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It is shown that, although Ca(OH), is a catalyst for the Cannizzaro reaction of formalde-
hyde, the complex of Ca(OH). with glucose is not. The complex, which is the catalyst for
condensation of formaldehyde to formose sugars, is not a discrete complexed sugar but rather, a
scrambled, dynamic mixture of sugars having weakened structures. The ab initio complex of
HCHO with Ca(OH), is a salt-like species that buffers Ca(OH), from pH 12.3 to 11.5 at 25°C,
while the glucose—Ca(OH): complex shows no significant buffering effect. Since formaldehyde
has no e-hydrogens, conversion by Cannizzaro proceeds from the ab initio complex and formose
reaction is disfavored. When sugars containing e-hydrogens become complexed either by addi-
tion to a reaction mixture or by generation ¢n sifu, formose condensation is possible simul-
taneously with Cannizzaro reaction. A pH of 11.0 is necessary for formose reaction to initiate
with Ca(OH), catalyst, while a pH of 7.5 is sufficient for Pb(OH).. Highest selectivity to
formose is had by reaction in a continuous stirred tank reactor where complexed sugar products
maximize the desired autocatalysis and eliminate the unproductive induction period. Canniz-
zaro reaction is reduced to only 2%, near complete conversion—only one seventh of the amount

that takes place in a batch system under optimal conditions,

INTRODUCTION

The formose reaction is the generic name
for the base catalyzed condensation of
formaldehyde to carbohydrates. Formose
suggests the aldose and ketose nature of the
complex mixture of branched and straight
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chain carbohydrates produced by this auto-
catalytic aldol-type condensation reaction.
Cannizzaro reaction proceeds simultane-
ously and competitively to produce meth-
anol and higher polyols as well as formate.
Many alkaline substances are effective cata-
lysts for the formose reaction, all resulting
in remarkably similar carbohydrate product
distributions. However, the selectivity of
Cannizzaro reaction to formose reaction is
very dependent on the type of catalyst
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used. Formose reaction chemistry and
product characterizations, as well as feed-
ing studies on purified formose “syrup’’ are
reviewed by Mizuno and Weiss (7).
Recently, reaction studies by Weiss and
John (2) in a continuous stirred tank
reactor (CSTR) have shown that rate in-
stabilitics are exhibited in the formose re-
action. There are temperature instabilities
as well as coneentration instabilities n
calcium hydroxide catalyst, formaldchyde
reactant, and hydroxyl ion. The formose
reaction was shown to proceed only over a
very narrow range of concentrations of
formaldehyde and caleium hydroxide and
pH values. Overall reaction rate was visual-
ized as a response surface with parameters
of caleium hydroxide and formaldehyde
concentrations. The formose reaction only
oceurs in a limited regime of composition
spacc. Too mueh or too little of cither
formaldchyde or caleium hydroxide will
quench the reaction. In another study by
Kornienko et al. (3), the formose reaction
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Fia. 1. Use of 0.0138 M glucose cocatalyst accel-
erates the autocatalytic formose reaction. A large
excess, 0.174 M, causes a noticeable decrease in
formose reaction rate,
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Frc. 2. Ca(OH), catalyzes the Cannizzaro reaclion
when it is present as a formaldehyde solution com-
plex. When it is precomplexed with glucose, it does
not catalyze Cannizzaro reaction,

rate was found to be very dependent on the
ratio of lead oxide catalyst (PbO) to for-
maldehyde reactant eoneentration. At low
concentrations of PbO relative to formalde-
hyde, the reaction rate decreased gradually
until reaction actually stopped—apparently
due to Cannizzaro reaction.

It has also been observed that a lowering
of pH below that of saturated caleium hy-
droxide solution oceurs in the formose reac-
tion. Values as low as 10.5 have been
measured at 40°C (4) and 8.6 at 76°C (5).
pH minima correspond to reaction rate
maxima in a CSTR. The caleium hydroxide
in reacting mixtures with formaldehyde is
highly complexed.

