. Although the affinity of
thiamine diphosphate for carboxylase is 3.3 X 1079, the
enzyme dissociates very slowly?. No other quantitative
data have been published to characterise the bond between
thiamine and a protein.



Vol.33 No.4

RUSSIAN CHEMICAL REVIEWS

April 1964

VI. DERIVATIVES OF THIAMINE

1. Salts and Esters of Thiamine

Much work has been done during recent years on the
synthesis of various salts and derivatives of thiamine #4-%,
and tens of derivatives of vitamin B, have been described,
including various halides. Monosalts, including thiamine
mononitrate, which has been extensively used in clinical
practice*t, have been obtained by partial neutralisation to
pH 6 of the chloride of thiamine hydrochloride, the so-
-called thiamine chloride, followed by salting out with
appropriate salts. The mononitrate, together with other
salts, can also be obtained by an ion-exchange method 8.
Thiamine bromide hydrobromide is first converted into
thiamine thiocyanate by treatment with ammonium thiocya-
nate in ammonium hydroxide, and the product is dissolved
in hydrochloric acid and passed through an anion-exchanger:

RCH, 4 §Hs RCH,\+ Hs

H NH(SCN/NH,OH HC
§ | 7B~ ks Hosonm —2 o
s

SC N"'
qc”zv
o

CH2\+ anion exchanger
m Cl form
A o
H,C

Chlorides and other salts of thiamine are obtained in this
way.

A method has been described for converting vitamin B,
bromide hydrobromide into the hydrochloride of the chlor-
ide which is based on the greater volatility of the alkyl
bromides produced on treatment of the former with anhy-
drous hydrogen chloride in the lower aliphatic alcohols 2.

The hydrochlorides of thiamine bromide and iodide have
been prepared by the action of concentrated hydrochloric
acid on the thiamine halides followed by precipitation with
acetone®. The sulphate*’ and also various alkane- and
arene-sulphonates of thiamine“¢-5! have been synthesised
and studied. Thiamine sulphate has been obtained by treat-
ment of the hydrochloride with chlorosulphuric acid?.

Most of the substituted sulphonates are sparingly
soluble in water.  The following salts of thiamine have
been prepared: the cyclohexylmethanesulphonate,
mesitylenesulphonate, diphenylmethane-pp’-disulphonate,
2,2-diphenylpropane- pp’~disulphonate, 2,2-dibenzylpro-
pane- pp’-disulphonate, 2,2’,4,4’,6,6"-hexamethylbiphenyl-
-3,3’-disulphonate, and naphthalene-1,5- and -2,6-disul-
phonates 54.

The salts formed by thiamine and dibenzylthiamine with
cyclohexylsulphamic acid are fairly stable5!.

Thiamine di(hexadecylsulphonate), which is sparingly
soluble in water, is more stable than thiamine chloride on
heating, and can be successfully used for addition of the
vitamin to bread and other foodstuffs.

Salts — the sulphate, fumarate, nitrate, chloride,
bromide, iodide, oxalate, saccharinate, and di(hexadecyl-
sulphonate) — have also been obtained by double decompo-
stion of the Eosin—vitamin B, complex with the correspond-
ing acids 5.

Various salts of thiamine with organic acids have been
prepared — the monosaccharinate’’, disaccharinate %,
tannate®®, salicylate and various of its derivatives®, and

glycyrrhizate (the acid has been isolated from Glycyrrhiza
uralensis %) — aswell as thiamine derivatives of gibberel-
lin %, the dodecyl phosphate, and other salts such as the
tetraphenylborate?s. A coloured salt of thiamine with an

acid sulphopyrazoline azo dye has been prepared .

Various esters of the hydrobromide and the hydrochlor-
ide of thiamine have been prepared — the octanoic, lauric,
myristic, palmitic, stearic, succinic, and phthalic esters®.
Animals readily assimilate them, especially the palmitic
ester?!’.

