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NOTES 

Homogeneous Catalytic Condensation of Methylene Glycol 
(the Formose Reaction) 

Volume Changes 

Liquid volume changes during formose 
reaction in the presence of excess calcium 
hydroxide catalyst were first observed by 
Balezin (I, 2). A dilatometric analysis indi- 
cated that the volume of the solution fell 
sharply as Ca(OH)z was dissolved and that 
the volume rose again during both the in- 
duction period and the period of the formose 
reaction. Although apparently important as 
an indication of reaction mechanism, only 
polemic comments (3, 4) were made and 
the phenomenon was not investigated fur- 
ther. We now show that the phenomenon is 
important as an indicator of reaction mech- 
anism. 

The formose reaction is generally con- 
ducted in either water or a dilute aqueous 
solution of an alcohol (5). Effective cata- 
lysts for the formose reaction are inorganic 
cations with an ionic radius of 0.95 to 1.07 
A, preferably calcium hydroxide (6) or un- 
hindered tertiary amines (5-8). 

Water is structured (9, 10). Solutes affect 
the entropy of water (ZZ), and the restruc- 
turing of water can be a driving force for a 
chemical reaction. Dissolved ions become 
solvated, and association shells are formed. 
In protic solvents, the energy of solvation 
of ionic ligands able to form hydrogen 
bonds may be quite large, leading to high 
solvation enthalpies (12). Complex forma- 
tion between a metal ion and a ligand in 
solution involves competition between the 
ligand and the solvent for the coordination 
site on the metal ion (13). Consequently, 
ligand substitution reaction (14) are often 
indicated by changes in the volume of the 
solution (25). 

Calcium ion, a strong disrupter of water 

structure, causes a contraction in the vol- 
ume of aqueous solutions. Alkaline earth 
hydroxides also form complexes with many 
carbohydrates (16-22), so it seems reason- 
able that alkaline earth hydroxides would 
form complexes with the sugars formed in 
the formose reaction, effecting a second 
volume contraction. Prior to sugar forma- 
tion, there is an induction period that 
also involves complex formation and de- 
complexation of the primary reaction prod- 
ucts (22). A complexation/decomplex- 
ation model has been used to derive kinetic 
parameters for the formose reaction (23). 

The apparatus and general procedures 
used to effect the formose reaction have 
been described (22, 24, 25). The dilatome- 
ter used consisted of a 500-ml, three- 
necked reaction flask equipped with a mag- 
netic stirring bar, a calibrated 5-ml buret, a 
supply/storage vessel, and a thermometer. 
Insulation was used to prevent heat transfer 
from the motor to the monitored liquid. The 
formose reaction mixture was prepared in 
separate equipment and transferred into the 
reaction vessel by way of the supply/stor- 
age vessel. A blank solution containing 
CaClz and HCHO was observed in a second 
dilatometer for a determination of room- 
temperature variations on dilatometer read- 
ings. The measurements on the dilatometer 
containing the formose reaction mixture 
were corrected for volume changes ob- 
served for the blank. 

A quantity of the same formose reaction 
mixture was kept in a separate flask under 
the same environmental conditions and fre- 
quently sampled for analysis of residual for- 
maldehyde, Cannizzaro products, and sug- 
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ars formed during the reaction. These 
results were compared to those of the fol- 
lowing standard, room-temperature for- 
mose reaction: to a 500-ml volumetric flask 
was added 125 ml of 1 M CaClz, followed 
by 9.1 ml of 13.76 M HCHO. The resulting 
solution was diluted to 200 ml. Then 62.5 ml 
of 1 M NaOH were added slowly with con- 
tinued agitation. After thorough mixing, a 
solution of D-glucose was added as a co- 
catalyst to a final concentration of 10m2 M, 
and the time of initiation of the reaction was 
recorded. Water was added to a volume of 
500 ml, and a 25-ml sample (blank) was with- 
drawn for analysis of HCHO content, pH, 
titratable acids, and appearance. At 20-min 
intervals, additional 25-ml samples are 
withdrawn and analyzed in the same way. 