Addition of small quantitics of carbo-
hydrate as “cocatalyst” to the formose
reaction mixture results in inereased formal-
dehyde conversion rates (6-9). The effec-
tiveness of a sugar as cocatalyst depends on
its structure (6, 7). Through the use of co-
catalysts the “induction period” of the
formose reaction can be cffeetively elimi-
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nated, resulting in suppression of the
Cannizzaro reaction and increased formose
yicelds (8, 9).

The complexity of the formose reaction
has resulted in a number of proposed reac-
tion mechanisms over the years (I, 2, 8).
Weiss and John (2) have recently proposed
a unifying mechanism based on observed
rate law phenomena to explain why almost
any base, regardless of valence, is a catalyst
for the formose reaction. The mechanism
postulates that reactions proceed from a
common intermediate complexed species
and that the seleetivity for formose and
for Cannizzaro reaction depends on the
nature of the catalyst forming the carbo-
hydrate complex. Fujino and coauthors
have proposed a reaction scheme (8) in-
volving observed ene—diol complex struc-
tures (10) and indicate also that the
catalytic activity of the complex is remark-
ably dependent on the type of catalyst
(alkaline carth hydroxide) used. Two
similar, yet distinet, complexes arc proposed
by them: one involving two molecules of
formaldehyde complexed with calcium hy-
droxide (or equivalent) which results in
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Fic. 3. Typical pH behavior in a batch reactor.
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the formation of Cannizzaro reaction prod-
ucts or glveolaldechyde, and a sccond com-
plex of caleium hydroxide with glycolalde-
hyde and the higher carbohydrates which
on reaction with formaldehyde may result
in the formation of the next sequential
carbohydrate or glycolaldehyde.

This study was made to provide addi-
tional information on the sensitivity of the
formose reaction to pH conditions. The role
of catalyst is studied, not only as a regulator
of the necessary pH, but also in regard to
the formation of complexes with reaction
products, which are the truly catalytically
active species in the formose reaction.

EXPERIMENTAL METHODS

Formaldehyde reactions in the presence
of calcium hydroxide catalyst were made
in a 300 ml beaker at 50 £ 0.1°C. Solutions
of formaldehyde were prepared by dissolv-
ing paraformaldchyde (Aldrich Chem. Co.
Ine.) under reflux and filtering the remain-
ing solution. Concentrations were deter-
mined by using the sodium sulfite titration
method (11). All other chemicals used were
of reagent grade.

In all cxperiments using calcium hy-
droxide as the catalyst, the initial concen-
tration of formaldehyde in the reaction mix-
ture was 1.67 M (5.09, wt). Calcium
hydroxide was introduced into the reactor
both as a slurry of the reagent grade powder
and by generation in situ from ecalcium
chloride and sodium hydroxide in stoichio-
metric proportions. For many of the ex-
periments, pure glucose was added to the
reaction mixturc as a cocatalyst, to increasc
the rate of formose reaction (7, 8).

The experiments were conducted  as
follows: 100 ml of 1097, formaldehyde solu-
tion was brought to 50°C. For generation
of calcium hydroxide #n situ, this solution
also contained 3.0 g of caleium chloride
and if cocatalyst was to be used, 0.5 g of
glucose. The formaldehyde solution was
then added to 100 ml of preheated sodium
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Fig. 4. Comparative chromatograms of trimethylsilyl ethers of e-p-glucose before (a) and
after (b) 2 hr complexing with Ca(OH),. Bonds rearrange easily in the complex. TMS derivita-
tion and analysis procedure described in Ref. (12).

hydroxide solution containing a stoichio-
metric quantity of sodium hydroxide or to
100 ml of water containing a suspension of
2.0 g of caleium hydroxide powder at 50°C.
The initial concentrations of reactants in
both situations were 0.135 M Ca(OH). and
0.0138 M glucosc.

