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It is shown that, although Ca(OH)z is a catalyst for the Cannizzaro reaction of formalde- 
hyde, the complex of Ca(OH)z 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)t is a salt-like species that buffers Ca(OH)z from pH 12.3 to 11.5 at 25’C, 
while the glucose-Ca (OH) 2 complex shows no significant buffering effect. Since formaldehyde 
has no a-hydrogens, conversion by Cannizzaro proceeds from the ab initio complex and formose 
reaction is disfavored. When sugars containing cr-hydrogens become complexed either by addi- 
tion to a reaction mixture or by generation in situ, formose condensation is possible simul- 
taneously with Cannizzaro reaction. A pH of 11.0 is necessary for formose reaction to initiate 
with Ca(OH)z catalyst, while a pH of 7.5 is sufficient for Pb(OH)z. 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 optima1 conditions, 

INTRODUCTION chain carbohydrates produced by this auto- 

The formosc reaction is the gonclric name catalytic aldol-type condensation reaction. 

for tho base cat’alyzcd condensation of 
Cannizznro reaction proceeds simultane- 

formaldehyde to carbohydrates. Formosc 
ously and competitively to produce meth- 

suggests the aldosc and kctose nature of t,he 
anol and higher polyols as well as formate. 

complex mixture of branched and straight Many alkaline substances are effective cata- 
lysts for the formose reaction, all resulting 

1 Correspondence. 
in remarkably similar carbohydrate product 

2 Exchange fellow, USA-USSR Cooperative Pro- distributions. However, the selectivity of 

gram in Chemical Catalysis. Cannizzaro reaction to formose reaction is 
* Deceased. very dependent on the type of catalyst 
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used. Formose reaction ohemist’ry and 
product characterizations, as well as fwd- 
ing studies on purified formose “syrup” arc 
reviewed by Mizuno and Weiss (1). 

Rcwntly, rclaction studiw by Wriss and 
John (2) in a cont,inuous stirrod tank 
wactor (CSTR) have sho\\n that rate: in- 
st,abiliticts arc exhibked in the> formosn w- 
action. ‘l’hw: arc t8cwlpcmt~urc: inst abilit ic>s 
as ~~~11 as concc~nt,ration instabilitiw in 
calcium hydroxide catalyst, formald~~hydc 
rwct,ant, and hydroxyl ion. Thcl formose 
rwction vxs sho~vrl to procwd only owr a 
Wry 115ITO\V rail@ of ~OllC~~Il~~~l~~OIlS of 
formaldchydc and calcium hydroxide and 
pH valuw. Overall rcwtion ratcb VYLS visual- 
izcld as a rclsponw surface with paramc~tc’rs 
of calcium hydroxide ant1 fornAd&ydc 
conccnt,rations. The formoso watCt,ion only 
occurs in a limit,cd regime of composition 
space. Too much or too little of cit,liw 
formaldchydc or calcium hydroxid(l will 
qumch the reaction. In anothc~r study b> 
Kornic~nko et al. (3), the formow rwction 

FORMOSE 1 

50’C,L67MHCHO, 0135MCa(OHl, 
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FIG. I. Use of 0.0138 M glr~ose cocatnlyst wcel- 

e&es the :tutocatalyt ic formosc re:tct,ion. A large 
excess, 0.174 M, causes :1 notireahle decrease in 
formose reaction rate. 
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FIc;. 2. C:t(OIf):! calxlyzcs the Cnrmizzaro reaction 
when it is present as it formaldehyde solution cwrn- 
plex. When it, is precwmplexed with glucose, it does 
not cat:~lyze C:tnnizz:tro rcnctioti. 

rate w-as found t,o bo wry dq)c~ndwt 011 the 
ratio of lead oxide catalyst (PbO) t,o for- 
maldt~hgdc reactant, concc~nt,r3t,ion. At low 
c.orlcc~rlt,rat,ioIls of PbO rcMiw t,o forlnald+ 
hydr, the waction rate dwwawd gradualIS 
until rcwtion a&ually stopI)(,d-appar~tltly 
dw to Cannizzaro waction. 