Formation of the formaldehyde-calcium 
monohydroxide ion complex was studied in 
two ways: (1) Buret Method. A calibrated 
50-ml buret was filled to various levels with 
aqueous solutions of calcium chloride (0.5 
to 4 M). An aqueous solution of formalde- 
hyde was added from a lo-ml buret in small 
increments and with thorough mixing. 
Readings of the combined liquid volume 
were taken until they were constant, i.e., 
until all temperature effects were dissi- 
pated. The mole ratio of reagents was plot- 
ted against the volume change. (2) Jobs 
Method (26). Density measurements were 
used for the determination of the apparent 
coordination numbers in complexes of the 
calcium ion with formaldehyde and with 
sugars. As a control, solutions of calcium 
chloride were blended with water in the 
same proportions, and corrections were de- 
rived for volume contraction owing to dilu- 
tion. 

The volume change during the formose 
reaction depended on the concentration 
and ratio of the reactants and amounted to 
O.l-0.5% of the liquid volume, i.e., a 
change of 0.5-2.5 ml in a 500-ml dilatome- 
ter. A 500-ml flask changes 0.01 ml in vol- 
ume for each degree deviation from 20°C 
while water contained in the flask varies by 
0.09 ml/“C. The volume change in a normal 

solution of base is about 40% higher. As an 
approximation, a change of 0.1 ml volume 
was assumed for each degree of tempera- 
ture variation. 

Conversion of formaldehyde to sugars 
was required for maximum liquid volume 
expansion. Most expansion (a maximum of 
0.5%) was observed at the optimal HCHO : 
Ca(OH)2 mole ratio of about 3. There was 
little change in the amount of expansion at a 
mole ratio of 2, but the percentage expan- 
sion was reduced at mole ratios less than 
2 and greater than 3. This indicated that 
methylene glycol complexes with calcium 
hydroxide in an exact ratio prior to the for- 
mose reaction and that the magnitude of 
volume expansion during the formose reac- 
tion depends on the quantity of complexed 
species formed in the reaction mixture. (A 
HCHO: Ca(OH)2 mole ratio of 2-3 also 
maintained an optimal pH for sugar forma- 
tion.) 

The relation between volume expansion 
and formaldehyde consumption during the 
formose reaction is qualitatively illustrated 
in Fig. 1. During the reaction, there was an 
initial temperature increase in the reaction 
mixture (22.5 to 24.X). This was followed 
by a temperature increase in the reaction 
mixture from 24.5 to 25.9”C during the 
sugar formation stage, and a subsequent 
temperature drop back to 22.5”C (ambient 
conditions). (In Fig. 2, expansion data were 
not converted to normalized temperature 
conditions, and this is reflected in the shape 
of the expansion curve.) Figure 2 indicates 
that (a) there was volume expansion in the 
reaction mixture as soon as the reagents 
were combined for reaction, (b) there was 
further volume expansion during the induc- 
tion period (Cannizzaro product genera- 
tion) and again during the sugar formation 
period (the onset of sugar formation is 
clearly indicated by a change of slope), and 
(c) the endpoint of the formose reaction co- 
incided with a maximum of volume expan- 
sion followed by a contraction owing to 
equilibration of the reaction mixture with 
the lower temperature of the environment. 
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FIG. 1. Relationship of formaldehyde consumption and liquid volume expansion. Reaction condi- 
tions: 125 ml 1 M CaClr, 9.1 ml 13.76 M HCHO, 62.5 ml 1 M NaOH, water to 500 ml; room tempera- 
ture. (0) Volume change, ml; (A) remaining formaldehyde, %. 

Data were then normalized to a standard 
temperature of 20°C (Fig. 2). The volume 
expansion consisted of two linear sections; 
an expansion of about 0.067 ml/h during the 
induction period, and an expansion of 0.133 
ml/h during the sugar formation period. 
The change of slope coincides with the 
change from the induction period to the 
sugar formation period. Maximum expan- 
sion was reached and maintained at the 
time of completion of the formose reaction. 

The experiments, the results of which are 
presented in Figs. 1 and 2, were conducted 
with reaction mixtures which contained re- 
sidual, uncomplexed calcium hydroxide 
and were, in the initial stage of the reaction, 
heterogeneous. The plot for volumetric ex- 
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pansion of a homogeneous formose reac- 
tion mixture (25) also consists of two linear 
portions (Fig. 3). The slopes are 0.096 ml/h 
for the induction period and 0.24 ml/h for 
the sugar formation period. The slope ratio 
is 0.4. The change of slope of the plot for 
volume expansion coincides with the onset 
of sugar formation. The volume expansion 
relative to formaldehyde consumption dur- 
ing the sugar formation period was about 
one sixth of the volume expansion during 
the induction period. Differences in the rate 
and degree of volume expansion (Fig. 2 vs 
Fig. 3) can be related to differences in the 
number of reacting molecules and ions ver- 
sus product molecules and ions. 

