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ABSTRACT
. Synthesis of sugars by Ca(OH)2 catalyzed formaldehyde condensation
| (the>fdrmose reactioﬁ) has produced branched éarbohydrates that do not
occur in nature (as well.as straight chain aldoses and ketoses). The
kinetics and mechanisms of the homogeneously catalyzed autocatalytic
condensation were studied and analogies bet&een homogeneous and hetero-
geneous rate laws have beén found. Aldol condensations proceed simul-
taneously with Cannizzaro and crossed-Cannizzaro reactions and Lobry de
‘Bruyn—Van Eckenstein rearrangements. Thelsepérate steps as well as the
interactions of this highly complex reaction system were elucidated.
The sygtem exhibits instabiii&ies, édﬁpetifive'catalytic, mass action,
and equilibrium phenomena, complexing, and parallel and consecutive
reactions.

Specific findings thét Hévelbeen made.on the préblem will be of
intefest for synthesizing sugars, both for sustained space flight and for
large'scale food manufacture. A contribution to methodology for studying
complex catalyzed reactions énd to understanding control of reaction
selectivity was a broad goal of the pr&ject.

Introduction

This Final Report covers a wide range of technology divided into four
areas: 1. The Formose Reaction, 2.‘ The Cannizzaro Reaction,
3. Branched Carbohydrate Producfs, 4, Selectivity Control. The areas
of the research are interrelated but nevertheless diétinct. Technical
details of research in each topic are developed. ‘These discussions are
then followed by a discussion of the Overall Research Project which
gathers the varioué topics and provides an overview of how the project

‘ was approached and what was learned.



The Formose Reaction

The homogeneously catalyzed formose reaction is the autocatalytic
condensation in the presence of alkaline catalysts of formaldehyde to
a complex carbohydrate mixture, first reported by Butlerow (1) in 1861.
The formaldehyde condensation reaction is catalyzed both by divalent metal

bases such as Ca(OH) Ba(OH)z, Sr(OH)z, Mg(OH)2 and Pb(OH)2 as well as

20
by monovalent bases such as KOH, NaOH and T1OH (2). Krylov and others
(3,4) have recently shéwn that tri- and tetravalent bases such as Dy(OH)3 )
Er(OH)3bEu(OH)3, Sm(OH)3, Ce(OH) and Th(OH)4 cétalyze the formose con-
densation reaction. Organic bases such as pyridine, collidine, and «-,
B-,J-picoline also are catalysts (2). | |

Glycolaldehyde (CH2OHCHO) has been reported (5,6) to be the primary
reaction product. Studies by Katschmann (7) suggest a dual process for
autocatalytic reaction in which thé slow‘primary formation of glycolalde-
hyde is followed by rapid condensation and formaldehyde addition reactions.
Franzen and Hauck (8) proposed that complexing of formaldehyde with
Ca(OH)2 might occur to produce a complex salf HOCHZOCaOH. Weisé, et al.
(9,10) observed complexing in a study at 60°C of the Ca(OH)2 catalyzed
reaction and proposed a mechanism involving decomplexing of products as
the rate limiting step. ihe:mechanism proposed is analogous to a Langmuir-
Hinshelwood mechanism for a heterogeneously catalyzed reaction, in which
a semantic substitution of '"complexing-decomplexing" for adsorption-
desorption" was made.

The rate law developed explained in its degeneracies the observed
60°C experimental behavior of the Ca(OH)2 catalyzed formose reaction:

Autocatalytic at léw conversions
Zero order in organics at intermediate conversions

First order in formaldehyde at high conversions



and a suggestion was made that this type of analysis may be applicable
to other autocatalytic homogeneously catalyzed reactions. It is not a
requisite that the rate limiting step of a homogeneously catalyzed re-
action be the reaction step itself.

In our earlier study (9) when formaldehyde conversion rate approached
the feed rate of formaldehyde to the reaétor, experimentation was terﬁin-
ated (since reaction rate in a CSTR cannot ekceed the feed rate to the
CSTR). Since then, we have made experiments at higher reaction severi-
ties, i.e., past the Cé(OH)2 catalyst concentration levels that were
required for complete HCHO conversion. Isothermal experiments were made
at constant formaldehyde feed rate while Ca(OH)2 molarity in the comb;ned
feed was progressively increased.

Figure 1, which is a plot of formose rate versus Ca(OH)2 concentra-
tion in the reactor (and, hence, in the product stream) shows that at
0.4 molar Ca(OH)2 and at temperatures of 30°C and 40°C, an unexpected
decrease in rate with increasing catalyst concentration was obtained.

At 60°C, the decrease in reactivity was observed to a marked extent, but
at very high Ca(OH)2 concentration —_1.3 molar., Data tabulated below
comparing formaldehyde andCa(OH)2 molarities suggest that, at these
high catalyst concentrations, formaldehyde could be isolated in com-
plexes with Ca(OH), so separated that there may be a low probability of

one complex interacting with another.

Reaction HCHO feed rate Ca(OH)2 conc. . HCHO conc. in
temp. (moles/litex/ in combined feed. .. . combined -feed
(°C) min.) (moles/liter) (moles/liter)
30 0.0325 0.4916 0.248
40 0.0325 0.54 0.166

At very low formaldehyde conversion, mainly Cannizzaro reaction

occurs. The table below compares the formaldehyde disappearance rate



‘ by Cannizzaro reaction and by formose reaction at typical low HCHO conver-
sion operation.

