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The calcium hydroxide-catalyzed condensation of methylene glycol to form a racemic mixture of
sugars (formose reaction) is characterized by an induction period of variable length. The induction
period is shortened when reducing sugars are added and extended when oxygen is present. Oxygen
interferes with the formose reaction by forming intermediate products which delay the autocata-
lytic sugar-forming reaction. Small quantities of added p-glucose shorten the induction period by
purging oxygen from the reaction mixture, but there is no increase in the rate of sugar formation
once the induction period has passed. Addition of large quantities of reducing carbohydrates to a
formose reaction mixture causes a decrease in the conversion rate of methylene glycol to sugars.
The progress of the formose reaction can be followed by measuring the pressure above the reaction

mixture. © 1987 Academic Press, Inc.

INTRODUCTION

In the presence of a catalytically active
base, methylene glycol (hydrated formalde-
hyde) in aqueous solution condenses to
yield a racemic mixture of linear and
branched sugars containing 2—-8 carbon at-
oms. The reaction proceeds at room tem-
perature when formaldehyde is added to an
aqueous dispersion of calcium hydroxide,
with or without added reducing sugars, at a
pH of 11.5-12.5 (). Other inorganic (2)
and organic bases (3) will also catalyze the
formose reaction, but generally not as ef-
fectively. The reaction product, formose
(C.A. 8069-42-9), consists of linear and
branched sugars, as well as products of
Cannizzaro and cross-Cannizzaro reactions
of formaldehyde and sugars (4—6). In addi-
tion, the base can catalyze Lobry de Bruyn-
Alberda van Ekenstein rearrangements (7)
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of reaction products and alkaline degrada-
tion reactions (8—10) which lead to the for-
mation of saccharinic acids.

The formose reaction is characterized by
an induction period of variable length dur-
ing which only Cannizzaro products are
generated, a sugar formation period which
obeys autocatalytic kinetics, and a final pe-
riod of sugar degradation brought about by
the alkaline environment (/7). It involves a
nonclassical aldol condensation in which an
intermediate product is formed from meth-
ylene glycol (or formaldehyde), followed by
successive regular aldol condensations be-
tween the intermediate product and methy-
lene glycol (or formaldehyde). The end of
the reaction is indicated by the appearance
of a yellow color in the solution (yellowing
point). The reaction time depends on the
reaction temperature, the presence of addi-
tives, and the concentration of reagents.

To date, no reaction mechanism has been
established (6, 12). Three mechanisms have
been proposed. One suggested mechanism
involves a nucleophilic carbenoid formed
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from formaldehyde (13, 14). However, only
a small amount of unhydrated formalde-
hyde is in equilibrium with methylene gly-
col, the primary constituent of an aqueous
solution of formaldehyde (15). A second
proposed mechanism involves nucleophilic
attack on a methylene glycol molecule by a
carbonion formed from methylene glycol
(3). A third mechanism is based on hydride
ion transfer form methylene glycol to form-
aldehyde (16). Other mechanisms, such
as a free-radical reaction initiated photo-
chemically (17, 18), should also be consid-
ered.

Addition of formose product, reducing
sugars, and various other a-hydroxycar-
bonyl compounds to the formose reaction
mixture shortens the induction period (19).
However, no significant differences in for-
mose product, which depend on the kind or
quantity of a-hydroxycarbonyl compound
added prior to the reaction, have been re-
ported.

Additionally, there is no satisfactory ex-
planation for how a-hydroxycarbonyl com-
pounds facilitate the condensation of meth-
ylene glycol or formaldehyde to glycolalde-
hyde, the first reaction product. The
participation of a-hydroxycarbonyl com-
pounds in the formose reaction has been
defined as a co-cataiytic (20, 21) with possi-
ble involvement of an enediol. However,
ethoxyacetaldehyde, which cannot form an
enediol, exhibits about the same activity as
does D-glucose in promoting the formose
reaction (22). Finally, it has been suggested
that paraformaldehyde generally contains
traces of carbohydrates and that no for-
mose reaction will occur if paraformalde-
hyde is carefully sublimed prior to prepara-
tion of the reaction mixture (23).

The present study was designed to evalu-
ate the effects of oxygen and reducing sug-
ars on the formose reaction.