It has also bwl obwrvcd that a lowring 
of pH below that, of saturatcbd calcium hy- 
droxid(h solut,ion occurs in th(l formow wac- 
tjion. Valuw as Ion as 10.5 have 1w~1~ 

mwsuwd at, 40°C (4) and S.6 at, 70°C (6). 
pH minima corrwpond to rwction rate 
maxima in a CSTR. Thc~ calcium hydroxide 
in rwcting mixt,urrs \\-ith formald(bhydc is 
highly coniploxc~d. 

Addition of small quantitiw of cnrbo- 
hydrate :IS “cocatalyst” t,o the formose 
reaction mixture results in increased formal- 
dehyde cbonvrrsion rates (C-9). The effec- 
tiveness of a sugar as cocatalyst depends on 

its structure (6, 7’). Through t,he use of co- 
wt:tlysts t1w ~‘i1ldU~~t~iOll IJWiO~” (Jf thC 

formow reaction C:LII 1~~ c$Ycct~iwly c%mi- 
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nated, resulting in suppression of the 
Cannizzaro reaction and incrcascd formosc 
yields (8, 9). 

The complexity of the formose reaction 
has rcsultcd in a number of proposed reac- 
tion mechanisms over the years (1, 2, 8). 

Weiss and John (2) have rcccntly proposed 
a unifying mechanism based on observed 
rate law phcnomcna to explain why almost 
any base, regardless of valcncc, is a catalyst 
for the formose reaction. The mechanism 
postulates that reactions proceed from a 
common intermediate complcxed species 
and that, the sclcctivity for formosc and 
for Cannizzaro reaction dcpcnds on the 
nat,ure of the catalyst forming t#hc carbo- 
hydrate complex. Fujino and coauthors 
have proposed a rca&ion scheme (8) in- 
volving obscrvcd cnc-dial complrx struc- 
tures (10) and indicate also t,hat the 
catalytic activity of the complex is rcmark- 
ably dependent on the type of cat’alyst 
(alkaline earth hydroxide) used. Two 
similar, yet distinct, complcxcs arc proposed 
by them: one involving two molcculcs of 
formaldehyde complcxod with calcium hy- 
droxidc (or cquivalcnt,) which results in 

0 20 40 60 60 100 I20 

Time (Minutes) 

FIG. 3. Typical pH behavior in it batch reactor. 

the formation of Cannizzaro rclact,ion prod- 
ucts or glycolaldchydc, and a second com- 
plex of calcium hydroxidch lvith glycolaldc- 
hydc and the higher carbohydrates which 
on reaction wit,h formaldchydc may result 
in the format,ion of the next sequential 
carbohydrat’c or glycolaldchyde. 

This study was made to provide addi- 
tional information on the sensitivity of the 
formose reaction to pH conditions. The role 
of catalyst is studic>d, not only as a regulator 
of the necessary pH, but also in regard to 
t,he formation of complcxcs with reaction 
products, which arc the truly catalytically 
active species in the formosc reaction. 

EXPERIMENTAL METHODS 

Formaldehyde reactions in the presence 
of calcium hydroxide catalyst were made 
in a 300 ml bcakcr at 50 f 0.1 “C. Solutions 
of formaldehyde were prcparcd by dissolv- 
ing paraformaldrhydc (Aldrich Chcm. Co. 
Inc.) under reflux and filtering tho rcmain- 
ing solution. Conccnt,rat,ioIls were dctcr- 
mined by using the sodium sulfite titration 
method (II). All other chemicals used wore 
of reagent grade. 

In all experiments using calcium hy- 
droxide as the catalyst, the initial conccn- 
tration of formaldehyde in the reaction mix- 
ture was 1.67 db (5.0y0 w-t). Calcium 
hydroxide was introduced into the reactor 
both as a slurry of the reagent grade powder 
and by gcncrat,ion in situ from calcium 
chloride and sodium hydroxide in stoichio- 
metric proportions. For many of the (IX- 
pcrimcnts, pure glucose was added to the 
reaction mixture as a cocatalyst, to incrc*asc 
the rate of formose reaction (7, 8). 