Reaction HCHO feed Ca(OH)2 HCHO disappearance rate

temp. rate conc.
(°C) (moles/1/min) - (moles/liter) (mol/liter/minute)

By Cannizzaro By Formose

40 0.135 0.0968 0.002 0.0013
30 0.325 0.355 0.0012 0,0004
The reaction system exhibits two concentration instabilities: for

a small difference in Ca(OH)2 catalyst concentration there ‘is a large
difference in formose reaction rate. Figure 1 shows that the instabili-
ties occur both at low and at high catalyst concentration at 40°C. These
instabilities are also seen on the low side at 60°C, on the high side at
30°cC. Cétalzst concentration instabilities of this nature are not gnown
by us to have been reparted before for any system, let alone for the fgr-
mose system. Matsura and Kato (11) point out that reactant concentratidn
instabilities are possible for autocatalytic CSTR reactions.

Figure 1 also shows the line approximating the zero order behavior
of formose rate (in formaldehyde and product concentrations) at inter-
mediate conversion levels. The line is taken from the earlier correla-
tion (9) at 60°C. At that time data points at very low conversion levels
were recognized as points scattered from the zero order correlation but
not as indicators of an instability.

The nature of the catalyst concentration instabilities needs to be
explained. We still have work in progress in which we are delibérateiy
attempting to operate our isothermal CSTR in metastable Ca(QH)2 concen-
. tration regions ‘to cause reflections to high or lovw stable conversion

levels. Our goal is to document and verify-the instabilities shown on
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Flgure 1 to demonstrate if there are multlsteady 'states and to develop

both mathematical and mechanistic models.

We have not yet found results that refute the Langmuir Hinshelwood
”kiﬁéticﬁ we reported in the Journal of Catalysis (9); and we are sfill
intiigﬁed ﬁy the facf that we were aﬁle-to explain homogeneous kinetics by
heterogeneous réte laws. fhe least understood step of the formose reaction is
the véfy first stéb; thé condengétibn of two moleéﬁle; of;formaidehyde to
glycolaldehyde. A satisfactory understanding of botﬂ'thzg step and the very

nature of the Ca(OH)2 complex still needs to be achieved.

The Cannizzaro Reaction/

in éhé §;6cess of fhe’fOImose reacfion, fhe Cannizzaro reaction occurs
simultaneously with the c§hdensation‘6f7HCHO to aldoses and kefoseé} The
Cangizzaro feacfion takes blacé.with:aldéhyde ﬁoleédles having.no hydrogen7
on the «- carbon atom (that adjacent to the -CHD group) and w1th HCHO (12)t

2RCHO + OH —_— ROH + RCOO ' ’ (1)

' 2HCHO + Q.tl-l_ —_— CH3OH + HCOoO~ | (2)
Aldehydes with no.a-hydrogen atoms éan also undergo cross-Cannizzaro
reactions in the presence of both HCHO and alkali.

RCHO + HCHO + OH" —>= RCH,OH + HCOO~ (3)
Aldehydes.haQing %LHerogen atoms uﬁdé;go aidol condensation (HCHO addi-
tion) reactioﬁs in.tﬁe preséncevoftformaldehyde, until d-hydrogéns are
removed, | |

H o CH20H
R"—CIZ-CHQ + HCHO + OH~ —->- va-cl:-CHo + OH N (4)

o : o
R'» R'



Accofding to Pfeil and Schroth (13), the extent of the Cannizzaro
reaction occurring in the formose system varies with different basic cata-
lysts in the fdllpwing‘order

T10H Ca (OH) ,< Ba (OH) ,< LiOH,NaOH
Cubit (14) has gkown that alcohol§ influence the rate of the Cannizzaro
reaction both by providing a medium of lower dielectric constant and By

chemical inhibition resulting from hemiacetal formation with methylene

glycol
H\-/OH H\ /ORM_'- ‘
/C\A -+ ROH ——==  _C + H20 : (5)
H CH. : H o) :

Accordingbto Cupif, the degree of chémicél inhibition per mole of added
alcohol is in the order
glycer61> methanol> ethanol> n-propanol
"Ingold (15) discusses the mechanism of the Cannizzaro reaction that
was suggested by Hammett (16). Aldehyde, by interaction wifh OH , can

. . . . ' :
produce two reducing anions, the first more easily than the second.

o o
1 |
R-C-H R-C-H
\ I
) o)
Either of these can transfer a hydride ion in bimolecular fashion to a
suitable écceptor, in particular to a carbonyl carbon atom of another
aldehyde molecule. Geissman (12) published a review of Cannizzaro lit-
erature that includes the mechanisms proposed by Lock (17) and March (18)
which are in accord with a hydride ion transfer process.
0o

'RCHO + OH™ ——3= R-C-H (6)

I
C-
|
CH



H + RCHO — RCOOH + RCH,0 (7)

0"