EXPERIMENTAL METHODS

Reagents, apparatus, and procedures.
All chemicals used were reagent grade. He-
lium used for purging was purified from re-
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sidual oxygen by passing it twice through
Fieser’s solution (24). The formaldehyde
solution contained methanol as a stabilizer.
Calcium hydroxide was used as the cata-
lyst; the ratio of formaldehyde to Ca(OH),
was varied from 1 to 10.

Reaction mixtures were agitated when
the catalyst was present as a dispersed
solid. However, most reaction mixtures
contained a stable, homogeneous solution
of the catalyst prepared by generating
Ca(OH), in the formaldehyde solution; in
these cases, the formose reaction could be
effected without agitation. A typical experi-
mental procedure was as follows: CaCl; so-
lution (1 M, 125 ml) was added to a 500-ml
volumetric flask, followed by addition of a
HCHO solution (13.76 M, 9.1 ml) and dilu-
tion with water to a total volume of 200 ml.
To this solution was added slowly, and with
continued agitation, NaOH (1 M, 62.5 ml).
The mixture turned turbid but cleared in a
short time. After further dilution, D-glucose
was added (to a final concentration of 0.01
M) as an accelerator. The flask was then
filled to the mark with water, and the con-
tents were carefully mixed. A 25-ml aliquot
(the blank) was withdrawn immediately;
additional aliquots were taken at specific
reaction times. The aliquots were analyzed
for residual HCHO, quantity of acids
formed, and appearance. The effectiveness
of catalyst, reaction accelerators, and reac-
tion inhibitors was ranked according to
length of the induction period, rates of
formaldehyde consumption and formose
formation, and time required to complete
the reaction.

For reactions under an inert atmosphere,
special equipment was used. A three-neck,
500-ml, round-bottom reaction vessel was
modified by replacing the female tapered
joints by male tapered joints, and by adding
a drain with a stopcock. Stopcocks were
also added to three 100-ml, round-bottom
vessels with regular female tapered joints.
The following procedure was used: the
three 100-ml vessels were partially filled
with measured quantities of solutions of



CATALYTIC CONDENSATION OF METHYLENE GLYCOL, I

FiG. 1. Apparatus for reagent treatment and product
sampling.

formaldehyde, calcium chloride, and so-
dium hydroxide, and attached to the reac-
tor vessel in the down position. The inlets
of the supply vessels were connected to a
source of inert gas (helium), and the drain
of the reactor vessel was connected to a
vacuum source. The reactor was then
placed in a controlled-temperature bath,
and the liquids in the supply vessels were
purged of oxygen by successive applica-
tions of heat, vacuum, and helium. After
completion of the purges, all stopcocks
were closed, and the reactor was lifted from
the bath and inverted to mix the reagents
and initiate the reaction. The reactor was
again placed into the temperature-con-
trolled bath, but this time the supply vessels
were in the up position and the reactor
drain was in the down position. Aliquots
were obtained by forcing the reaction mix-
ture through the main drain with helium in-
troduced through one of the empty supply
vessel inlets.

Equipment that allowed the anaerobic
transfer of measured quantities of deaer-
ated formaldehyde solutions into measured
quantities of deaerated solutions or disper-
sions of catalysts (Fig. 1) was used in ex-
ploratory studies. The apparatus consisted
of a storage vessel (1) for deaerated liquid
(water, formaldehyde solution, or other re-
agents) and a series of reaction vessels (2,
Erlenmeyer flasks calibrated for volume).
The apparatus could be separated at posi-
tion 3. For reactions, the following proce-
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dure was used: ports 4 and 5 were con-
nected to a supply of helium. The contents
of vessel 1 were heated, and air was re-
moved by forcing helium through port 4
into the vessel and releasing it through port
6. Prior to the transfer of degassed liquid,
the reaction vessel was purged of air by a
stream of helium from port 5 through valves
7, 8, and 9, and out through valve 10. This
procedure was followed by a purge with he-
lium through port 4. Deaerated liquid was
transferred into the reaction vessel under
helium pressure from port 5 through valves
4, 8, and 9, followed by another purge from
port 4 through valves 8 and 9. Finally, port
10 was closed, the time of the transfer was
recorded, and the reaction vessel was sepa-
rated from the transfer unit.