The cxpcriment,s w(‘re conducted as 
follows: 100 ml of 10% formaldehyde solu- 
tion was brought to 50°C. For gclncration 
of calcium hydroxido i?l situ, this solution 
also contained 3.0 g of calcium 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 a-n-glucose before (a) and 

after (b) 2 hr complexing with Ca(OH)p. B onds rearrange easily in the complex. TM3 derivik- 

tion and analysis procedure described in Ref. (12). 

hydroxide solution cont,aining a stoichio- 
metric quantity of sodium hydroxid(l or to 
100 ml of water containing a suspension of 
2.0 g of calcium hydroxide polvdcr at 50°C. 
Tho initial conccnt,rations of wactants in 
both situations wwc 0.135 A1 Ca(OH)z and 
0.0138 nr glucost:. 

Calcium hydroxide-glucose complex jvas 
also prepared prior to rcact,ion by saturating 
a solution containing 12.5 g of glucose in 
200 ml of water with 4.1 g Ca(OH)2 powder 
by stirring for 2 hr at room trmpcrat~uro. 
The light yellow solution \vas filtered and 
100 ml wrc uwd for reaction with 100 ml 
of 10% formaldchydc solution. The com- 
plcx soWon contained 1.55 g of Ca(OH)2 
in 100 ml of clear solution as dotcrmincd by 
titration, resulting in final rcact,ant con- 
centrations of 0.10.5 M Ca(OH)2 and 
0.174 M glucosr. 

Samples taken from the reactor \\-rre 
co&d in ice water to stop the reaction. 

Th(b concentration of Ca (OH) 2 in t,hc 
sample was dcttwniwd by titration with 
0.1 N HCl. The conversion of formaldchgdc 
by Cannizzaro rwction \vas calculated 
from the analysis of t,h(% Ca (OH):! contwt 
in t,hc samplo in accordunw \vith the 
stoichiomctry of the reactions : 

4 HCHO + Ca(OH)a -+ 

Ca (COOH)r + 2CH&H. 

Total formaldchydr conversion was dc- 
tcrmiwd by t,h(b sodium sulfit,cl titration 
method and by gas chromatography. The 
diffcrcnce bct\vwn the total formaldchydc 
conwrsicm and conwrsion by Cunnizzero 
wprcsrnts formaldrhydc condcnscd t,o for- 
mose sugars. 

Batch reactions using lead salts as cat.a- 
lysts wrrc studied at 75”C, using a pH 
m&r and NaOH addition to control rcac- 
tion pH. Initial formaldchydc concentra- 
tions ranged from 3.0 to 4.1 di; PbAc2, 
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0.036 M, and, where used, glucose cocata- 
Iyst, 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 calcium chloride and sodium 
hydroxide is shown in Figs. 1, 2, and 3. 
Both catalyst preparations give simiIar 
results suggesting that there are no particle 
size or dissohrtion limitations with respect 
to catalyst and that the reaction is truly 
homogeneous. The time required to obtajn 
a completely clear solution, free of Ca (OH) 2 
turbidity, is (not unexpectedly) longer for 
the larger particle-size Ca(OH)z powder 
than for Ca(OH)z 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 bccomcs apparent, Fig. 2 
shows that conversion of formaldehyde by 

14 

100 
l- 

Pb(OHj2+ Glucose 
A 

0 40 80 120 

Time (Min) 

FIQ. 5. Use of 0.017 M glucose cocatalyst allowed 
formose reaction to proceed even at pH 7.5 with 
Pb (OH)2 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&OO)z, 

Cannizzaro reaction begins to approach a 
maximum value (8, 3). Figure 2 also shows 
that calcium hydroxide is a more effective 

0 2 4 6 6 10.6 I2 14 16 

NoOH Addition (ml. 5.ON/2OOml.Solution) 

FIQ. 6. Buffering effects in formose reaction solutions are due to the indicated species. The 
initiation of Ca(OH)g precipitation is shown by the arrow. 
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CdGI,t 0.5g ~lucdse In 5% HCHO 

0 2 4 6 8 10.8 12 14 I6 

NoOH Addition (ml. 5.ON/200ml.Solution) 

FIG. 7. Glucose complexes with CLX(OH)~, consequently, Ca(OH)z does not precipitate until 
well beyond its solubility. Temperature intensifiee pH reduction in the presence of HCHO. 

cataIyst for Cannizzaro reactlion than the 
equivalent amount of sodium hydroxide 
added to a formaldehyde solution that does 
not contain CaC12. 