Attempts to prepare amino-acid and carbohydrate deri-
vatives of thiamine are also of great interest.  From
2-(4-methylthiazol-5-~yl)ethyl azidoacetate and 4-amino-
-5-bromomethyl-2-methylpyrimidine has been obtained
thiamine azidoacetate, reduction of which gives thiamine
glycinate. Its phenylacetates have been synthesised in a

similar manner 6,
Hs Hy
BrCHaCOBr N NaNy
—_— Qsl —_—_—— k I
HaCHyOCOCH,Br S’ cn,cu,oio

HyNy
RCHy

RCHy Hy CH,
RCH,Br
| -~ ks|
CH,CH,;0COCH,NH, H,y

H,0COCH,N,

(1

Thiamine S-B-D-glucoside has been synthesised from
O -benzoylthiamine hydrochloride and bromoacetyl-a -glu-
cose".

2. Derivatives of the Thiol Form of Thiamine

During recent years reports have appeared on the pro-
duction of new types of vitamin B, preparations which are
derivatives of the thiol form of thiamine. Several tens of
unsymmetrical disulphides have been synthesised®~7,
Among these, Japanese investigators have suggested as new
vitamin preparations — propyl thiamine disulphide (a
structural analogue of allylthiamine), tetrahydrofurfuryl
thiamine disulphide, and also 8-(methyl 6-acetyldihydro-
thiooctanoate)thiamine disulphide®. These compounds
have been synthesised by the methods described above.

An effective new preparation, S-benzoylthiamine-
- O-monophosphate, has been obtained from the mono-
phosphoric ester of “cyanothiamine” (XIX).3° Treatment
of (XIX) and its O-benzoyl derivative with thiols yields
the corresponding thiamine disulphides?. It has been
established that allyl and propyl thiamine disulphides,
OS-diacetylthiamine, and OS-dibenzoylthiamine are ab-
sorbed in the intestine more readily than is thiamine chlor-
ide, while propyl thiamine disulphide is able to maintain
the highest vitamin B, level in the blood ™.

3. New Natural Compounds Closely Related to Thiamine

Two natural products have recently been isolated from
Japanese garlic™. They resemble thiamine in their
action, and have been termed scordinines A and B. They
both contain what has been termed a thiamidine grouping

N g
\E/ ciy” ls ]

H

CH,COOH
R’HN N
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Like vitamin B,, the scordinines contain thiazole rings,
but the pyrimidine moiety has been replaced by a creatine
grouping. The basic structure of the scordinines has
been synthesised in two ways:

H,COOH CHa

H,COOH
|
C:H O(I

2
S N H.
22 HsOC, NH Hy + 3
\CIH: N / N\ﬁ/ \CH:‘ ] OH
HiNQ N + HCNH, + CHCH;CHyOH NH ks
Ne M Nen, @ cn;ﬁ/

1
NH
The two compounds differ only in the substituents R’
and R”, the structure of which has not been precisely estab-
lished. 1t is known only that scordinine A, which is

formed in garlic after several months of storage, contains
a phosphatide.

A new group of unsymmetrical pyrophosphates has been
discovered, among them a thiamine diphosphate-3-aceta-
mido-3,6-dideoxyhexose, which like the nucleoside sugar
diphosphates, acts as a donor of glycosidic residues in the
biosynthesis of the exopolysaccharide of Xanthomons
campestris ™.

4. Analogues of Thiamine

Investigation of the relation between structure and bio-
logical activity in thiamine derivatives long ago led to the
synthesis of pyrithiamine and other substances possessing
the properties of antivitamins. The systematic synthesis
of various analogues of thiamine allowed several links to
be noted between structure and biological activity. In all
cases the analogues were built up according to the principle
of so-called “isosteric inhibition”, the synthesised analogue
of general formula

R'\+ CHy

”Q (

S

H

being similar in volume and configuration to the natural
vitamin. In this way changes were introduced into the
pyrimidine portion of the molecule. All these analogues
were usually synthesised by the reaction

where R’ is a heterocyclic radical.