Calcium hydroxide—glucose complex was
also prepared prior to reaction by saturating
a solution containing 12.5 g of glucose in
200 ml of water with 4.1 g Ca(OH). powder
by stirring for 2 hr at room temperature,
The light yellow solution was filtered and
100 ml were used for reaction with 100 ml
of 109 formaldehyde solution. The com-
plex solution contained 1.55 g of Ca(OH).
in 100 ml of clear solution as determined by
titration, rcsulting in final reactant con-
centrations of 0.105 M Ca(OH), and
0.174 M glucose.

Samples taken from the reactor were
cooled in ice water to stop the reaction.

The concentration of Ca(OH). in the
sample was determined by titration with
0.1 N HCI. The conversion of formaldehyde
by Cannizzaro reaction was calculated
from the analysis of the Ca(OH), content
in the sample in accordance with the
stoichiometry of the reactions:

4 HCHO + Ca(OH). -
Ca(COOH). + 2CH;0OH.

Total formaldchyde conversion was de-
termined by the sodium sulfite titration
method and by gas chromatography. The
difference between the total formaldehyde
conversion and conversion by Cannizzaro
represents formaldehyde condensed to for-
mose sugars.

Batch reactions using lead salts as cata-
lysts were studied at 75°C, using a pH
meter and NaOH addition to control reac-
tion pH. Initial formaldchyde concentra-
tions ranged from 3.0 to 4.1 3 ; PhAcy,
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0.036 M, and, where used, glucose cocata-
lyst, 0.017 M.

RESULTS AND DISCUSSION

A comparison of the results obtained for
the reaction of formaldehyde with calcium
hydroxide catalyst prepared as a suspension
of the reagent grade powder and by genera-
tion in situ by the equivalent stoichiometric
amounts of caleium chloride and sodium
hydroxide is shown in Figs. 1, 2, and 3.
Both catalyst preparations give similar
results suggesting that there are no particle
size or dissolution limitations with respect
to catalyst and that the reaction is truly
homogeneous. The time required to obtain
a completely clear solution, free of Ca(OH).
turbidity, is (not unexpectedly) longer for
the larger particle-size Ca(OH), powder
than for Ca(OH); generated in situ. The
conversion of formaldehyde to formose
sugars exhibits the typical ‘“induction-
period” during which conversion by Can-
nizzaro reaction predominates (Fig. 1).
As the autocatalytic nature of the con-
densation reaction becomes apparent, Fig. 2
shows that conversion of formaldehyde by
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F1a. 5, Use of 0.017 M glucose cocatalyst allowed
formose reaction to proceed even at pH 7.5 with
Pb(OH); catalyst. Cannizzaro reaction occurred in
the absence of cocatalyst at pH 7.5. 75°C; 3.04.1 M
HCHO; 0.036 M Pb{(CH;CO0O).,

Cannizzaro reaction begins to approach a
maximum value (8, 9). Figure 2 also shows
that calcium hydroxide is a more effective
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Fia. 6. Buffering effects in formose reaction solutions are due to the indicated species. The
initiation of Ca(OH). precipitation is shown by the arrow.
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F1a. 7. Glucose complexes with Ca(OH),, consequently, Ca(OH): does not precipitate until
well beyond its solubility. Temperature intensifies pH reduction in the presence of HCHO.

catalyst for Cannizzaro reaction than the
equivalent amount of sodium hydroxide
added to a formaldehyde solution that does
not eontain CaCl,.

The pH during the reaction changes in a
complex manner: Figure 3 shows typical
results: initially there is a sharp decrease
in pH (to 9.6-10.2) ; pH then increases in
the formaldehyde conversion interval from
5 to 509, ; and finally pH decreases in the
region of high conversion.

This complex picture of pH variations
may be explained in the following manner:

1. The first sharp decrease is a result of
interaction of Ca(OH). with formaldehyde
solution which is a weak acid, forming salt-
like products, such as HOCaOCH,OH
(14, 15).

