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ABSTRACT

The formoin reaction, i.e., the autocondensation of formaldehyde in an apro-
tic solvent catalysed by the conjugate base of a thiazolium ion, has been studied in
detail. Glucose, galactose, dihydroxyacetone dimer, xylose, and arabinose have
been identified as products. The influence of catalysts, temperature, basicity, and
reaction time is documented. N, N-Dimethylformamide is a more convenient sol-
vent than ether, benzene, or diglyme. Ethyldi-isopropylamine affords better yields
of carbohydrate material than triethylamine. At <6(°, aldol condensations are re-
duced to a minimum. After 1-2 h of reaction (depending on the conditions), the
yields begin to decrease and become zero after ~24 h.

INTRODUCTION

Since Butlerow’s first report' in 1861 on the calcium hydroxide-catalysed con-
densation of formaldehyde to give a complex mixture of carbohydrates, this reac-
tion has been of interest in relation to photosynthesis, the primordial origin of
monosaccharides, the industrial manufacture of edible carbohydrates, and the con-
tinuous recycling of metabolic CO, and H,O during sustained space-flight?.

The term “formose reaction” includes the Butlerow reaction and its modifi-
cations, all of which take place in alkaline aqueous or alcoholic solutions, and the
term ‘“formose mixture” (or formose) connotes the mixtures of monosaccharides
formed in those reactions; the term formose was first used by Loew™.

Formose mixtures are complex (~30 components) because, during the for-
mose reaction, several processes occur, such as aldol-type condensations of formal-
dehyde. hydroxyaldehydes, and hydroxyketones, Lobry de Bruyn-Alberda van
Ekenstein rearrangements, mutarotations, and Cannizzaro reactions. These reac-
tions lead to branched and unbranched carbohydrates up to at least Cy in size. Be-
cause of the presence of large quantities of branched-chain carbohydrates, formose
mixtures are highly toxic.

Since the formose reaction was reviewed®, activity in this field has con-
tinued”. Most of the current efforts are directed to identifying conditions under
which the formose reaction becomes more selective. When the formose reaction
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was carried out™ in the presence of small amounts ot Ca”' and D-fructose, three
compounds were formed with high selectivity, namely, 2-(hydroxymethylglycerol,
3-(hydroxymethyl)pentane-1.2.3,4.5-pentol and 2.4-bis(thvdroxymethyl)pentanc-
1.2.3,4.5-pentol, When diethvlaminoethanol was used™ as catalyst, pentaervthritol
was the exclusive product.

If the formosce reaction is 1o be used for the synthesis ot edible sugars, a new
approach to the autocondensation of formaldehyde is required. The benzoin con-
densation, which involves the cyanide-catalysed condensation of the corresponding
aldehydes. can be extended to aliphatic aldehydes” if the conjugate base of a
thiazolium jon is used as catalyst. We now report on the catalvtic action of the con-
jugate base of a thiazolium 1on on formaldehvde (formoin reaction 1 as i new route

to carbohydrates.
RESULTS AND DISCUSSION

When a mixture of paraformaldehyde, triethylamine, 3-benzyl-5-(2-hvdroxy-
ethyD)-4-methylthiazolium chloride (thiazolium salt), and N.N-dimethylformamide

was kept at 100", a complex mixture of products was obtained which. after
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Fig 1 Gas chromatogram ot 4 trimethylalylated tformoin minture prepared as deseribed in the Experni-
mental (general reaction): 1, glucose: 2. galactose, 3. dihvdrovvacetone dimer, 4, \wvose, S5, arabinose,
6. erythrulose: 7. ervthrose—threose
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Scheme 1 First stage of the formom reaction