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 50y0; 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)2 with formaldehyde 
solution which is a weak acid, forming salt- 
like products, such as HOCaOCHzOH 

(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 complcxed 
calcium hydroxide by product decomplex- 
ing. However, the major probability is that 
initially HCHO concentration is high and 
Ca(OH)z dissolved in solution is com- 

plexed faster than Ca(OH)z solid dissolves. 
The resulting unsaturated Ca (OH)2 solu- 
tion is evidenced by the drop in pH. How- 
ever, when free HCHO concentration di- 
minishes, Ca (OH) 2 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)z 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)2, 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 M, used in the preparation 
of the complex. Glucose must first be 
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displaced from the complex bcforc HCHO 
can enter and watt. Uspc~~ltaya and co- 
workers (‘7) have previously noted that 
high concentrations of certain monosac- 
charides, such as glucose, act in this 
manner. 

The chromatogram in Fig. 4 shows the 
glucose solution prior to and immediateIS 
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 complcxing illustrates 
the many possible isomers that may bc 
formed by interaction with basic solution 
and complrxing. The “cocatalyst” complex 
is certainly not a simple glucose-Ca(OH)z 
moiety. 

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

c’onvcrsion c~nvclopc! for Cannizzaro conwr- 
sion results. Iiwults obtained using pow- 
dcwd PbO, rather than Pb (OH), gcncrated 
ia situ by the reaction of PbAct + 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 cffcct in that, 
all conditions being equal, higher pH in- 
creases rate but does not eliminate the 
formose induction period. 

pH values are complex functions of all 
interactions taking place in the rcact,ion 
system at any given moment. To interpret 
these interactions, a series 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 solut’ion was added gradually 
to 200 ml solution and pH values wcrc 
measured 1 min after each addition of 
NaOH, as indicated on Fig. 6. The upper 
curve 1 shows pH variations when NaOH 

0 60 120 
I 

240 3000 

Time (Min.) 

FIG. 8. Reaction does not proceed measurably when aliquots of NaOH are added to 200 ml 

HCHO-CaClrglucose solution until pH 11.0 and HCHO/Ca(OH)z ratio of 16 are reached. 
5O’C; 5.0 wt% HCHO; 3.0 g CaCL; 0.5 g glucose. 
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Parameters I 

Moles HCHO Feed/ Liter / Min. 

/f Minimum iZannizzar0 

10-j IO-L IO-' 1.0 

Total HCHO Conversion Rote 
(moles/liter/min.) 

FIG. 9. Only Cnnnizzaro redion proceeds at. low conversion levels in a CSTR. Near complete 
conversion a locus of minimum Canniazaro conversion can he dramrn &it, is only 2% of t,he 
total IICIIO conversion. 

was added to 200 ml of distilled water. 
When NaOH was added to CaClz solution, 
curve 2, the pH values wore loiver than 
those from pure water and rcmaincd near13 
constant during Ca (OH) 2 prwipitat’ion 
(arrow). The pH increased slowly until the 
amount of XaOH reachcld the stoichio- 
mttric quantity (vertical lint) at 10.8 ml. 

Large dcviat,ions in pH values occurred 
n-hen NaOH was added to 1.67 A1 (5.070 wt) 

formaldchydc solution, curve 3. In fact), a 
buffer (strong base and wcalc acid) formed 
and the pH of this mixturr changes litt’lc 
w&h the subsequent addition of NaOH. 
pH wduction in the CaClz-formaldehyde 
system is cvcn more ma&cd, curve 4. Also 
shown on Fig. 6 arc the possible species ro- 
sponsiblc for thr pH vslucs in cnch caw. 

The addit,ion of glucose t,o tho CaCl, 
solution changrd the character of the pH 
effect as shown in Fig. 7. Grcatcr amounts 
of NaOH and higher pH values ncrcl rc- 
quircd for Ca(OH)z precipitation (arrows), 
as a result of complex formation hctwcn 
the Ca2+ and glucose molecules in the prcs- 
CIKC of hydroxyl ions. The complrx with 
glucose may not be salt-like, as thcrc was 
no pH reduction below that, for CaCls alow. 
Whrn formaldehyde was add(ld the systclm 
exhibited the s;mw pH reduct,ion as the 
CaClz-formaldchydc system in the ab- 
smcc of glucow. Increasing thr tcmpcra- 
turc from 25 to 50°C intensified the pH 
changes and the pH values are shift,cld 
down by 0.5 pH units. 