!
R-C-

|-

OH

It was predicted on the basis of these mechanisms (9) and shown
that, at 60°C and low formaldehyde conversion levels in a continuqus
stirred‘tank reactor, the kinetics of the Cannizzaro reaction of formal-
dehyde with Ca(OH)2 is first oxrder with respect to both HCHO and Ca(OH)Z.
This was élso shown by Ackerlof dnd Mitchell (19) inAbatéh studies. We
also studied in our earlier paper the variation of Cannizzaro re#ction
with formaldehyde conversion Ft 60°C (9), and found that the Canpizéaro
Iate;passed thrbugh é makimum at ihtermediate conversion levels, then
decreased witﬁ increase in conversidn. Near 55% conversion, it ﬁassed
through miniﬁuﬁ and then.increased shéfply beyond 90% férma}dehyde Qon_
version levéls. The behéQiqr Was exﬁlainéd ahd it was predicted that
maxiﬁﬁm Canni;zaro rate shoﬁld océur neaf 56% HCﬁO conversion, |
Cannizzaro éffects in theFCa(bﬁyéucatal§éed formose ieacfion are

depehdent on both fhe formaldehyde concentration and on the conversion
level. Plots of Cénnizzaro rate¥* versus total formaidehyde.conversion
rate, witﬁ parameters of HCHO feed rate and'temperature (over ; wider
fanée than reported in (9)) are givén in Figufel2. Note that'fotél
formaldehyde conversion rate equals formose rate plﬁs 4 X Cannizzaro
rate; and this line is shown on Figﬁré 2, Figure 2 shows that Canniz-
zAro rate passes tﬂfough a maximum near 6ur predicted 50% conversion

level over remarkably wide ranges.

*Cannizzaro rate is defined as the rate of Ca(OH)2 consumption in the
reaction: Ca(OH), + 4HCHO - 2CH,OH + Ca(OOCH),.



Cannizzaro reaction rate is plotted as a‘function of Ca(OH)2 coﬁ-
éentration in the product on Figure 3. Parameters of constant formalde-
hyde féed rate and températu;esvof 30°,.40°, and 60°C aré shown. The
d#ta relationshipé on Figure 3 are quite compiex, but, the plots do indi-
cate a.rough similarity in form té those for the formose reaction shéwn
on Figure 1. -For example: a rate maximum at 40°C and high and low
Ca(OH)2 concentration instabilities. Caﬁnizzaro reaction rate appeéred
first order in both Ca(OH)2 and formaldehyde at<<10% HCHO conversion and
60°C (9), but Figure 3 shows the limited regimes of utility of such a
relationship.

Figure 4 is a plot of pH of the reaction versus Ca(OH)2 concentration
in the reactor at 40°C.-‘pH decreases with increased Ca(OH)2 concentration,
reaches a minimum, and increases with further increase in Ca(OH), con-
centration. The behavior mirrors the Cannizzaro rate and reflects the
formation of acid products by Cannizzaro reaction.

Measured calcium ion activity at 40°C versus Ca(OH) ‘concentration

2

in the reactor is plotted on Figure 5. There is a correlative behavior

with Cannizzaro rate. The solubility of Ca(OH)2 at 40°C is indicated

on the Figure 5. Calcium activity of the reaction lies well below the
solubility line, reflecting the fact that the calcium is complexed. This
has been reported by Rendleman (20).

Further information on the peculiar and complex Cannizzaro kinetics

'of formaldehyde will result as a matter of course from the formose

studies currently in progress} The cross-Cannizzaro reaction influences
whether condensationﬂproducts are aldoses or polyols,
Experiments are currently in progress in which the pH of the reaction

is forced, rather than being allowed to seek its own level. At fixed HCHO
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and Ca(OH)2 feed rates, controlled feed rates of formic acid or NaOH

-are beiﬁg pumped into the system. pH's higher or lower than the autonomic
are beiné'fo;nd to pr&féundly influence reaction rates and instabilities.

We have not vet gathered suffiqient data to interpret results and prod@ct

distr&ﬁution aﬁalyses are being made. |

Branched Carbohydrate Products

Formose produet is a complex mixture of aldose and ketoée sugars
ranéiné from the two carbon glycolaldehyde through three, four, five,
six and seven carbon and even heavier, species. Both straight and
branched chain éarboh&drates are produced, and the mixture contains such
a variety of structﬁres that one might regard formose sugar as a carbo-
hydrate analogue of betroleum.

The general reaction, to give straight chain aldoses, is

Ca (OH) ‘
. (n+2)HCHO —————=>= HOCH,, (CHOH) CHO

The condensation éb sugars occurs simulténeously with the competing simple
»Cannizzaro reaction of formaldehyde; the latter is the sole observable
initial reactién when NaOH or Lin are used:
vNaOH + Z2ZHCHO ——> NéOOCH + CH3OH