trimethylsilylation, was subjected to g.l.c. (Fig. 1) and g.l.c.—m.s. Investigation of
about twenty of the main chromatographic peaks established (a) the carbohydrate
nature of the products that they contained®, (b) the absence of any mass-spectral
characteristics of branched-chain sugars®, (c) the identity of some carbohydrates,
and (d) a clear-cut division of the chromatograms into C,, regions. It was concluded
that the formoin mixture consisted mostly of Cs5 and C¢ carbohydrates. The compo-
nents in peaks 1 (glucose), 2 (galactose), 3 (dihydroxyacetone dimer, formerly’
thought to be glyceraldehyde dimer), 4 (xylose), and 5 (arabinose) were
identified by comparison with authentic compounds (lyxose was not available for
comparison with the last two products). Peak 7 contained erythrose and/or threose,
since these tetroses could not be distinguished on the basis of retention time and
mass spectra. M.s. showed that the substance in peak 6 was a C, carbohydrate
different from erythrose and threose; since the same substance was obtained by
condensation of glycolaldehyde in the presence of thiazolium salt, it was concluded
to be erythrulose.

The first product of the formoin reaction should be glycolaldehyde, as shown
in Scheme 1. Glycolaldehyde can then react with formaldehyde to afford trioses,
and with itself to give erythrulose. Subsequently, the reaction of glyceraldehyde
with formaldehyde will afford aldotetroses, with glycolaldehyde will give pentos-2-
uloses and pentos-3-uloses, and with itself will yield four hexos-3-uloses. The result
of further condensations is not difficult to predict.

For C, and smaller molecules, and considering only acyclic structures, 29
products are possible in the formoin reaction. Moreover, the reversibility of the
condensation reactions (cf. transketolase-mediated reactions'®) represents a secon-
dary source of carbonyl compounds that may facilitate the formation of carbohyd-
rates not allowed by the kinetics of the main route.

The formation of multiple chromatographic peaks after trimethylsilylation of
individual carbohydrates is well known'!. Studies are in progress to apply to for-
moin mixtures the simplifying derivatisation-procedures proposed by Seymour'?.

Product mixtures from a given carbohydrate have a composition which de-
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Fig. 2 Dependence ot the complesity of formom muktures on the concentration of paraformaldehyde
Cias chromatograms ot tnmethyviadviated formom mustures from experiments in which the paraformal-
dehyde to catalyst ratio was 1.6 1 (A and B Jand 24 b at 60° respectveivd 137 100 and DL 4 and
2 hoat 607 respectively), and 235 1 (E and B3 and 24 hoat a0 respectivels, & P hoat ey b
glycolaldehyde. 2, ervthrose-threose; 3. erythrulose, 4, dihvdroxvacetone dimer
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pends on the solvent and reaction temperature. The isomeric composition of solu-
tions of glucose or fructose in N,N-dimethylformamide at 100—110° in the presence
or absence of triethylamine or triethylamine and thiazolium salt, as in a standard
formoin reaction, changes with time (changes in peak intensities). Differences in
peak intensities were also observed between our chromatograms and those re-
ported in the literature in which, as a rule, samples in pyridine solutions were silyl-
ated'!.

Glycolaldehyde, glyceraldehyde, and the tetroses gave rise to mixtures that
were more complex than those from pentoses and hexoses', mainly because of the
variety of possible dimeric forms (e.g., 22 for DL-glyceraldehyde). Moreover,
equilibrium was attained very slowly (hours or even days).

An important, common feature of formoin mixtures was that, invariably, C;
and higher sugars were present in much lower proportion than Cs and Cg sugars,
presumably because the Lapworth-Breslow intermediate (1 in Scheme 1) does not
react, or reacts slowly, with aldohexoses, due to the extreme preponderance of cy-
clic-hemiacetal forms. No formoin reaction occurred with glucose or fructose.

No branched sugars were detected in the formoin mixtures, and ketoses pre-
ponderated over aldoses; for example, major components in simple mixtures were
dihydroxyacetone and erythrulose in addition to giycolaldehyde. Both findings can
be explained by a general lack of reactivity of ketone carbonyl groups towards Lap-
worth—-Breslow intermediates. This assumption is reasonable since, with one ex-
ception, no branched-chain products have been isolated from benzoin-type con-
densations with aromatic or aliphatic substrates. a-Acetolactate was formed when
thiamine was incubated with pyruvate'’. Apparently, a carbonyl group « to a car-
boxylate group can be attacked by a Lapworth-Breslow intermediate.