The reaction vessels were calibrated for
volume. The apparatus was used for trans-
ferring measured quantities of deaerated
formaldehyde solution in the absence of air
into measured quantities of deaerated solu-
tions or dispersions of catalysts.

Evaluation of the effects of oxygen. The
apparatus used to evaluate the effect of ox-
ygen consisted of a reaction vessel and a
manometer. A measured portion of the re-
action mixture was transferred into the re-
action vessel, and after pressure equilibra-
tion, a valve connecting the reaction vessel
to the atmosphere was closed and another
connecting the reaction vessel to the ma-
nometer was opened. Pressure readings
were taken at regular intervals during the
reaction; corrections were made for
changes in ambient temperature and pres-
sure. For comparison, part of the reaction
mixture was stored in a flask placed in the
vicinity of the reaction vessel; at regular
intervals, samples were withdrawn from it
to determine the progress of the reaction
and for correlation with the concurrent
pressure changes.

For studies of the formose reaction in the
absence of oxygen, the reaction mixture
was prepared in the reaction vessel with the
aid of a transfer unit (Fig. 1).

Analytical methods. The progress of the
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TABLE 1

Formose Reaction as a Function of Gas Blanket and p-Glucose Addition to the Reaction Mixture?

Trial Trial conditions Reaction conditions Product composition
Co-catalyst  Blanket  Temp (°C) Time (min) % Cannizzaro % Sugar % Residual
products HCHO
1 1gGlc air 65 15 10.5 86.7 2.9
2 — He 65 15 12.4 84.3 33
3 — 0, 65 15 13.3 443 4.4
4 —_ He 60 20 16.7 79.0 4.3
5 — 0, 60 20 18.1 47.1 38.8

4 Reaction conditions: 10 ml M CaCl,, 10 ml M NaOH, 5 ml 13.76 M HCHO, demineralized water to 100 ml; 6-

min gas purge.

formose reaction was followed with the so-
dium sulfite method of Lemme as described
by Walker (25). This method permits, in a
single analysis, determination of both acid
generated during the reaction and un-
reacted formaldehyde. The procedure had
been appraised in previous studies (2, 16)
by comparison with other methods for
HCHO analysis, including GLC analyses of
HCHO and low-molecular-weight reaction
products. The procedure is subject to some
interference by glycolaldehyde, but the
amount of glycoaldehyde in the formose re-
action product is small and does not signifi-
cantly affect the analytical results.

RESULTS AND DISCUSSION

At an early stage in this study, it was
noticed that the pressure above a sealed
formose reaction mixture decreased during
the reaction. This observation led to an in-
vestigation of the effects of air (oxygen) on
the formose reaction.

Data from studies of formaldehyde con-
version under various gas blankets and with
added D-glucose co-catalyst are summa-
rized in Table 1. In Figs. 2-6, experimental
results are correlated with pressure
changes in the atmosphere above the for-
mose reaction mixture. Five specific peri-
ods can be identified (Figs. 2, 3, and 5): an
initial period of pressure decrease possibly
owing to the endothermic heat of depolym-

erization of polyoxymethylene glycol (27)
and the absorption of carbon dioxide (when
present) into the alkaline reaction mixture;
a period of gradual pressure increase during
the induction period which includes the
Cannizzaro reaction; a period of rapid pres-
sure increase coinciding with the sugar
formation period; a pressure maximum
followed by a rapid decrease during the
advanced stage of sugar formation; and a
pressure decrease which resulted in a pres-
sure below the initial pressure owing to ab-
sorption of oxygen by the reaction mixture.
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F16. 2. Pressure variations above a formose reaction
mixture. Reaction conditions: 75 ml 1.0 M CaCl,, 25
ml 12.7 M HCHO, 90 ml M NaOH, and 385 ml water;
room temperature, no agitation. (The reaction mixture
contained some undissolved calcium hydroxide.) (@)
Unadjusted manometer readings, mm H,0; (OJ) re-
maining HCHO, %; (O) Cannizzaro reaction products,
%; (A) reducing sugars generated, %.
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Fi1G. 3. Effect of added p-glucose (filled symbols) on
the pressure above a formose reaction mixture. Reac-
tion conditions: 75 ml 1.0 M CaCl,, 25 ml 13.78 M
HCHO, 90 ml 1.0 M NaOH, 2 g p-glucose, and 310 ml
water; room temperature, no agitation, clear solution.
Open symbols are for the same reaction without added
D-glucose (0.4%). (O, @) Unadjusted manometer read-
ings, mm H,0; (O, M) reducing sugars generated, %;
(A, A) Cannizzaro reaction products, %.