2. The increase in pH corresponds to the
region of autocatalytic acceleration and
there is some possibility that it may be
due to the rapid complexing of formalde-
hyde and/or the liberation of complexed
calcium hydroxide by product decomplex-
ing. However, the major probability is that
initially HCHO coneentration is high and
Ca(OH). dissolved in solution is com-

plexed faster than Ca(OH): solid dissolves.
The resulting unsaturated Ca(OH): solu-
tion is evidenced by the drop in pH. How-
ever, when free HCHO concentration di-
minishes, Ca(OH): dissolved in solution
can then be used because of lower com-
plexing rates, and so it follows that pH rises.

3. The final decrease in pH in the region
of high conversion is due to Ca(OH),
neutralization by the formic acid product
of the Cannizzaro reaction.

The addition of glucose (0.0318 M) to
the HCHO—-Ca(OH), reaction mixtures as
a cocatalyst accelerates the formose reaction
rate as shown by comparison of results on
Fig. 1 (8, 9).

Preparation of a 0.174 M calcium hy-
droxide-glucose complex, a high enough
glucose concentration to completely dis-
solve the Ca(OH),, resulted in suppression
of Cannizzaro reaction to the level of that
obtained with sodium hydroxide only (Fig.
2). The net loss in the overall rate of
formaldehyde conversion to sugars (Fig. 1)
is due to the relatively high concentration
of glucose, 0.174 3, used in the preparation
of the complex. Glucose must first be
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displaced from the complex before HCHO
can cnter and react. Uspenskaya and co-
workers (7) have previously noted that
high concentrations of certain monosac-
charides, such as glucose, act in this
manncr.

The chromatogram in Fig. 4 shows the
glucose solution prior to and immediately
following the complexing with calcium hy-
droxide. Lobry de Bruyn-Alberda Van
Eckenstein transformations are rapid at
these conditions. The complexity of the
chromatogram after complexing illustrates
the many possible isomers that may be
formed by interaction with basic solution
and complexing. The “cocatalyst” complex
is certainly not a simple glucose—Ca(OH).
moicty.

The accelerating effect of cocatalyst is
not limited to Ca(OH).. Figure 5 compara-
tive plots of total conversion vs reaction
time for Pb(OH). catalysts, shows the
elimination of the formose induction period
by glucose cocatalyst and the same type
of Cannizzaro behavior as on Fig. 2, i.c,,
the small quantity of cocatalyst does not
catalyze the Cannizzaro rcaction, and a

WEISS ET AL.

conversion envelope for Cannizzaro conver-
sion results. Results obtained using pow-
dered PbO, rather than Pb(OH), gencrated
in sttu by the reaction of PbAe, + NaOH
were essentially the same, indicating no
mass transfer limitations in this system,
also. However, Fig. 5 shows that reaction
pH parameters markedly affect the time
for HCHO conversion. The pH effect is
different from the cocatalyst effect in that,
all conditions being equal, higher pH in-
creases rate but does not climinate the
formose induction period.

pH values are complex functions of all
interactions taking place in the reaction
system at any given moment. To interpret
these interactions, a scries of experiments
was carried out on pH variations when
NaOH was added to solutions containing
only one or two components of the reac-
tion mixture.

The experiments were made as follows:
5.0 N NaOH solution was added gradually
to 200 ml solution and pH values were
measured 1 min after each addition of
NaOH, as indicated on Fig. 6. The upper
curve 1 shows pH variations when NaOH
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Fia. 8. Reaction does not proceed measurably when aliquots of NaOH are added to 200 ml
HCHO-CaCls—glucose solution until pH 11.0 and HCHO/Ca(OH); ratio of 16 are reached.
50°C; 5.0 wt 9%, HCHO; 3.0 g CaCl;; 0.5 g glucose.
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{moles/liter/ min.)

1074 |

Locus For

Minimum Connizzaro

10-2
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Total HCHO Conversion Rate
(moles/liter/ min.)