Because of the commercial availability of 5-(2-hydroxyethyl)-4-methyl-
thiazole and its easy quaternisation with benzyl chloride, 3-benzyl-5-(2-hydroxy-
ethyl)-4-methylthiazolium chloride was the thiazolium salt normally used as
catalyst. However, other thiazolium salts or analogues [thiamine, bi(3-methylben-
zothiazolin-2-ylidene), 4-methyl-3-(2-phenylethyl)thiazolium iodide, efc.] have
also been used.

When the ratio of paraformaldehyde to catalyst was 14.6:1. glycolaldehyde
was formed together with traces of dihydroxyacetone, whereas, if the ratio was
157:1 or 235:1, more-complex mixtures resulted (Fig. 2). Thus, below a certain
concentration, glycolaldehyde does not enter into a benzoin-type self condensa-
tion.

The formoin reaction occurred only when an aprotic solvent was used. N,N-
Dimethylformamide was the solvent of choice; ether was too volatile, diglyme was
more difficuit to remove than N,N-dimethylformamide, and benzene gave rise to a
heterogeneous system. When such protic solvents as methanol and ethanol were
used, no sugar formation was detected, possibly because the formaldehyde was
converted into hemiacetal and acetal forms'?.

The catalysts in the formoin reaction are the conjugate bases of thiazolium
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ions generated when an organic base is added to the reaction medium. The added
base, acting as such or as a nucleophile, can cause various side-reactions which un-
doubtedly contribute to the complexity of the formoin mixtures Thus, under al-
kaline conditions, carbohvdrates undergo Lobry de Bruyn-Alberda van Ekenstein
transformations'® (epimerisation of aldoses and ketoses, and aldosc-ketose re-
arrangement). However. when glucose and fructose were subjected to formoin
reaction conditions, no transformations of this kind occurred. Aldol condensations
of short-chain sugars proceed rapidly in weakly alkaline solution' . Morcover.
these reactions are reversible, so that retroaldol reactions of long-chamn sugars fol-
lowed by turther aldol recombinations of fragments can occur.

Thermal depolymerisation of paratormaldehyde affords the monomer which
serves as the substrate for the tormoin reaction. However. formaldehyvde can re-
polymerise under the action of a base such as triethylamine’ p

. CH.O .
EtN + CH,O — Et.N-CHO  —  Et,N(CH,0),CH-0O

The formation of ammonium-alkoxide betaines could account for certam low
vields (~20%7) in the formoin reactions (see Experimental) because of losses on
deionisation. Gas chromatograms {¢.g., Fig. 1) of the trimethylsiiylated products in
aliquots withdrawn directly from the reaction mixture show an emvelope from
which individual peaks emerge. Ton pairs such as C1 BN 7 {CHL0),CH-OS1Me,
could account for the envelope. which is much diminished when dewnisation pre-
cedes derivatisation.

During the formoin reaction, thiazolium rings are cleaved with concomitant
loss of catalvtic activity: the initial step is nucleophilic attack at position 2 of the
thiazolium ring and the stronger the nucleophile present in the reaction medum,
the shorter the life of the thiazolium ring'™ As @ result of this ring cleavage. the
ratio between thiazolium on and base (initially 1:5) does not remarm constant dur -
ing the formoin reaction and only base remains after several hours of reaction

The avoidance ot aldol condensations in the formaoein reaction & important,
since this process can fead to toxie branched-chain sugars. At 1007 with glveolal-
dehyde in N N-dimethyltormamide containing triethvlamine. aldo! condensation
took place, yielding aldotetetroses. However. at 602 or below ., there was no signif-
cant reaction during 2 h; at 607 when thiazolium salt was also present. ervthrulose
was formed.