Revié&g of tﬁe cheﬁistry of the fofmbsé reaction have been published
recentlf by Akerlof and Mitchell (19) and by Frankenfieldv(Zl). Their
work was carriedvout mainly for tﬁe purpose of ascertaining the possibil-
ity of using the formose reaction to producé edible carbohydrates in
sustaiﬁed space flights. Metabolic body wastes as CO2 wduld be hydroge-
nated to methéne, this partiallylbxidizéd to formaldehyde and the latter
converted to formose sugar. Akerlof (22) and Shapira (23) pfovide studies

that show the complex formose sugar is toxic, and interest from a space
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travel feeding point of view has been directed to using the formose
reactioﬁ, coupled to a reductive step; to produce glycerol rather than
sugars.b Johnson, et all (24) have éhown that humans can get at least
20-25% of tﬁeir déily energy requiremént from dietary glycerol, and more
rééént work (23) hés.shown this value is at ieast 50%. This goal was
fﬁe basis fér.tﬁe éupport éf ouf researéh'By NASA.,

| There”has aiso.been ﬁéjof Soviet-interest in the utilization of the
formose feaétion.(ZS). The ﬁotenfial of the formose reaction for large
-scéie sﬁgér méﬁﬁfééture has been coﬁsidered (10), and fhe‘mechanism and
kinetieé of thé reacfioﬁ héQé beeﬁvstudied (9).

| ihe’éHQOﬁatogram onvFngré 6 shows the éomplex product disdtribution

of fMS deri;atiQés of formose sugars, Figure 6 alsg shows greatly sim-

AN

plified‘cﬁromatbgrams, ébfained by reduction of the fqrmose to the

v ~
coi?eépondi&éusugar poiyois. Tﬁé branéhed polyol speciéé\gye resolved
f?éﬁ fhe stféight chain components as the TMS dérivatives. Eétter reso-
1ﬁ£ioﬁ of theAétraight chainvsbeciéé‘is acéomplished using the TFA poiy—
ols. Hﬁwevé;, tﬁere ié incoﬁpiete éepafation of'thé branched from the
‘stréigﬂt chain bolyol species as the TFA derivatives.

The-méss sbectra of the TMS polyois show fragmentation patterns
resulting priﬁafil& froﬁ §imble cleavage of the molecule with a minimum
of rearrangeﬁeﬁts. The fragmentgtion of tﬁe molecular ion seems to start
with the splitting off df a triﬁefhylsilyloxy radical, m/e 89, followed
by moleculeé ofstrimethyisilanoi; m/e 90; in a manne; similar to that
of the trifluoféoacetates (26).. Major fragments at m/e 147 and m/e 191

have been found in all TMS derivatives reported to date and are explained

by rearrangement (27). A base peak of m/e 73 can be explained by the
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loss of formaldehyde from‘the m/e 103 fragment (27). Molecular ions
were observed only with the TMS tetritols.

The mass spectra (of both the TMS and TFA derivatives) of diaster-
eomeric straight chain-polyolscoincideWithin the limits of error. The
mass spectra of branched polyols differ from those of straight chain.
species in the relative intensities of tertiary versus secondary frag-
ments.

Figure 7 reproduces the analysis of the four-carbon region of the
TMS reduced formose; and shows possible polyol structures and their frag_
mentation patterns. There are three possible four-carbon sugar polyol
sfructurés: one bréncﬁed.and two diastereomeric straight chain forms.
The chromatogram of the TMS reducéd formose shows the presence of three
peaks in this region. The last peak of the formose chromatogram corre-
sponded in retention time to both TMS erythritol and TMS threitol. The
mass specfrum of this peak matched that of both TMS erythritol and TMS
threitol, where bbth the erythritol and threitol defivatives gave iden-
tical spectra. The first two peaks then remained to be identified.

The bfanched tetritol, hydroxymethylglycerol¥*, was synthesized by
diazotization éf tris—(hydroxymethyl)_aminomethane (Tris). The total
crude product thaf resulted from this synthegis gave the three TMS peaks
shown in Figure 7. The peak identified as hydroxymethyl glycerol of the
TMS tris producfs correspénded identically in retention time to the péak
for thaf compound in the formose tetritol region - a comparison of the

mass spectra of these two species on Figure 7 shows that they are

*¥A preparation of this compound characterized by a carbon-hydrogen analy-
sis has been reported by Hearne and DeJong(28). The triacetate, tris-

acetoxymethyl-methanol, has been reported in a patent (29).
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identical. The presence of a molecular ion at m/e 410 suggests that the
first formosé peak - whiéh cannot be a straight chain tetritol - is
branched tefritol. The mass spectrum of TMS hydroxymethylglycerol shows
a.iow relative abundance of ﬁ/e 205 and a high felative abundance of

m/e 367 when cOmpared with the spectra of the straight chain TMS tetri-
tols, indicative of fragmentation from the branched species. The struc-
ture of the branéhed TMS fetritol indicates that there can be no direct

formation of m/e 205 by cleavage. Cleavage at C, does result in a very

1
stable tertiary fragment at m/e 307. The structures of the straight
chain TMS tetritols indicate the formation of m/e 205 proceeds by cleav-

age at C2 and of m/e 307 by cleavage at C The lower abundance of m/e

1*
307 in the caée of the sfraight chain structures is due to its lower
stability compared to the tertiafy fragment from the branched species.

ﬁsing similar techniques (31) we have aiso elucidated the structures
of 5,6 and 7icarﬁon branched carbohydrate compounds produced in the for-
mose reaction. Figure 8 compares hydroxymethylglyceraldehyde formose
with authentic erythrose; The mags spectrum fragmentation pattern of
TMS hydroxymethylglyceraldéhyde provides conclusive evidence of the for-
mation of hydroxymethylglyceraldehyde in the formose reaction and spectra
of branched chain polyols derived from formose permit inference of the
skeletal branched structuré of the parent aldoses and ketoses.