Iicsults from CSTR cxpcrimcnts (2, 17) 
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showed that thr formosct reaction will pro- 
cerd only over a d(+init,cl rangcl of pH 
valws, as dctcrmined by t,htt ratio of 
HCHO/Ca (OH) 2. A h&h cxpcrimcnt was 
dcsigncd to drfinr t,hc range of pH values 
and the ratios of HCHO/Ca(OH)z neccs- 
sary for formosc rcact,ion t,o procwd. 
Figure 8 shows formaldchydc conversion as 
a function of pH valws obtainod by stcp- 
nisc NaOH additions (arrows) to the 
formaldcahydc solution cont,aining CaCls 
and glucose. The prcsrncc of Ca”+ ions in 
solution is insufficiwt for t,hc reaction to 
proccrd. After 1 hr no mc>asurablt: formal- 
dchydc convrrsion was observed. Increasing 
t,he pH values up to pH 9 and 10 also gave 
no mclasurablc conversion. The decreasing 
pH of t,hc roact.ion mixture at 0.2 pH 
units/hr can bc explained in terms of tract 
unmcasurablo Cannizzaro reaction. Figure 
8 shows that formaldchydc conversion 
using Ca(OH)s catalyst, was initiat,ed at 
pH 11 and required 2 hr for complrtc 
conversion. Obviously, it is ncccssnry t#o 
huvc pH values in t,ht: interval from pH 
10 to 11 and this agrees well with thr ex- 
pcrimc>ntal results shown in Fig. 3. 

In the first paper of this writs (12) it 
was shown in CSTR stud& using Ca(OH)2 
as a catalyst t,hat a plot of Cannizzaro rate 
as mcasuwd by Ca(OH), conversion vs 
total HCHO conversion rate passes through 
a maximum as sugar forms. The curve then 
ascribes towards a minimum as formalde- 
hydc concentration decreases, and finally, 
near complctc conversion, Ca (OH), con- 
version rises again as reaction scvcrity is 
forced at, fixed HCHO/Ca (OH)2 ratio. 
Thus, a minimum in the select,ivity of the 
system to the undesired Cannizzaro rcac- 
tion results at about 90% conversion. It 
turns out that these minima form a locus for 
minimum Cannizzaro sclcctivity over a 
wide range of concentration. This locus is 
drawn on Fig. 9, supcrimposcd on the 
carlicr CSTR data. As with a batch 
reactor, a CSTR at mild conditions can 
be operated near 100% Cannizzaro reaction 

sc+ctivit,y. How~wr, opwation at, the! 
CSTR locus of niinimn alniost c~liminat,os 
the side waction, reducing Canniezaro 
wlectivity to about 27;. The sc:lcctivit,y 
behavior of thr wact,ion and its optimiza- 
tion have also been discussed in Ref. (19). 
Thcrc it is shown that operation of a batch 
wactor at optimal reaction conditions at 
best n-ill only rcxducc Cannizzaro sclcctivity 
to 15% of the total HCHO convcrtcd. 

CONCLUSIONS 

It, was shown by Khomcnko and Krylov 
(10) that when glucose is dissolved in 
NaOH at pH 12.4 two dist’inctive uv ab- 
sorption bands result, one at 38,900 cm-l, 
attributable to the carbonyl group, and 
one at 32,800 cm-l attributable to the 
dicnol structure. Addition of calcium ion 
to t,hc basic solution shifted the d;cnol 
band to 29,600 cn-l. At pH 10.15 and 
lower, t,hc band did not appc’ar. Since 
according t#o the just, mcnt,ioncd results of 
Fig. 8, formosc reaction in the Ca(OH)2 
catalyzed system dew not’ initiate below 
pH 10, one can attribute the c+licicncy of 
t,hc cocatalyst to its forming a diclnol 
structure. This is suit,ablc for glycolaldc- 
hydc HOCH&HO and highrr molecular 
weight sugar complexw, but not the initial 
complcxcs of Ca(OH)2 wit,h a single molo- 
cule of formaldchydc. A dionol structurt: is 
not possible. 