Combining into one plot, the data for 
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FIG. 2. Normalization of liquid volume expansion data (Fig. 2) to standard temperature (20°C). (0) 
Volume change, ml; (A) formaldehyde conversion, %. 
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Fro. 3. Conversion of formaldehyde to sugars and 
Cannizzaro products and liquid volume expansion dur- 
ing a homogeneous formose reaction. (0) Volume 
change, ml; (A) reducing sugars generated, %; (Cl) 
Cannizzaro reaction products, %. 
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sugar formation from formaldehyde, for 
volume expansion during the reaction, for 
pressure change in the head space above 
the reaction mixture (24), and for the tem- 
perature of the reaction mixture (Fig. 4) re- 
veals the coincidence of maximum expan- 
sion with the onset of pressure loss above 
the reaction mixture and the reaction tem- 
perature maximum. All three signal com- 
pletion of the formose reaction, even 
though the requirement of different vessels 

Because a volume contraction was ob- 
served when the various reagents required 
for the formose reaction were combined 
into a homogeneous reaction mixture and a 
similar effect was observed when formalde- 
hyde was added to a solution of calcium 
chloride, a quantitative determination of 
the latter was undertaken in order to corre- 
late it with the apparent coordination num- 
ber of calcium monohydroxide ions relative 
to HCHO (Fig. 5). The volume reached a 
minimum at a HCHO : CaC& mole ratio of 
about 3 and thereafter remained constant. 
The data indicates formation of a complex 
at a HCHO : CaClz mole ratio of 3. This ra- 
tio agrees with the previously derived ac- 
tive complex ratio of HCHO : Ca(OH)+ of 3 
based on the turbidometric titration with 
sodium hydroxide of blends of CaCl* and 
HCHO in aqueous solutions (27). 

The detection of weak complexes in solu- 
tion is based on the blending of two (or 
more) equimolar solutions of reagents in 
various ratios and measuring properties 
which indicate the existence of a complex 
(26). The concentration of the complex will 
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for gas pressure measurements, expansion 
readings, and sugar analysis results in some 
shift in the curves. 
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FIG. 4. Relationship of gas pressure changes above the reaction mixture and liquid volume expan- 
sion normalized to standard temperature (20°C) to the progress of the formose reaction. For reaction 
conditions, see legend to Fig. 2. (0) Gas pressure, mm H,O; (A) volume change, ml; (O), tempera- 
ture, “C; (0) reducing sugars generated. (No ordinate. Included to show the relationship of the other 
parameters to the progress of the reaction. Actual progress of the reaction is plotted in Fig. 3.) 
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FIG. 5. Volume contraction in binary solutions of calcium chloride and formaldehyde as a function of 
reagent ratio. 

be at a maximum when the solutions are volume change allows direct monitoring of 
blended in the same proportion as that in the progress of the formose reaction. 
which the solutes are present in the com- 
plex. Data obtained in this way exhibited 
considerable scatter because of problems 
associated with measuring accurately such 
large volumes of liquids and because of the 
small contractions. Nevertheless, a plot of 
the data had a maximum at a HCHO : CaC12 
ratio of 3-3.5, in agreement with the results 
of the buret method (plot not included). 

In summary, the formose reaction is ac- 
companied by a volume contraction during 
formation of a complex between calcium 
monohydroxide and methylene glycol, fol- 
lowed by two stages of volume expansion, 
which are linear with time, during the in- 
duction period (Cannizzaro reaction) and 
the sugar formation period. The transition 
between the two reaction periods is indi- 
cated by a change in the rate of liquid vol- 
ume expansion. Expansion of the formose 
reaction mixture concurrent with the for- 
mation of Cannizzaro products and sugars 
is believed to be the result of (1) the release 
of water of hydration from methylene gly- 
co1 during the disproportionation and con- 
densation reactions, (2) the partial or total 
decomplexation of products, (3) the re- 
strutting of the water matrix, (4) the gener- 
ation of a charged species (formate ion), 
and (5) the hydration of linear-chain and 
branched chain sugars. The observation of 
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