The formose reaction.can be considered as a unique method for pro-
ducing branched chain carbohydrates.‘ The presence of these species may
account for the observed toxicity of formose syrups.

Although tests of the product of Ca(OH)2 catalyzed formaldehyde con-

densation show the presence of small amounts of many known sugars, the
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present study indicates that the major products of carbon number 4 through
6 are branched chain aldoses and ketoses. Significant proportions of
higher ﬁolecular weight sugars are also suspected to be branched-chain.

While many known sugars have previously béen identified as compon-
énts of formose, apparently the finding of branched sugars in the course
of our work is new.

To what degree the toxicity of formose is due to the L-forms (pre-
sumébly not easily metabolized because of enzyme specificity) of sugars
present, and to wﬁét dégree it is due to the unnatural.branched sugars
present, feméins to be seen.

Figure 9 shows an attempt that was made to help simplify the inter-
pretations of the mass spectra taken. The top chromatogram of the figure
is the normalvflame jonization chromatogram of TMS formose. Simultane-
ously, a '"mass" chromatogram was obtained by setting the mass spectrometer
to monitor a single ion and by recording the intensity of this ion versus
time. Two masses, m/e 204 and m/e 217 were followed in this manner.
Greater response of the mass spectrometef for m/e 217 over m/e 204 pro-
vides an empiriéal test to recognize a branched carbohydrate.

Simple compounds such as hydroxymethylglycerol and hydroxymethyl-
glyceraldehyde are not reported.in the literature, let alone the higher
carbon nuﬁber species.

We beliéve that the properties aﬁd preparation methods for branched
carbohydrates will be of considerable utility for and interest to carbo-
hydrate, fodd, and organic chemists. Formose is highly toxic. Parsley
contains apiose; and a high level of togicity for parsley has been re-
poited (32)(and-ascribed to apiole). Perhaps othér common foods with some

level of toxicity also contain branched carbohydrates.
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Selectivity Control

Products from the CSTR experiments at 40°C and 0.0325 moles/liter/min.

were reduced with NaBH, and analyzed as the trimethylsilylether deriva-

4

tives according to'the.procedure describea in (9). Since ethylene glycol
analyses are not quantitative and‘the amounts present were small, selec-
tivities were calculated on the bésié éf 3;cérbon and higher IMS polyol
products. Figure 7 is a plot of tﬁe distfibﬁtion by carbon number group-
 ings of these pdlyol products from reduced formose as a function of Ca(OH)2
concentrationAin the reactéf. A HCHO conversion plot is also included on
Figure 10. High selectivity fof.glyceroi>is had at low cénversion levels,
illustrating the conéécutive nature of the’férmose reaction. There is
no significant change in thebproadcf distribﬁtion around the raté maximum.
Figure 10 shows that 5 and 6-carbon species predominate near complete
conversion,

A most significant aspect of the pfoduct distribution is the presence
of branched chain compounds at high éeleétivity levels. Figure 11 is a
plot of the.fraction of branched chéin speéies‘éresent in the 4- and
éwcarbon pdlyols produced vs,. HCHO.conversioﬁ. .Parameters of 0.78-0.94
.and 0.15—0;35 moies HCQO feed/liter/min. at 60°C and 0.0325 moles HCHO
feed/lifer/ﬁin.vat 40°C are shown. Figure 11 exhibits a remarkagle
selectivity flip. At 50% and lower conversion levels, the C-4 and C-5
aldose aﬁd ketosé products are practically pure straight chain‘at 40°cC,
practically pure branched chain.at GOdCJ>VAt hiéher conversion level
as much és 40% Bfénched éhaiﬂ isbpresenf-af 40°C (see also reference (30)).

The distribution of branched ve?gus.stfaight éhain speciés may be

a consequence of the base-catalyzed Lobry de Bruyn-van Eckenstein (L-V)

equilibrium, Consider the addition of formaldehyde to a mixture of
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'glyceraldehyde and dihydroxyacetone

CH,,OH CH,,OH CH,,OH CH, OH
- } _ | ' | |
HO C- CH20H<—H—Cﬂ CHOH LoV c=0 _HCHO,  chon
H-C=0 CHO CH20H C=0
|
CH,,OH

The relative proportion of d1hydroxyacetone to glyceraldehyde will be a
functlon of the rate glyceraldehyde 1somer12es.to dlhydroxyacetone. In
turn, the relative concentrations of these species as well as the rela-
tive rates of“formaldehyde additron to each wili define the 4-carbon
branched versns'straight chain distribntron of aldoses and ketoses.

Cross-Cannizzaro Reactions of Formose Products

Tahle i‘shonspthe.oondensation scheme of formose products. The first
condensation step of formaldehyde is to glycolaidehyde, Which has two
«-hydrogen atoms. Aldol condensation must then follow to form glyceral-
dehyde. Glyceraldehyde can react to two pathways -'either further aldol
condensatlon to hydroxymethylglyceraldehyde or Lobry de Bruyn van
Eckenstein (L-V) rearrangement to dlhydroxyacetone. Note that hydroxy-
methylglyceraldehyde has no «- hydrogen, and so it is a terminal product.