With erythrose as starting material together with base or base and thiazohum
salt, at 60° or below, no reaction occurred. whereas. at 807 or 100°, octuloses were
formed (no significant formation of octuloses was observed in the formomn reac-
tions).

Thus. aldol condensations can be minimised by working it 60% or below. and
formoin reactions were conducted routinely at 607, Fig. 2 shows that. with other
parameters being kept constant, the lower the temperature the simpler the formoin
mixture. Formoin reactions can be conducted even at room temperatute
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When the base was varied in formoin reactions conducted at 80 . the yields
of deionised product were 15 (triethylamine). 35 (ethyldi-isopropy fumine), 23 (1.4-

fower the nucleophilicity of the base, the higher the vield ot detomsed product.
Ethyldi-isopropylamine is associated with a vield in carbohydrate material substan-
tially higher than that with triethylamine. although the basicities are similar

In a subsequent series of experiments carried out at 60° without repetitive ad-
ditions of formaldehyde, the resulting formoin mixtures were subjected to quan-
titative g.l.c. Under these conditions, the formoin reaction did not po turther than
the formation of dihvdroxyacetone and erythruiose. and, beyond w certain reaction
tme. the yields decreased. The results are summarised in Table |

The fall in vield on prolonged reaction may be explained as follows Initially,
the formoin reaction 1s faster than any other competing process. but. ~inee the reac-
tion is reversible. base-catalysed repolymerisation of formaldehyde will become n-
creasingly important as the thiazolmm ions are  decompesed.  Frhyldi-iso-
propylamine. which is less nucleophilic than triethylamine tow ards thiazohum ons,
is less effective 1n inducing repolvmertsation of formaldehyvde.

The tormoin reaction is u promising method for the conversion of formal-
debyde into carbohydrates. Stereosclective benzomn condensations have been
achieved by using chiral thiazolium salts™ and the effect of such ~alty on the for-
moin reaction is being explored.

The presence of a base in the formoin reaction-medium is a disadvantage be-
cause of the base-catalysed side-reactions. However, the use of base can be circum-
vented. and Wanzlick et al. "' and Metzger et al.”' have described the preparation
of such species as 2. which are dimers of conjugate bases of thiazolium ions and
show the same catalytic activity as the conjugate bases prepared wmr situ from
thrazolium ions and basce. Dimers of this type are excellent catulvsts tor the formomn
reaction™. and base-catalvsed side-reactions are thus avoided.

OO

EXPERIMENTAI

General methods. — Paraformaldehyde (Merck) was used throughout, since
material from different sources did not exhibit uniform behaviour. 3-Benzyl-5-(2-
hydroxvethyl)-4-methvlthiazolium chloride (" thiazolium salt”™) was used as catalyst
and prepared™ from 5-(2-hvdroxyethvl)-4-methylthiazole (Merck} and benzyl
chloride. Amines were punfied by refluxing with benzenesulphonyl chloride and
subsequent distillation: the absence of primary and secondary amnes from the dis-
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tilled product was confirmed by the LiAlH, test. N N-Dimethylformamide was
dried by refluxing over CaH,, and the distilled product was stored over 4 A
molecular sieves. Analytical-quality pyridine was used. and stored over 4 A
molecular sieves.

Temperatures refer to external heating-baths.

Samples for g.l.c. were prepared'' by mixing aliquots (0.5 mL) of reaction
mixtures with pyridine (0.5 mL), hexamethyldisilazane (0.4 mL), and chloro-
trimethylsilane (0.2 mL). The injected volume was 1 uL. A Carlo Erba Fractovap
GT and a Hewlett-Packard 5710A chromatograph connected to a Hewlett-Packard
3390A integrator were used for g.1.c.. and a Perkin—Elmer 990 chromatograph con-
nected to a Hitachi RMU-6L. mass spectrometer for g.l.c.—m.s. A column (2
m X 0.125 in.) packed with 3% of SE52 on Chromosorb W (60-80 mesh) was used
with a temperature programme of 90° for 4 min, and then 4°/min.