2-Trifluoromethylthiamine proved to be a vitamin in-
hibitor and possessed interesting biological properties°.
For example, it suppressed the development of leukaemia
and the growth of a transplanted carcinoma in mice on a

diet deficient in vitamin B,.
RCH\+
(XXVII) ;
HO

RCH,CH,\,
(XXV1) ;
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Investigation of the catalytic properties of the synthetic
thiamine homologues (XXVI) and (XXVII) on a model sys-
tem reproducing the synthesis of acetoin (V) showed that
the former has 67%, and the latter (XXVTI) 5%, of the
activity of thiamine®. None of the homologues possessed
vitamin activity in microbiological tests with Kloeckera
brevis.

6-Methylthiamine had about one-third of the activity of
thiamine®?, while other results gave its activity as 18% of
the latter .

A study of derivatives of vitamin B, in which the
2-methyl group had been replaced by ethyl, methoxymethyl,
2’ -ethoxyethyl, phenoxymethyl, and 1’-bromoethyl groups
showed most of them to be inactive in reactions involving
decarboxylation. The only exceptions were 2’-ethoxyethyl-
thiamine, whose activity in the decarboxylase reaction was
low, and methoxymethylthiamine, which behaved as an
antivitamin?®,

Heterocyclic analogues of thiamine have been synthe-
sised — 3-(1,2,3,4~-tetrahydro-2,4-dioxopyrimidin-5-
-ylmethyl)thiazolium®® (XXVTII) derivatives, alkylthio-
pyrimidine analogues such as Methioprim (XXIX),®® and
also benzimidazole®? analogues (XXX):

(xxvm) (xxx)
R’ = CHs, CHy

R" and R"'=H,Cl,CH;,
CH,0, cooc,n5

It must be noted that the synthesis of analogues on the
principle of isosteric inhibition, which in many cases has
proved so effective in the search for drugs, has not yet
given any practical result in the thiamine field. This is
primarily an indication of the highly specific chemical
structure of the vitamin.

Nevertheless, the discovery of the natural antibiotic
bacimethrin (from Bacillus megaterium), which is active
against yeasts and bacteria, and the establishment of its
structure as identical with 4-amino-5-hydroxymethyl-
-2-methoxypyrimidine®, give grounds for hoping that
practical advances may be expected in this field too.

VII. DEVELOPMENT OF INDUSTRIAL METHODS FOR
SYNTHESISING VITAMIN B,

Various syntheses of thiamine have already been des-
cribed in detail®. Two main processes are used in vari-
ous countries for the production of vitamin B, — (i) from
5-bromomethylpyrimidine and 5-2’-hydroxyethyl-4-methyl-
thiazole and (ii) vie 3-(4-amino-2-methylpyrimidin-
-5-ylmethyl)-5-2’-hydroxyethyl-4-methylthiazole-2-thione
(XXIV) (the so-called “thiothiamine”). The history of the
appearance of the second industrial method for synthesising
vitamin B, in Japan is linked with the struggle between
Japanese and American pharmaceutical firms for the
market. Although the large-scale production of vitamin B,
has been organised in the USSR too, no final choice has yet
been made of a particular method of synthesis. New
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research on the synthesis of this vitamin is developing
these two traditional processes.

NHy+CSs+NH,+KOH
Ho\j“: CHs
1
RCH,B: N
y r]-—-—»(l)-}ic‘—(xxw) a’™N\
am )
RO

1. Synthesis from 5-2’-Hydroxyethyl-4-methylthiazole

In a new method of synthesising the thiazole component
of thiamine®, a-acetyl-a-chloro-y-butyrolactone is treated
with concentrated hydrochloric acid to give 3-chloro-5-hy-
droxypentan-2-one, which with alcoholic sodium sulphide
solution yields a mixture of 5-hydroxy-3-mercaptopentan-
-2-one (XXXII) and 5-(3-chlorotetrahydro-2-methylfur-
-2-yloxy)-3-mercaptopentan-2-one (XXXIII). Treatment
of this mixture with paraformaldehyde and ammonia
together with hexamethylenetetramine gives a mixture of
2-(4-methyl- A%-thiazolin-5-yl)ethanol (XXXIV) and the
corresponding tetrahydrofuryl ether (XXXV):

cRGOCH;

|

}\ + HCl—m—CH;COCHCICH CH,OH——-CH,CO(?!CH,CH,OH + CH,

Q SH (XX N\g
CHgClh!}HCDCH:

SH

NH; + CHy0
N=—(
CH,CH,OH

;OCH ;CH

U(XXVl

(XXX

(XXXIV)

A new method has recently been described for obtaining
thiamine phosphates®?, which supplements the well-known
processes consisting essentially in treating thiamine with
pyrophosphoric acid and then separating the phosphoryla-
tion products on chromatographic columns?! to obtain the
monophosphate and the diphosphate (TMP and TDP).
2-(4-Methylthiazol-5-yl)ethanol (III) is first phosphorylated

in various ways:
j{ S
OP(OC H-»C;Hs): P(O H)a

Hj
U

(C4HSCH,0),PH
(IH) [C4HACH 0 )y

F,Os /H‘,POJ

N

o

£ 4 19
POIPOH 1OIOCH;C.H5
HO O n!) HyCoH, ’

and the resulting monophosphoric and diphosphoric esters
of thiazolylethanol are condensed with 4-amino-5-bromo-

meéethyl-2- methylpyrimidine to give high yields of TMP and
TDP:

N /CHs RCHa 4 Hy
| k |
o S 0
P(ONa); TOH
. o=
+ RCH Br
CHy ? RCH,\+ Hj
{S|
00
o% LON.): po OH
OH H o~

This method of synthesising thiamine phosphates re-
sembles the biosynthesis of thiamine in many mieroorgan-
isms. An enzyme present in cell-free extracts of yeasts
has been found to catalyse condensation of the pyrimidine
and thiazole moieties of thiamine®. This enzyme is acti-
vated by ATP. It is accepted® that the principal inter-
mediate in the biosynthesis of thiamine is 5-(4-amino-
-2-methylpyrimidin-5-yl)methyl diphosphate (XXXVI). The
main mechanism in the biosynthesis of thiamine involving
this compound is represented by the following sequence of
reactions: 4-amino-5-hydroxymethyl-2-methylpyrimidine
is phosphorylated twice by means of ATP:

(o] 00

. Mg+ Tt
RCHOHHATP M9, RCH,0POH-+ ATP —5, RCH,0PO POH .
H OH })H
(XXXVI)

The resulting diphosphate reacts with the thiazolylethyl
monophosphate, which itself has been formed by the phos-
phorylation of 2-(4~methylthiazol-5-yl)ethanol. This
reaction yields TMP, and hydrolysis of the phosphoric
ester bond yields thiamine:

Hy RCH A+ H,
ks |

(] [o]

bon

R H

(XXXvn + k l

Several methods of synthesising 33S-labelled thiamine
have been described which represent repetitions of various
previously known processes 25:96,

2. Synthesis of Vitamin B, via “Thiothiamine”

Various methods have been described for obtaining the
thiazolinethione “thiothiamine” (XXIV).®” Condensation of
4-amino-5-aminomethyl-2-methylpyrimidine (XVII) and
carbon disulphide with 3,5-dichloropentan-2-one (XXXI)
leads to the formation of 3-(4-amino-2-methylpyrimidin-
-5-yl)methyl-2,3,7,8-tetrahydro-4-methylfuro[2,3-d Jthia-
zolidine-2-thione (XXXVTII), oxidation of which gives thia-
mine 98,9;

RCH, CHy
+ CH,COCHCICH,CHsCi __N"OH
(XXX
s
RCH;NH; + CS, (XXXVIH)

: |

+ OCHy =~ (XXIV) TT———= (1)
TS + HeS
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Treatment of “thiothiamine” (XXIV) with hydrogen per-
oxide in the presence of carbonates of the alkaline earth
metals %0 leads to the formation of monosalts of thiamine
- the monochloride, monoiodide, mononitrate, and mono-
thiocyanate.

