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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 ~60”, aldol condensations are re- 

duced to a minimum. After l-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 CO2 and Hz0 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 Cs 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- 

tinued5. 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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wits carried out-(’ in the presence of small amounts of c’u’ ’ ad l)-fructnre, three 
compounds were formed with high selectivity. namely. 2.4 hydros~methyl)~lycerol, 

3-(hydroxymethyl)pentane-I .2.3,4.5-pentol and ‘.J-bis(h~drox~methyl)pentan~- 

I ,7.3.3.5-pentol. When cfiethvlaminoethanol wac; used5’ as cat:~iw. pentaerythritol 

was the exclusive product, 

When a mixture of paraformaldehyde, triethylamine. 3-~enzyl-S-(‘-hydroxy- 

ethyl)-4-mcthylthiazolium chloride (thiazolium salt). and .Y.,~~-dirn~thylformamiiie 

was kept at 100”. a comple* mixture of products wit\ c)htaincd which. after 



THE FORMOIN REACTION 199 

Y 9” H-C”0 
H-C”0 + Tz+- = H-$-O- = H-T:- m 

?H ?- 

H-F-C”2 = 

TZ* Tz + TZ+ 

p- OH 

= +H2 
8 Me 

__f H-C-CH20H + Tz+- Tz+-= 

TZ+ H2C 

CH,OH 

Scheme 1 First stage of the formoln reactlon 

trimethylsilylation, was subjected to g.1.c. (Fig. 1) and g.l.c.-m.s. Investigation of 

about twenty of the main chromatographic peaks established (u) 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 C5 and C, carbohydrates. The compo- 

nents in peaks 1 (glucose), 2 (galactose), 3 (dihydroxyacetone dimer, formerly7 

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 C4 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-Z 

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 C6 and smaller molecules, and considering only acyclic structures, 29 

products are possible in the formoin reaction. Moreover, the reversibility of the 

condensation reactions (cJ 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’2. 

Product mixtures from a given carbohydrate have a composition which de- 
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pends on the solvent and reaction temperature. The isomeric composition of solu- 

tions of glucose or fructose in NJ-dimethylformamide at lO&llO” 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 hexoses13, 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 C5 and Cb 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 glycolaldehyde. 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 (Y 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, etc.] 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:l 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 difficult 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 



ions generated when an organic base is added to the reaction medium. 7‘hL added 

base, acting as such or as a nucleophllc, can cilust: various side-reaction\ which un- 

doubtedly contribute to the complexity of the formoin mixturt.s Thu\. under :rl- 

kaline conditions, carboh\dr;tlcs undergo Lohry de Brul n---Albcl da 1 ;m Ekenhtcin 

transformations’i (epimcrisation of aldoses and ketoscs . and nldt~.-krtoze rc- 

arrangement). However. when glucose and fructose were ,ubiecttd to formoin 

reaction conditions, no transformations of this kind occurred. Alticri c~lndrn~atmn> 

of short-chain sugars proceed rapidly in weakly alkaline sc~lulion”. !v~orcovcr. 

these reactions are revrrGble, so that retroaldol reaction\ of long-chain \ugar4 fol- 

lowed by further aldol recumh~nations of fragments can occur. 

‘Thermal depolymcri\ation of paraformaldchyde affords the misnomer which 

servec a\ the substrate tar the formoln reaction. Howe\ t’r-. fotmalti~h~de can it*- 

polymerise under the actIon of ;t ba\c such as trieth~lamine’ .: 

The formation of ammoniunl-~tlkoxide hctainex could account for certam low 

yields ( -7OY ) in the formoin reactions (se< ExperimcntCll) hcc;~usc‘ of loxse~ on 

deionisatlon. Gas chromatograms (c,g., Fig. 1 ) of the trimcth~lsil~l~~t~~i products in 

aliquots withdrawn directly from th e reactlon mixture \ho\\ ~111 cn~elq~r from 

which individual peaks emerge. Ion pairs such ;I\ Cl Ft;N ’ (CH,( )),,C‘H,-OSiMs: 

could account for the env~40pu. which i\ much diminished ~vhcn dct~~ni+;ltion prc- 

cedes derivatlsation. 

During the formoin reactIon, thiazolium rings arc ~lca~cd v.~th c-oncomitant 

loss of cntalytlc actlvit>; the initial step is nucleophilic attack a! position 3 of the 

thiazolium ring and the stronger the nucleophilr present in the rc‘;~i~on n~Aurn. 

the bhortcr the life nl’ the thiazolium ring” Ah a rc>ult of th14 ring c~lc~a\ .~gc. thi, 

ratio between thiazolium ion and base (initially I :5) does not r-t’main cc\natant ciur 

ing the formoin reaction ;I:K~ only hasc rcmainx after s;e\rr,\l hours (>f l,.‘.k~ti~~n 

The avoidance ot aldol condensation% in the formoin reaction ik important. 

since this process can Icati to toxic branched-chain sugar-~. ‘At lorr- hilt1 gl\colal- 

dehyde in h’,N-dimethyltc~rrnamidc containing triethylaniinc. aldol G:c~nclr~sntion 

took place. yielding aldrttetetrusrh. However . at h0” or below. there w,fh no qlgnitl- 

cant reaction during 7 h; ;tt HI” when thiazolium \alt w;th also prescn!, crcthruloi;t. 

was formed. 