Significant oxygen absorption sometimes
occurred well before completion of the
sugar formation reaction, depending upon
the amount of sugar co-catalyst present in
the reaction mixture. After the reaction,
there was a steady and constant uptake of
oxygen by the formose product. This up-
take continued until almost all oxygen in
the atmosphere above the reaction mixture
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was consumed. The addition of p-glucose
to a formose reaction mixture under air
caused a shortening of the induction period
and a lowering of the concentration of acids
and Cannizzaro products, but it had no sig-
nificant effect on the rate of sugar formation
(Fig. 3).

Formose reactions conducted under he-
lium were characterized by a shortened
induction period, comparable to that of
a reaction conducted in the presence of
D-glucose, and an increased rate of sugar
formation following the induction period
(Figs. 4 and 5). In contrast, reactions under
air or oxygen involved an extended induc-
tion period, the generation of increased
quantities of acids and Cannizzaro prod-
ucts, and a reduced rate of sugar formation.
These observations are in agreement with
those of Shigemasa et al. (I1) who ob-
served a weak inhibition of the formose re-
action by oxygen during potentiometric
analysis of the course of the reaction. When
the formose product was exposed to air, the
quantity of acids produced was greater than
the stoichiometric equivalent of the ab-
sorbed oxygen (Fig. 6). This could be the
result of base-catalyzed conversion of sug-
ars to saccharinic acids (§-10) and/or com-
peting free-radical reactions.
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FiG. 4. Comparison of gas absorption by formose reactions under blankets of helium (open symbols)
and oxygen (filled symbols). For reaction conditions, see legend to Fig. 3. (7, B) Unadjusted manome-
ter readings, mm H,0; (O, @) reducing sugars generated, %; (A, A) Cannizzaro reaction products, %.



244

1001
904
804
70+
60
504
401
304
204
104

PERCENT

w.d

_.___."

MAURER, BEMILLER, AND SMITH

PRESSURE (mm H,0)

T T T

T
5 6 7 8

T
9

Y T T Y
10 11 12 13

REACTION TIME (HOURS)

FiG. 5. Gas absorption during the formose reaction under blankets of helium {open symbols) and air
(closed symbols). For reaction conditions, see legend to Fig. 3. (O, W) Unadjusted manometer read-
ings, mm H,0; (O, @) reducing sugars generated, %.

In the presence of a large quantity of p-
glucose, there was a significant decrease in
the overall rate of conversion of formalde-
hyde to sugars (Table 2). A maximum con-
version rate appears at a mole ratio of D-
glucose : Ca(OH), of 1.0. At higher ratios,
there is an apparent transition region, fol-
lowed by a significant reduction in the rate
of formaldehyde conversion and, appar-
ently, a different pathway of conversion.

The central portion of the plots of sugar
formation versus time is almost linear, and

TABLE 2

Effect of High Levels of D-Glucose on the Rate of
the Formose Reaction?®

D-Glucose Mole ratio of % Residual
(mol) D-glucose to HCHO after
Ca(OH),
190 min 280 min

1075, 104 0.00032 88 83
10-3 0.032 84 72
102 0.32 74 28
2 X102 0.64 63 17
3 x 102 0.96 58 12
4 % 1072 1.28 69 32
5.56 x 102 1.78 72 41

a Reaction conditions: 0.125 M CaCl,, 0.625 M
NaOH, 0.125 M HCHO, total volume 500 ml; room
temperature.

this portion has been assumed to have
pseudo-zero-order kinetics (12, 26). Using
this assumption, the retarding effects of air,
oxygen, and high D-glucose concentration
on the rate of formaldehyde conversion to
sugars were calculated (Table 3). Similarly,
using the rate constants of formose reac-
tions in the temperature range 20-65°C, an
active energy of 19.9 kcal/mol (data not
given) was calculated. This value is in close
agreement with those previously reported
(12).