The conversion of “thiothiamine” into thiamine is rever-
sible: if thiamine is heated with sulphur or with hydrogen
sulphide, “thiothiamine” is formed?!°!.

In the subsequent improvement of the method of synthe-
sis via “thiothiamine”, great attention has been paid to
various alternative syntheses of 4-amino-5-aminomethyl-
-2-methylpyrimidine (XVII) from derivatives of g-alkoxy-
or B-amino-propionitriles. Bisethoxymethylacetonitrile
reacts with acetamidine to form 3,4-dihydro-2-methyl-
pyrimidine-5-carboxylic acid 2

H

NH, HCI  C,Hs0CH, HN COOH
+ /CHCN _— ;
H,C H C4HOCHy H,C)%N

The pyrimidine (XVII) has been obtained in about 60% yield
from a-aminomethyl- g8-diethoxypropionitrile and acetami-
dine 103;

NH,-HCI H,NCHz\
H—eN (XVID
7 —— (XVID .
CHs\ NH + CH
Z/\
C:HO OC,Hs

A similar result has been obtained by heating g-acetoxy-
-a-ethoxymethylenepropionitrile with acetamidine in an
autoclave at 140-150°, and hydrolysing the product with a
10% solution of alkali 104,

VIII. MECHANISM OF THE ACTION OF VITAMIN B,

Study of the reactions of thiamine with aldehydes and
keto-acids has revealed very important new properties of
the vitamin. Thiamine and its phosphoric esters can
effectively catalyse reactions of the aldol condensation type.
These observations have finally enabled the mechanism of
the biological action of vitamin B, to be understood.

In the organism thiamine undergoes phosphorylation,
and in the form of the diphosphoric ester takes part in
many biocatalytic processes. Thiamine pyrophosphate
— or more correctly thiamine diphosphate (TDP) — forms
part of many enzymes, in which it acts as prosthetic group
or coenzyme, being quite firmly combined with the apo-
enzyme, a protein 193,

More than ten different enzymes are now known in which
TDP has been shown to act as coenzyme %, among them
being enzymes or enzyme systems which effect the decarb-
oxylation of pyruvic acid or other keto-acids, as well as
enzymes which catalyse metabolic reactions of carbohy-
drates of the aldol synthesis or reverse aldol type. They
include:

(1) a-Carboxylase, which effects the decarboxylation of
a-keto-acids to the corresponding aldehydes and carbon
dioxide:

RCOCOOH — RCHO+4-CO; .
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(2) Various pyruvic acid and a-ketoglutaric acid dehy-
drogenases (oxidases), whose effect is to decarboxylate
and oxidise these substrates. The role of acceptors of
hydrogen and acyl groups (the role of cosubstrates and
oxidation coenzymes) in these reactions is filled by lipoic
acid, nicotinamide-adenine dinucleotide (NAD), cytochrome
¢, and coenzyme A:

{ ;?'A!;))chrome c

R’COCOOH+ (Y(Cﬁz)q COOH
i

(CHj) COOH
——— CO,+4-R'COSCoA -+

HS SCOR’
NAD[H]+ cytochrome c[H].

+ CoASH
S—S§

1’ =CHs, HOOCCH,CH}

(3) A group of enzymes which effect reactions that are
the reverse of the aldol condensation, for example phos-
phoketolase.

(4) Enzymes which catalyse aldol synthesis, among
them being a transketolase from yeasts, which effects the
formation of sedoheptulose 7-phosphate and glyceraldehyde
3-phosphate from xylulose 5-phosphate and ribose 5-phos-
phate. This group of enzymes includes an acetoin-forming
complex from Aevobacter aevogens and a glyoxylic acid
carboligase.