Franzen and Hauck (14) postulated in 
1915 that, t,hr HCHO complex had thr form 

OH 
I 

HOCaCOH, 

23 

a salt-like species. Glotova and Irzhak (16) 
isolated such a salt and charactcrizcd it 
using X-ray techniques in 1973. Weiss and 
John (2) explained the kinct,ic behavior of 
the calcium hydroxide catalyzed formosc 
reaction by postulating that the complex 
was the result of singly ionized Ca(OH):! 
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reacting with the anionic form of formaldc- 
hydc that is pwsent in basic solut,ion. 

o- O&OH 

I I 
CaOHf + H-C-OH + H--C-OH. 

I!I I!I 

Such a complex does not, rcquirc a bidclntatc 
structure rcwlting from tho bivalcncy of 
Ca2+ or Pb2+, and is thus consistcwt with 
the known cat,alytic activity of mono-, tri-, 
and tctravalcnt cut,ions. 

Sinw the prrwnt data, as ~-cl1 as carliw 
dat,a of W&s and John (n), confirm that 
Cannizzaro and formosc rclaction always 
procwd simult~ancously, it, is not unrwson- 
able to assume’ then t,hat, a common com- 
plex is the pwrursor for both reactions. 
It is not possibl(x t,o huvc formosc rraction 
in t,hc absenw of Cannizzaro reactions, 
although both mc%al cat,ion and pH affect, 
the solnctivit,y. The pH effect is undcr- 
standablc nhcn one considers t,hat, an 
opt,imal pH is nccdcd to maximiza both 
CaOH+ and 

o- 
I 

H-C-OH : 

I!I 
Ca (OH) 2 e CaOH’ + OH-, 

o- 
I 

OH- + HCHO = H-C-OH. 

I!I 
W&s and John have suggested salt-like 

complexes and hydridr transfer t#o explain 
subscqucnt formosc and Cannizzaro reac- 
tions. Khomenko et al. (18) proposed UN- 
diol complexes. At present all mechanisms 
are speculative. 

The gas chromatograms in Fig. 4 show 
that bonds are so easily disrupkd in the 
complex that one should really not try to 
(wvision more than a distribution of PII- 

antiomers, anomcrs, isomers, and homologs 

constantly changing configuration. One 
might envision the approach of a formaldc- 
hydc molecule to a labile sugar complex, 
but the bonds in the react,ant and formosc 
product, complcxcs may be so transient as 
to not really have molecular strength until 
dissociation of the complex to free sugar 
plus bast: solution. The formosc complex 
may actually bo a scrambled dynamic 
mixtuw of bonds con&antly brc~aking and 
forming which rclacts \vit,h frw formaldc- 
hydo and sugars. It, is dcrivcd from a 
formaldthydc complex which has a very 
low formosc condensat,ion driving force dua 
t’o t’hc lack of a cu-hydrogen to form sugars. 

The autocatalytic nature of the base 
catalyzcad condensation of formaldchydc 
to formosc sugars is ckninatcd by using as 
a cocat’alyst an aldosc or krtose having 
an cu-hydrogen, such as glycolaldchydc or 
glucose. This is more strongly complexcd 
by base t,han is formaldchydc and t,he 
cocat’alyst and sugar products accumulate 
as catalyst compkxcxs instead of formaIde- 
hydc complcxing \vith the cat#alyst. Because 
of the prrsencc of cu-hydrogc>n atoms in 
cocatalyst and formose sugars, thrir rc- 
moval by cross Cannizzaro reaction of 
comploxcd sugars does not occur, and so 
the formosc rc>act,ion bchavrs autocata- 
lytically due to this accumulation. The 
sugar complcxcs derive ab irlitio from a 
con~~~~on salt-like formaldehyde complex, 
which, brcausc of the abscncc of cu-hydro- 
gen, has a greater t’endcncy to undergo 
Cannizzaro rctact,ion, rather t#han formosc 
condensation. Bwauso of this, the Canniz- 
zaro rclact,ion can proceed without mca- 
surable formosc condensation. The rcversc 
is not, possible. On t#hc other hand, near 
romplctjc conversion in a CSTR, little 
formaldchgdc and large amounts of sugar 
arc prwcnt, so the Cannizzaro waction is 
disfavorcid. 
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