The S-shaped course of the plot for sugar
formation with time suggests and autocata-
lytic reaction, as previously postulated (2,
27). This hypothesis was tested by compar-
ing experimental results with predictions,
using the equations

dx
-(E=k-a-x=k(a0—x)-(x+xo)
kit = 1 ) aglxe + x)

ag — Xo xolag — x)

where dx/dt = rate of sugar formation, a =
concentration of formaldehyde, x con-
centration of sugars, gy = initial concentra-
tion of formaldehyde at the onset of the re-
action, xy = initial (autocatalytically active)
concentration of sugar.

Calculations using the data from Fig. 3
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TABLE 3

Pseudo-Zero-Order Rate Constants? for the Formose Reaction

Reaction Mole ratio of Source Rate of HCHO Rate constant
condition glucose : HCHO conversion to sugars kg (min~1)
re (mol/l - min)

Air blanket — Fig. 5 0.00206 0.023

Air blanket 0.032 Fig. 5 0.00230 0.026

He blanket —_ Fig. 6 0.00316 0.035

O, blanket — Fig. 6 0.00178 0.020

Air blanket —_ Fig. 9 0.00224 0.025

Air blanket 0.16 Fig. 9 0.00171 0.019

@ Rate equation: rg = kg [Ca(OH),]; [Ca(OH),] = 0.09; room temperature; activation

energy 19.9 kcal/mol.

were based on the autocatalytic action of
the initial 0.0017 mol of sugar formed in the
reaction (¢ = (). The autocatalytically rate
constant under the conditions of the experi-
ment was 0.0418 min~! (Table 4). A similar
result was obtained when the formose reac-
tion mixture contained 0.011 mol of p-glu-
cose added as co-catalyst.

Analysis of reaction kinetics of formose
reactions (after the induction period) in the
presence of a large quantity of added D-
glucose (Fig. 7) indicated again autocata-
lytic kinetics, since k is almost constant (k

TABLE 4

Derivation of the Autocatalytic Rate Constant for
the Formose Reaction

Reaction a x k
time {mol) (mol) (min~")
(min)

0 0.332 =a, 0.00167 =x,

30 0.327 0.0047 0.1365
101 0.314 0.0043 0.0385
158 0.300 0.0153 0.0453
218 0.276 0.032 0.0431
272 0.243 0.060 0.0424
320 0.202 0.095 0.0416
384 0.127 0.165 0.0417
440 0.063 0.227 0.0418
476 0.030 0.259 0.0413
500 0.016 0.273 0.0413
526 0.008 0.281 0.0403
563 0.005 0.284 0.0380

= 0.0404 min!) and no drift is apparent
(Table 5). Only initially formed formose
sugar acted as an autocatalyst; the large
quantity of p-glucose present did not in-
crease the maximum rate of the reaction.
In a previous kinetic analysis of the for-
mose reaction, Khomenko et al. (12) had
observed that addition of glycoaldehyde re-
sulted in a progressive decrease in the
length of the induction period; and at a cer-
tain concentration, the formose reaction
proceeded at a practically constant rate up
to 90% conversion, eliminating the autocat-
alytic character of the reaction while main-
taining zero-order Kinetics at 50% conver-
sion. At intermediate conversion levels,
there were slight increases in the formose
reaction rates with increasing glycoalde-

FORMIC ACID (g)

REACTION TIME (HOURS)

Fi6. 6. Formation of acids (reported as g of formic
acid) per 500 ml during the formose reaction. For reac-
tion conditions, see legend to Fig. 3. (0J) Reaction
without added p-glucose; (O) reaction in the presence
of 0.4% p-glucose; (A) reaction without HCHO, but
with p-glucose,
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F1G. 7. Oxygen absorption during the formose reac-
tion (closed symbols, control, without added D-glu-
cose; open symbols, in the presence of 2% b-glucose).
Reaction conditions: 75 ml M CaCl,, 25 ml 13.78 M
HCHO, 9 ml M NaOH, 10 g D-glucose (when
present), and 310 ml water; room temperature, no agi-
tation, clear solution (see Table 2). (O, @) Unadjusted
manometer readings, mm H,O; (A, A) reducing sugars
generated, %; (CJ, W) Cannizzaro reaction products,
%.

hyde concentrations, but there was no
change in the zero-order rate constant of
the formose reaction with increasing con-
centrations of p-glucose.
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TABLE 5

Formose Reaction Order in the Presence of a Large
Quantity of p-Glucose

Reaction Moles Rate constants
time of
(min) product Auto- First Second order
catalysis order (- mol™! - min~1
(min~1) (min~!)