Although the participation of TDP in decarboxylation
and other reactions of a-keto-acids has now been known for
more than a quarter of a century 9%, jts mechanism
remained obscure until recently. Many different hypothe-
ses were put forward, supported to varying extents by
chemical models, but none of them received experimental
confirmation in the study of biological systems.

Breslow 1°° has suggested a model general mechanism
for the action of thiamine which combines two processes,
decarboxylation of the keto-acid and an acyloin condensa-
tion. The role of cyanide, which catalyses the acyloin
condensation, is to form a reactive intermediate carbanion
with the aldehyde, which in turn reacts with a second mole-
cule of the aldehyde to give the acyloin.

Thiazolium derivatives also are capable!!° of giving
reactive intermediate carbanions, to which pyruvic acid
adds on readily. Study of the isotopic exchange of deuter-
ium with thiazolium has shown the existence of the tauto-
meric equilibrium 1!

AN R, R?

N«I
)I\I S S — _QI CxT o+ MY,
H ST Ngs S

since 3,4-dimethylthiazolium and 3-benzyl-4-methylthia-
zolium bromides readily exchange hydrogen in position 2 of
the thiazolium ring for deuterium in heavy water. The
carbanion readily adds on pyruvic acid, the mechanism of
this reaction being analogous to the first stage in the
acyloin condensation. Decarboxylation yields the inter-
mediate 1-thiazol-2’-ylethanol.

Such derivatives have been prepared by an independent
method 2 involving organolithium compounds:

Hy Hy
N LiCeHs 1‘1 CH,CHO
l | . /k | it bk
S Li S

x-
CH,

N Mo N

| — I

s CH,\%
o

CH;—(;.H
OH
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3-Benzyl-2-1’'-hydroxyethyl-4-methylthiazolium bromide
has been prepared in this way and proves to be an active
catalyst for the synthesis of acetoin from pyruvic acid. The
mechanism of this reaction has been represented by the
scheme

CeHsCHo o CH,
l I B
S \

C5H5CH1\+

HO\)\

CHOH
CH,

CGHSCH2\+ CH,
HO hi || B~
S

CoHsCHave CHs CH3COCOOH
— Q I B~ —————
7
Hyc” Moo~

-C0,

Ce HsCHo\+ CH,
Br~ _ CHiCHO ]
/ b

CsHsCHay 4 CHa
HaC. J\ H 8
3 \C}Jf-l S .

OH

CH,COCH{OH)CH,

The benzyl group has been found to play an important
part, since 2-1’-hydroxyethyl-3,4-dimethylthiazolium
bromide possesses far weaker catalytic properties. This
view is supported by the observation that, at 25° and pH 5.37,
deuterium exchange is three times as rapid with the 3-benzyl
derivative than with the 3-methylthiazolium salt. This
observation throws light on the roleof the pyrimidine moiety
of thiamine: it isobviously necessary to produce the elec-
tronic interaction which will facilitate formation of the carb-
anion. Thegreat effectiveness of thiamine is thus explained
by the greater electrophilic effect of the pyrimidinyl than of
the phenylgroup. “2-Hydroxyethylthiamine”, 7.e. the
hydrochloride of DL-3-(4-amino-2-methylpyrimidin-5-yl)-
methyl-2-1’-hydroxyethyl-5-2"-hydroxyethyl-4- methyl-
thiazolium chloride!*?, possesses similar properties, and
replaces thiamine in the growth of microorganisms on
nutrient media. Its synthesis leaves no doubt that the
hydroxyethyl group is located at position 2 in the thiazole

ring:
Ha
HiGC
+RCH,B
I — (v
CH CoHs HaC— H H,C CH
c.—,mCH,o
RCHz 4+  ,CH,
s
CH2CHqO£0

H;c—CH

From a mixture of TDP and acetaldehyde was then iso-
lated “2-1’-hydroxyethylthiamine diphosphate” (XXXVTIII). &
Labelled (XXXVTIII) was prepared from acetaldehyde labelled
at both carbon atoms, and was used subsequently in bio-
chemical investigations. This compound was found to fill
the role of “active acetaldehyde”, the existence of which
had been suggested previously.