Dlhydroxyacetone adds formaldehyde to form a four carbon stralght

chain aldose. This species can either add formaldehyde to its x-hydrogen

to form hydroxyﬁethyitetroses or?isonerize”by the'L—V equilibrium to form
the four carbon ketose, erythulose. Tahle.i shows how 5-carbon straight
chain aldoses and six carhon branched and straight chain aldoses and
ketoses are formed.

Cross—Cannizzaro reactions occur mainly with aldose species with
no &-hydrogen atoms - specifically, hydroxymethylglyceraldehyde,

hydroxymethyltetroses, etc.
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‘ CIZHZOH ?HZOH
HO-C-CH,OH + HCHO + OH ———3m HO-C-CHZOH + HCOO™

\l . . |

CHO CH20H
?HZOH
HO-C-H CH20H

' | : |

HO-C-CH,OH + HCHO + OH ——> HO-C-H + HCoo~
A o . l
CHO HO-C-CH,OH

I
CH,,0H

To demonstrate this type of stoichiometry sequence, three batch
experiments were méde with glycolaldehyde, glyceraldehyde, and dihydroxy-
acetone. ﬁach of these compounds were sSeparately mixed Qifh HCHO ‘(1.14M)
and NaOH (1.204M) and allowed to react for 30 min. at‘2§°C. Figﬁ;e 12
. shows chromatographic analyses of the trimeth;lzlsilylether derivatives

of the produéts formed by theéé three experiments.

To distinguish between hydroxymethylglycerol and hydroxymetﬁylglycer-
alaehyde in fhe produété, samples were reduced to the corresboﬁding polyols
using NaBH4. The TMS derivatiQes of unreduced énd‘tﬁeurééucedbproducts
can be caﬁparéd ig Figure 12. >A mixtﬁre of‘épL eéch of the fMS deriva-
tives of each unreduced and redﬁéed producfvwas then\ihjected into the
gaé chromatograbh. Thése analyses‘are aiso éﬁﬁﬁn iﬁ Figure 12, ihe
hydroxyméthylgiycerol peak appéaré.at‘the ;ame fetéﬁtion time in all
three aﬁalyses and no splifting of“gydroxym;thylglycerol and hydroxy-
metﬂylglycéraldehyde'peaks is observed in £he mixed saﬁgles. The prodﬁct
produced in the presence of NaOH is hydroxyﬁethyiél?cerol rather than
hydroxymethylglyceréldehyde. - - -

. Glyceraldehyde also undergoes cross-Cannizzaro reaction directly

(but to a small extent) with HCHO to yield glycerol.
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' CHZOH
OH™, . -
——> CHOH + HCOO
slow |
CH20H

Figure 12 shows small amounts of glycerol were so made. A cross-

Cannizzaro network can be set up indicating major and minor pathways.

This is shown on Table 2, illustrating the process through the five-

carbon level.

Identification of the species noted on Figure 12 are de-

tailed in Partridge, et al. (31). NaOH is far more effective than Ca(OH)2

for the cross-Cannizzaro reaction. Formose products produced in the

presence of Ca(OH)2 contain hydroxymethylglyceraldehyde. Those produced

in the presence of NaOH contain instead hydroxymethylglycerol.

Ol-ose selectivity is apparently controlled by the cross-Cannizzaro

catalysf -NaOH gives -ols; Ca(OH)2 gives -oses. This again is more prob-

ably a pH effect than a catalyst effect; and we expect to answer this in

part from results of the continuing kinetics and pH étudy.

Overall Research Project

/

So far our work has shown that the Cannizzaro reaction of formaldehyde

is far from a simple kinetic process that can be characterized by first

or second order kinetics and a single reaction in which methanol and

formate are p;oduced.
with the formose reéction - the
dehyde with itself ;.to préduce
by aldél condens&tion to higher

and tervalent bases, as well as

Rather, it proceeds in alkaline medium in conjunction

autocatalytic self-condensation of formal-
glycolaldehyde - which is then followed
aldoses and ketoses. Mono-, di-, tri-,

nitrogen bases, have been reported to

homogeneously catalyze both reactions, and the formose to Cannizzaro rate

ratio will be not only a function of the catalyst but also of the formal-

dehyde conversion level,
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‘ In the present studies with Ca(OI-I)2 catalyst, it was found that at
HCHO conversion ievels below 4%, HCHO disappearance by Cannizzgro is
tfiple that by fofﬁose condensatibn. On'the other hand, néar 50% conver-
sion, ﬁhich is Qhere the stoichiémetry bf thé Cannizzaro reaction requires
that its ébsolute rate pass‘throﬁéﬁ a ﬁaximum, HCHO disaépearance réte by
Canﬁizzaro is only 5% of that by formose condensation. »

As cétalyst concentrétion is increaged at fixed formaldehyde initial
concentration (i.e., feed rate in a continuous stirred tank reactor),
the increasé'in abéoiﬁté rafe‘of Canﬁiééaro reaction neutralizes Ca(OH)2
and pH-of th; reaction aropsiffom approximatély 12 to 10.5 in the range
of 0. to 100% conversion. This autonomic behavior ﬁay be one reason for
the change in reaction rate ratios, cross-Cannizzaro reaction of formal-
dehyde with.céndensation products another reason. In any case, increas-

. “ing catalyst to inordinate levels‘ (e.g.-, 2 moles Ca(OH)Z/mole HCHO)

quenches both reactiéﬁs, an effect thét isﬂuﬁexpéctéd in a catalytic sys-

tem.