Fia. 9. Only Cannizzaro reaction proceeds at low conversion levels in a CSTR. Near complete
conversion a locus of minimum Cannizzaro conversion can be drawn that is only 29, of the

total HCHO conversion.

was added to 200 ml of distilled water,
When NaOH was added to CaCls solution,
curve 2, the pH wvalues were lower than
those from pure water and remained nearly
constant during Ca(OH), precipitation
(arrow). The pH increased slowly until the
amount of NaOH reached the stoichio-
metric quantity (vertical line) at 10.8 ml.
Large deviations in pH values oceurred
when NaOH wasadded to 1.67 M (5.09, wt)
formaldchyde solution, curve 3. In fact, a
buffer (strong base and weak acid) formed
and the pH of this mixture changes little
with the subsequent addition of NaOH.
pH reduction in the CaCly—formaldchyde
system is even more marked, curve 4. Also
shown on Fig. 6 are the possible speeies re-
sponsible for the pH values in each casc.

The addition of glucose to the CaCly
solution changed the character of the pH
effect as shown in Fig. 7. Greater amounts
of NaOH and higher pH values were re-
quired for Ca(OH), precipitation (arrows),
as a result of complex formation between
the Ca?* and glucose molecules in the pres-
ence of hydroxyl ions. The complex with
glucose may not be salt-like, as there was
no pH reduetion below that for CaClz alone.
When formaldehyde was added the system
exhibited the same pH reduction as the
CaCly—formaldchyde system in the ab-
sence of glucose. Increasing the tempera-
ture from 25 to 50°C intensified the pH
changes and the pH values are shifted
down by 0.5 pH units.

Results from CSTR experiments (2, 17)
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showed that the formose reaction will pro-
ceed only over a definite range of pH
values, as determined by the ratio of
HCHO/Ca(OH),. A batch experiment was
designed to define the range of pH values
and the ratios of HCHO/Ca(OH): neces-
sary for formose reaction to proceed.
Figure 8 shows formaldehyde conversion as
a function of pH values obtained by step-
wise NaOH additions (arrows) to the
formaldehyde solution containing CaCl,
and glucose. The presence of Ca?t ions in
solution is insufficient for the reaction to
procced. After 1 hr no measurable formal-
dehyde conversion was observed. Increasing
the pH values up to pH 9 and 10 also gave
no measurable conversion. The decreasing
pH of the reaction mixture at 0.2 pH
units/hr can be explained in terms of trace
unmeasurable Cannizzaro reaction. Figure
8 shows that formaldchyde conversion
using Ca(OH); catalyst was initiated at
pH 11 and required 2 hr for complete
conversion. Obviously, it is necessary to
have pH wvalues in the interval from pH
10 to 11 and this agrees well with the ex-
perimental results shown in Fig. 3.

In the first paper of this series (12) it
was shown in CSTR studies using Ca(OH),
as a catalyst that a plot of Cannizzaro rate
as measured by Ca(OH). conversion vs
total HCHO conversion rate passecs through
a maximum as sugar forms. The curve then
ascribes towards a minimum as formalde-
hyde concentration decrcases, and finally,
near complete conversion, Ca(OH). con-
version rises again as reaction severity is
forced at fixed HCHO/Ca(OH): ratio.
Thus, a minimum in the selectivity of the
system to the undesired Cannizzaro reac-
tion results at about 909, conversion. It
turns out that these minima form a locus for
minimum Cannizzaro scleetivity over a
wide range of concentration. This locus is
drawn on Fig. 9, superimposed on the
carlier CSTR data. As with a batch
reactor, a CSTR at mild conditions can
be operated near 1009, Cannizzaro reaction

WEISS ET AL.

sclectivity. However, operation at  tho
CSTR locus of minima almost climinates
the side reaction, reducing Cannizzaro
selectivity to about 29,. The selectivity
behavior of the reaction and its optimiza-
tion have also been discussed in Ref. (19).
There it is shown that operation of a batch
reactor at optimal rcaction conditions at
best will only reduce Cannizzaro selectivity

to 159, of the total HCHO converted.