Labelled 2-1’-hydroxyethyl-TDP has been shown?® to be
an intermediate in the formation of acetaldehyde by wheat-
-germ carboxylase, in the formation of acetoin by enzyme
preparations obtained from Aerobacter aervogens, and in
the formation of acetate by an artificial system simulating
pyruvic acid oxidase.

[}
bo-
bu

H 2
(XXXVIID

The use of labelled bishydroxyethyl-TDP (XXXIX), pre-
pared from labelled formaldehyde and TDP as well as from
hydroxypyruvic acid and TDP in the presence of heart-
-muscle pyruvate oxidase!!?, in reactions with ribose
5-phosphate catalysed by baker's yeast transketolase has
provided a demonstration, based on the presence of the
tracer in the resulting sedoheptulose 7-phosphate, of the
role of (XXXIX) as an active intermediate in this reaction
too 115,

The structure of 2-dihydroxyethyl TDP, “active gly-
collaldehyde” (XXXIX) has been proved by the hydroxamic

reaction!l4:
ReH, Hs RCH,NH\_CHy
NH3OH c/o - h
il 0 0 —=—= CH,0HCHOH
AS L “NHOH 1S CHyCH,0POHs,
HOCIH CH,CH,0POPO— .
CH,OH HJ) OH (xXIX)

Elucidation of the role of hydroxyethyl derivatives of
thiamine enables discussion of enzyme reactions involving
TDP to be based on a single mechanism.

---000---

Knowledge of the mechanism underlying the action of
thiamine yet again confirms the remarkable fact that all
biochemical processes have their analogues in non-enzy-
matic reactions of organic compounds, the laws of which
remain in force for enzyme reactions too.
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A solution to the problem of creating high-quality ion
exchangers, as well as a rational approach to the selection
of optimum operating conditions for ion-exchange units and
the regeneration of ion exchangers, is only possible with a
detailed knowledge of both equilibrium and kinetic data.

However, while many studies have been concerned with
the statics of ion-exchange processes the kinetics of ion
exchange and the kinetic properties of ion exchangers have
been investigated to a considerably lesser extent. Of the
reviews which have appeared recently, three !»2;3 should be
noted in which problems of ion-exchange kinetics have been
partially discussed. In Helfferich's detailed monograph 3,
where the theory of ion-exchange processes is set out
fairly fully, little attention is paid to experimental data on
ion-exchange kinetics and, inparticular, on the coefficients
of diffusion and self-diffusion in ion exchangers; in addi-
tion, the investigations by Soviet authors are not sufficiently
reflected. In the present review we would like to remedy
this omission and pay particular attention to reviewing the
theoretical and experimental information on the kinetics of
ion exchange in the processes of self-diffusion, the diffu-
sion of microcomponent ions, complete exchange, and the
exchange of large ions on strongly acid cation exchangers.
In presenting the information we shall not refer back to the
problems set out in Helfferich's book.

I. FUNDAMENTAL PROBLEMS IN THE THEORY OF
ION-EXCHANGE KINETICS

If an ion A from a solution replaced an ion B in an ion
exchanger then the exchange process takes place primarily
in the following stages: the diffusion of the ion A through
the layer of liquid adjacent to the ion-exchange particle,
the transfer of the ion A from the solution phase to the ion-
-exchanger phase, the diffusion and exchange of the A and
B ions within the ion exchanger, the transfer of the B ion
from the ion-exchanger phase to the solution phase, and
diffusion of the B ion through the layer of solution adjacent
to the ion-exchange particle. It should be borne in mind
that due to the necessity for preserving the electroneutra-
lity of the solution, the transfer of the ions during diffu-
sion is balanced by a counter flow.

In the first stages of investigating ion-exchange kinetics
(up to approximately 1950) some authors attempted to use
the concept of “the order of reaction” of the ion-exchange
process to explain the experimental results, assuming the

199