90 0.0653 0.042 0.0028 0.0108
120 0.0773 0.039 0.0025 0.0101
150 0.1022 0.040 0.0029 0.0121
180 0.1232 0.039 0.0030 0.0136
210 0.1469 0.039 0.0033 0.0162
240 0.1825 0.041 0.0040 0.0232
270 0.2001 0.040 0.0042 0.0268
300 0.2258 0.040 0.0049 0.0375
330 0.2504 0.041 0.0058 0.0592
360 0.2671 0.041 0.0066 0.0935
390 0.2827 0.042 0.0084 0.2178
420 0.2917 0.041 0.0115 1.0138

The rate of HCHO conversion to Canniz-
zaro products during the induction period
of the formose reaction was also tested for
kinetic order (Table 6). The induction pe-
riod obeyed first-order kinetics in formalde-
hyde at a constant quantity of base. This
finding is in agreement with some previous

TABLE 6

Reaction Order of Formaldehyde Conversion during the Induction Period of the
Formose Reaction®

Reaction With D-glucose Without D-glucose
time
(min) Moles k (min~") Moles k (min~1)
of product of product
240 0.0177 0.00023 0.0350 0.00045
330 0.0240 0.00022
360 0.0280 0.00024 0.0520 0.00046
390 0.0286 0.00023
420 0.0300 0.00022 0.0589 0.00045
450 0.0326 0.00023
480 0.0350 0.00023 0.0669 0.00046
510 0.0333 0.00020
540 0.0356 0.00021
600 0.0756 0.00042
660 0.0779 0.00040
Range 0.00020-0.00024 0.00040-0.00046
Mean 0.00023 0.000455
()]

1
2 Rate equation: k = 7 In g
0

; room temperature.



CATALYTIC CONDENSATION OF METHYLENE GLYCOL, 1

studies (28, 29), but does not correspond to
the frequently postulated higher orders for
the Cannizzaro reaction (30).

The rate of formation of acidic matter in
formose reaction mixtures under air was
about the same as that observed for an alka-
line sugar solution, viz., 8.2 X 10~* mol for-
mic acid/h. Data for rate of product forma-
tion, expressed as equivalents of formic
acid (Fig. 6), indicate that the Cannizzaro
reaction reached an endpoint at the onset of
sugar formation and that subsequent forma-
tion of acidic matter was the result of the
oxidation of formose sugar and of sugar co-
catalyst in the alkaline reaction mixture.
The rate of the reaction appeared to be al-
most independent of sugar concentration
and primarily controlled by the size of the
liquid-air interface and the rate of transfer
of oxygen into the liquid.

CONCLUSIONS

From these results, four conclusions can
be drawn. Oxygen interferes with the for-
mose reaction. Oxygen dissolved in the re-
action mixture from air above the reaction
mixture extends the induction period of the
formose reaction, increases the quantity of
acids and Cannizzaro products in the for-
mose product, and reduces the rate of sugar
formation. Therefore, reliable investiga-
tions of the mechanism, kinetics, and prod-
ucts of the formose reaction require either
complete exclusion of oxygen or careful
control of the quantity present.

The addition of reducing sugars to the
formose reaction mixture is not essential
for initiating the formose reaction or signifi-
cantly accelerating its rate. The co-catalytic
effect of a-hydroxycarbonyl compounds in
the formose reaction appears to be, at least
in part, due to removal of oxygen from the
system.

At low quantities of sugar, the extent of
the competing Cannizzaro reaction is lim-
ited; and at high quantities, the rate of sugar
formation is reduced, but there is no signifi-
cant change in reaction order from autocat-
alysis when a large quantity of D-glucose is
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added to a formose reaction mixture. Both
sugars added to a formose reaction mixture
and sugars formed during the formose re-
action may participate in aldol condensa-
tions (particularly when formaldehyde is
present), retro-aldol reactions, cross-Can-
nizzaro reactions, and rearrangements, all
of which make the formose product a com-
plex mixture of reducing sugars, polyols,
and acids.

Determination of gas pressure changes is
a valuable tool for noninterfering and non-
destructive observations of the progress of
the formose reaction.
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