In this-complex reaction system, where more than one route is pos-
sible, interactive effeéts prévent extrapolation of rates and their ratios
beyond regions of aétual measureménts. Selectivities were of course
affected relative to the ratio of -0l to -ose products, but also the
carbon number and'skeletal strucfure éf the formose condensation product
itself depends on the reéction environment attained. The Lobry de Bruyn-
van Eckenstein equilibrium éént;oié {he ratio of Aldoses to ketoses; and,
in turn, this ratio deterﬁines the ratio of branched to straight chain
sugérs - é.é.; hydroxymefﬂylglyceraldehyde fo erythrose. The branched
species is so active for cross—CannizzaroVreaction, that considerable
hydroxymethylglyceréi is produced wﬁen‘NadH aldol condensation of formal-

dehyde with glycolaldehyde, glyceraldehyde, or dihydroxyacetone is attempted.
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Much remains to be learned of the kinetics and the mechanisms of
the multiplicity of interactive processes that proceed when these cérbo—
h&dfate species react. Formaléehyde in alkaline medium is ostensibly a
éimple situafion, it has been studiedﬁfor oﬁer a century, and yet tﬁe
system is f;r ffoﬁ unde;étoodngnd modeled.v Con%inuous stirred tank
reacto;s, in which reaction ratéé égn Eé méasuféd directly, are a tool of
central impértance to deveiop-understanding of even the stoichiometry of
these cémplek ieaétions; let alonéthekinetic; and mechanism.
| To exblain the kﬁown produc%é of thé formose reaction, the following
prbcésses suffice:
i) An-initiating - and auto&atalytic - cdndensation of two molecules
of HCHO to give CHZOH—CHO, glycolaldehyde.:
2) Suécessi?evaldoi ﬁbndensations involving HCﬁd and hydrogens
4~ to a carbonyl group.
3) Lobry de Bruyn —:van Eckenstein (L-V) interconveérsion.
4) Crosséd-Cannizzaro reaction to produce polyols and formate ion.
Branched chain sugars - rarely seen in nature and therefore not

looked for by earlier investigators of formose - are major components of

formose., Furthermore, if the structural features required for processes

(2) and (3) ére ébsent.in a product then that product is a terminal one.
For example; if glyéeraldehyde undergoes aldol condensation with HCHO,
the-proauct, hydroxymethylglycegaidehydé, wouid-be expected to either
acchmulate 6: undergo‘ciosséd-Cannizzéfo redﬁétion to the tetritol.

Tﬁus, we Héve‘;t.hand a p;actical pIOCesé'tévproduce simple branched car-

bonates.
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Significance of the Formose Work

Many séientists prefer ;n idealized simple reaction system
for which a straightforward theoretical model can be predicted and progress
in undersfanding kinetics, mechanism and catalysis has been made on this
basis., But nafufe is not always so accommodating as to provide simple
reaction systems. So, there is also a great need for complex’reactiOn
mefhodolgy - for good conceptualland experimental approaches to penetrate
la complex reaction.

Thé theﬁe of the Féurth International Congress on Catalysis, Moscow,
1968, was '"Prediction of Reaction Selectivity". 1In his final address,
Professor Roginskii summarized the papers and concluded.that proéréss
toward satisfying the theme had nét 5eeﬁ made. In Fébruary, 1971, the
.éécond Nofth Aﬁerican Meeting of tﬁe Catalysi; Society was held in
Houston. Perﬁabs for the first time,.a significant fraction of papers
discussedlcétalytic reacfions not in ferms of simpléAsingle reéctions
but in terms of all observable products. The séienfific éommunity and
in&ustry are recognizing that praﬁtical reactions - which are generally
complex'- e.g., reforminé, cracking, Hydrocrackiné; etc; - need to be
studied in their eﬁtirety. fhis author has published a review'paper
"Considerationé in the-Stﬁdy 6f Reaéfion Setsﬁ, Catalysis Reviews 5,

(2), 293-330 (1971) in which bhiiosophies.and ideas that ére needed for
work iﬁ complex re&ctions are developeé.

The étory of thé forﬁose feaction-is, in itself, enough to point
out the importance of compléx reaction studies., The formose reaction
has been studied intensely since 1865, but ﬁo definitive kinetic or

product stoichiometry was developed. Why? Because of the use of batch
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reactors in an autocatalytic system. "It reacts or it does not react'".