CONCLUSIONS

It was shown by Khomenko and Krylov
(10) that when glueose is dissolved in
NaOH at pH 12.4 two distinctive uv ab-
sorption bands result, one at 38,900 em~,
attributable to the carbonyl group, and
one at 32,800 em™! attributable to the
dienol structure. Addition of ecalcium ion
to the basic solution shifted the dienol
band to 29,600 em~. At pH 10.15 and
lower, the band did not appear. Since
according to the just mentioned results of
Fig. 8, formose reaction in the Ca(OH),
catalyzed system does not initiate below
pH 10, one can attribute the efficiency of
the cocatalyst to its forming a dienol
structure. This is suitable for glycolalde-
hyde HOCH,CHO and higher molecular
weight sugar complexes, but not the initial
complexes of Ca(OH), with a single mole-
cule of formaldchyde. A dicnol structure is
not possible.

Franzen and Hauek (74) postulated in
1915 that the HCHO complex had the form

?H
HOCaC-OH,
!

H

a salt-like species. Glotova and Irzhak (15)
isolated such a salt and characterized it
using X-ray techniques in 1973. Weiss and
John (2) explained the kinctic behavior of
the calcium hydroxide catalyzed formose
reaction by postulating that the complex
was the result of singly ionized Ca(OH),
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reacting with the anionie form of formalde-
hyde that is present in basic solution,

0~ 0CaOH

| l
CaOH* + H~(‘FOH — H»—?—OH.
H H

Such a complex does not require a bidentate
structure resulting from the bivaleney of
Ca2t or Ph**, and is thus consistent with
the known catalytic activity of mono-, tri-,
and tetravalent cations,

Since the present data, as well as earlier
data of Weiss and John (2), confirm that
Cannizzaro and formose reaction always
proceed simultancously, it is not unreason-
able to assume then that a common eom-
plex is the precursor for both reactions.
It is not possible to have formose reaction
in the absence of Cannizzaro reactions,
although both metal cation and pH affect
the sclectivity., The pH effect is under-
standable when one considers that an
optimal pH is neceded to maximize both
CaOH™* and

Ca(OH)y = CaOH* + OH-,
0-

|
OH- + HCHO = H-C-OH.

|
H

Woeiss and John have suggested salt-like
complexes and hydride transfer to cxplain
subscquent formose and Cannizzaro reac-
tions. Khomenko et al. (18) proposed ene—
diol complexes. At present all mechanisms
are speculative.

The gas chromatograms in Fig. 4 show
that bonds are so easily disrupted in the
complex that one should really not try to
envision more than a distribution of en-
antiomers, anomers, isomers, and homologs
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constantly changing configuration. One
might envision the approach of a formalde-
hyde molecule to a labile sugar complex,
but the bonds in the reactant and formose
product complexes may be so transient as
to not really have molecular strength until
dissociation of the complex to free sugar
plus base solution. The formose complex
may actually be a scrambled dynamie
mixture of bonds constantly breaking and
forming which reacts with free formalde-
hyde and sugars. It is derived from a
formaldechyde complex which has a very
low formose condensation driving foree due
to the lack of a a-hydrogen to form sugars.

The autocatalytic nature of the base
catalyzed condensation of formaldehyde
to formose sugars is climinated by using as
a cocatalyst an aldose or ketose having
an a-hydrogen, such as glycolaldehyde or
glucose. This is more strongly complexed
by base than is formaldehyde and the
cocatalyst and sugar products accumulate
as catalyst complexes instead of formalde-
hyde complexing with the catalyst. Because
of the presence of e-hydrogen atoms in
cocatalyst and formose sugars, their re-
moval by ecross Cannizzaro rcaction of
complexed sugars does not oceur, and so
the formose rteaction behaves autocata-
lytically due to this accumulation. The
sugar complexes derive ab nitio from a
common salt-like formaldehyde complex,
which, because of the absence of a-hydro-
gen, has a greater tendency to undergo
Cannizzaro reaction, rather than formose
condensation. Because of this, the Canniz-
zaro reaction can proceed without mea-
surable formose condensation, The reverse
Is not possible. On the other hand, near
complete conversion in a CSTR, little
formaldehyde and large amounts of sugar
arc present, so the Cannizzaro reaction is
disfavored.
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