Formoin reactions. — (a) General reaction. Paraformaldehyde (40 g; 1.33 mol
of formaldehyde) was added with continuous stirring to a solution of triethylamine
(18.8 g, 186 mmol) and thiazolium salt (12.5 g, 46 mmol) in N,N-dimethylfor-
mamide (250 mL) at 100° (dissolution of paraformaldehyde was almost instantane-
ous; in the absence of catalyst, no dissolution occurred). After 30 min at this tem-
perature, more paraformaldehyde (10 g; 330 mmol) was added and this procedure
was repeated twice more. The mixture was then neutralised with conc. HCI, the
solvent was distilled in vacuo, and the resulting oil was poured into water and con-
tinuously extracted with ether for 12 h. The aqueous solution was treated thrice
with active charcoal, deionised by using columns (30 X 3 cm) of Kastel A300
(HO™) and C300 (H™") resins, and concentrated. The resulting, viscous, yellow or
reddish oil (15 g) was trimethylsilylated and subjected to g.l.c. (Fig. 1).

(b) Behaviour of glucose and fructose. A mixture of glucose or fructose (0.2
g, 1.1 mmol) and N,N-dimethylformamide (2.5 mL) was kept at 100-110°. Aliquots
were withdrawn after 0.5, 1, and 5 h, trimethylsilylated, and subjected to g.1.c. and
g.l.c.-m.s. The above reactions were repeated with the addition of triethylamine
{0.188 g, 1.85 mmol). and triethylamine (0.188 g, 1.85 mmol) plus thiazolium salt
(0.125 g, 0.46 mmol).

(c) Ethyldi-isopropylamine as base. A mixture of paraformaldehyde(0.52 g;
17.3 mmol of formaldehyde), base (0.57 g, 4.4 mmol), thiazolium salt (0.32 g, 1.2
mmol), and N,N-dimethylformamide (15 mL) was stirred vigorously at 60°.
Aliquots for trimethylsilylation and g.l.c. were withdrawn after 4 and 24 h.

In subsequent reactions, the amount of paraformaldehyde was increased to
173 mmol (5.22 g) and 284 mmol (8.54 g). The last reaction was also carried out at
110° for 1.5 h.

The corresponding gas chromatograms are shown in Fig. 2.

(d) Kinetic experiments. A mixture of glycolaldehyde (0.04 g, 0.67 mmol) and
0.36M triethylamine in N,N-dimethylformamide (0.5 mol) was heated in a vessel
provided with a septum, cooled, trimethylsilylated, and subjected to g.l.c. After 2
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h at 60°, no reaction had occurred, but, after 1 h at 100°, ervthrose and threose had
been formed.

A similar mixture plus thiazolium salt (12 mg. 0.04 mmol} was heated and
then analysed. After 1 h at 60", erythrulose had been formed: after th at 1007, eryv-
throse and threose were present.

In parallel experiments where erythrose (0.08 g. .67 mmol) was used mstead
of glycolaldehyde, no reaction occurred at 60°. but octuloses were formed at 100°,

(¢) Vanaiion of nitrogen base. A mixture of paratormaldcehyvde (1.5 g; 50
mmol of formaldehyde). base (2.4 mmol), thiazolium salt (0.25 g, 0.93 mmol). and
N, N-dimethylformamide (5 mL) was kept at 807, and more (1.5 gi 50 mmol)
paraformaldehyde was added after 0.5 1. 1.5, and 2 h. After heating for a further
0.5 h, the reaction mixturc was worked-up as in {a). The bases used und vields at-
tained are given in the Discussion.

(1) Quuniuative anaivses. These experiments were conducted at 60° with a
single addition of paraformaldehyde and with the addition of & known weight of
mannitol as internal standurd. Response factors (for trimethvlisilvl derivatives) re-
lative to that of mannitol were determined by using mixtures of mannitol und car-
bohydrates of known composition.

The results are included m Table 1.
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