With erythrose as starting material togt‘ther with base or IJ:IV and thlar~~lmm 

salt. at 6V or below, no reaction occur-red. whereas. at X0’ or 100”. octuloscx M’crc 

formed (no significant formation of octuloscs M’;IS ohxcr\cd in the tc>rmoin rcac- 

tionsj. 

Thus, aidol condcncation\ can he minim&cd by working at h0” or below. and 

formoin reactions were conducted routinely at ho’. Fig. ;I shawl; th:\r, with other 

parameters being kept constant, the lower the temperature the simpler the formoin 

mixture. Formoin reactions can bc conducted cvcn ;tt room temperattlrc 
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When the base was varied in form&n reactions conducted at 80‘. the yield\ 

of drionisrd product were IS (triethylamrne). 35 (ethL’ldi-lic)prop)I:lmln~). ‘3 ( 1 .A- 

diazatricyclo[ ?.Z.Z]octane). and 31 r; ( 1 .5-dlaz3bicvclo[2.j Ojnon-3-cnc) Thus. the 

lower the nucleophilicity of the hacc, the higher the yitzld ot dc~on~\cd product. 

Eth~ldi-isoprop~l~l~iine is associated with a yield in carbohydrate material substan- 

tially higher than that with tricthvlamlne. although the baslcltlca arc Lm~il;tI 

The presence of a base m the formoin reaction-medium is :i disadvantage he- 

cause ot the base-catalysed side-reaction?. Howe\rr, the use of base c;in be arcum- 

vented, and Wunzlich Tut ul. “’ mci Metzgrr ct ill.” have described the prcpar,ltlon 

of such species as 2. which arc dimers of conjugate basc~ of thrarolium ions and 

show the same catalytic activtty as the conjugate bases prepared l/i .situ from 

thlazolium ions and base. Dlm<:rs of this type are excellent catalvsts tcrr the formc,tn 

reaction.“. and base-catalysed >ide-reactions are thus :i\oideri. 

Gerzcral met~zotfs. - ~‘;lr;lfnrmaldehvde (Merck) was used throughout, since 

material from different WL~~_YS c11d not exhibit uniform bchavinur. .:-Rtinzy1-5(3- 

hydrc~a!rthyl)-_-meth~tthiazoliunl chloride (“thlazolium salt”) US usc~i its catalyst 

and prep:tred’” from 5-(~-h~cfroxyethvl)-J-tnrthvlthi~izol~ (Merck; and bcnz! I 

chloride. Amines were puntied by retluxlng with bcnznesulphon!,l chlmde and 

subsequent distillation: the aknce of primary and qecondar\ amino fr,>m the di+ 
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tilled product was confirmed by the LiAIHj 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.1.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 pL. 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 cont. HCl, the 

solvent was distilled in vacua, 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). 

(6) 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 (1s mt) was stirred vigorously at 60”. 

Aliquots for trimethylsilylation and g.1.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 

0.36~ triethylamine in NJ-dimethylformamide (0.5 mol) was heated in a vessel 

provided with a septum, cooled, trimethylsilylated, and subjected to g.1.c. After 2 



h at 60”. no reaction had occurred, but, after 1 h at 100”. er> throw and rhrcosc had 

been formed. 

A similar mixture pius thiazolium salt (12 mg, 0.0-l mmol) was heated ant1 

then analyzed. After 1 11 at 60’. erythrulose had been formtxi; after I h at 100’. CI’\- 

throw and threosz were present. 

In parallel experiments where crythrose (0.08 g. O.h7 mmol) nas used Instead 

of glycolaldehyde, no reaction occurred at 60”. but octulose~ wt’~-e t’cwmcd at 100”. 

(z) I’unaliofz of rzifrogcrz hnsta. il. misture of p”‘afc,rni~licicti!dc ( 1 .i g; 50 

mmol of formaldehyde). base (3.-l mmol), thiazolium salt iO.3 g. O.OJ mmol). and 

N,N-dimethylformamlde (5 mL,) was hept al X0”. and 111ore ( 1.3 g; 31 mmol) 

paraformaldehydc wa:, added after 0.5. 1. 1.5. and 2 h. After hc,lting loi- .i further 

0.5 h, the reaction misturc was worked-up ;I> in f(r). ‘l‘hc haw\ used ;irxl v~elds at- 

tained are given in the Di~cw~ion. 

!/I Qumnrrrtiw tr~~crl\wc. Thexc experiment? were conduc~tecl .it ho” with ;I 

single addition of paraformaldehyde and with the addition oi ;I hnoun weight of 

mannitol as internal standard. Response factors (for trimethylcilyl dcrlv<lti\es) I-C- 

lative to that of mannitol acre determined by using mixtures of mannitol and car- 

bohydrates of known compwtion. 

The results arc‘ included In Tahltr I. 

We thank Miss Anna Casanovas for help in performing g.l.c.-m.s. and inter- 

preting the results. Hqxmo Quimica. S.A.. for access to its mass spectrometer. In- 

stituto National de Asistencia y Promo&k del Estudiante (Spain) for <I scholarship 

(to F.G.). and the Universitat de Barcelona and the Comisicin 4wao1:r dc Imcs- 

tigacibn Cientifica y ‘Tfknlca for financial assistance 
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