" Induction periods rather than rates are reported". Techniques that are
commén for engineers - e.g., CSTR's - need to be taken advantage of'by
chemists. Reactions must be studiéd af contrﬁlled conversions using
rational rate iaws - and modern analytical technique§ provide capability
for penetrating difficult stoiéﬁiometries:

The formoéé reaction was chosen for its pétential practical appli-
catioh for food synfhesis for‘sustainea spaceflight. For the present,
YNASA prioritiés onﬂmanned spéce flight have been reduced. Hopefully,
they will reactivate in the future. At the time of project inception,

Dx., Cyril Ponnephoruma of NASA Ames recognized‘that‘thé formose reacﬁion
Was useful for explaining primordial carbohydrate synthesis., More specu-
latively utilitarian was the fact that perhaps one day large scale carbo-
hydréte manufacture-Will be required, if world bopulation continues to
grow. The formose réaction holds promise fof this purpose.. Major researxch
on the formose reaction is in progress both in Japan (Prof. Takashi Mizuno,
Faculty of Agricuiture, Shizuoka University) and in fhe Sovief Union
(Prof, Olég V. Krylov, Zelinski Institute of Oréanic Chemistry, Moscow).
The United States should maintain its role in what is a problem of world-
wide interest.

The homogeneous catalysis and reaction kinetics, the complex stoichiom-
etry, the reaction iﬁstabilities and the intriguing interaction of
hoﬁogeneous and heterogeneous rafé concepfs are of particular interest for
catalytic chemists, The new group of simple Branched carboh?drates is
excitiné-férexbloré since glyceralaéﬁyéé pathw&ys fhat could produce them

are present throughout nature. Finally, organic and carbohydrate chemists
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to learn the engineers' methodology to understand carbohydrate systems

as simple as formaldehyde in alkaline media. The latter reason, in

this

that

day of ultrasophisticated chemistry, points out the great contribution

rational study of complex reactions can make,
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‘ Application of Aerospace Technology

The Principal Investigator spent the Summers of 1967 and 1968 at
NASA Ames Research Center, Mountainview, California, as a NASA-ASEE Summer
Faculty Fellow, working in collaboration with Dr. Jaéob Shapira. The
researéh project was '""Novel Methods for'Syﬁtheéié of Food for Sustained
Spaceflight"; and we found that the au‘to.catalytic&Ca(OH)2 catalyzed for-
mose condensation of.formaldéthe to sﬁgars couid be controlled in a -
céntiﬁuoué §£irred tank reactor (CSTRj: Research support by NASA was
provided froﬁ FebruAry 1, 1968 té.January 31, 1972 to devélop a process
té prbduce glycerol for sustained space feeding by reduction of these
sugars. We have made these contributions toward understaﬁding formose
chemistry and toward our goal of controlling thé reaction to produce
. glycerol and to provide astronauts with carbohydrates perduced frém CO2
aboard a space ship. |

During the course of the carbohydrate work, cdnsiderable équipment
and.instrumentation was purchased with the NASA grant and carbohydrate
know-how was developed. Part of thié author's background has been in
industrial petrochemical process development; and it soon developed that

much catalytic and petroleum know-how was brought into play to convert

‘petrochemical formaldehyde to carbohydfates such as glycerol and sugar,

We now have CSTR reactors, pumps, recorders, and confrollers, etc,
to be applied to continuing formose studies, as well aé a high level of
éxpertise in carbohydfate chémistry and analytiéal techﬁiques. Wé have
developed major understanding of the behavior éf sugars in the presence

of alkaline cataiysts, as well as CSTR technology.
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 The 1i§tb5f7NASA-fdhaéd_eéuipméntdihéiuaés-é_Wéiérg-ALS—OlfLiquidV77
Chromatograph, a Barber-Colman 6 Port Thermal Conduétivity Gas Chromato-
graph, a Gow-Mac Thermal Conductivify Gas Chromatogfaph, and a Perkin-
Elmer 900 Dual Flame Ionization Gas Chromatograph‘inteffaced to a duPont
21-491 Doubié Focusing Mass Spectromefer (with caﬁer&, oséiiioscope,
oséillograph, and integrator-recordef). An automatic Fisherltitrimetgr,
CorningAReSearch pPH meters,.and Orion.épecific iéﬁ Aeter are-éome of the
ifems ih a diveréity éf NASA- funded wét énalysis equibﬁeééhfhat will
continué to.be utiliéed.>

Table 3 is a 1iét of publicatioﬁs fesulfing from the NASA-sponsored

food synthesis research,




Table 3

Publications and Presentations by A.H. Weiss

Resulting From NASA-Sponsored Food Synthesis Résearch

"The Kinetics of the Formose Reaction", presented-at ACS 155th National
Meeting, San Francisco, California, April 1968 (with J.A. Shapira).

"Manufacture of Sugars'", presented at the Amer. Institute of Chem.
Eng., Portland, Oregon, National Meeting, August 27, 1969. AIChE
Symposium Series, No. 108, 67, 137 (1971)(with J.A. Shapira).

"Homogeneously Catalyzed Formaldehyde Condensation to Carbohydrates™,
Journal of Catalysis 16, 332, (1970), Presented at ACS 159th National
Meeting, Petroleum Division, Houston, Texas, February 22, 1970

"Make Sugars From Formaldehyde", Hydr. Proc., 49, No. 2, 119-126,
"Extraction Procedure for TMS Derivatives", J. Chromat. Sci. 8, 553

"Polyols From Formaldehyde", presented at ACHEMA, European Meeting
for Chemical Engineering, Frankfurt am Main, June 22, 1970 ‘'Neue

Verfahren Der Chemischen Technik, Verlag G.M.B.H., Vern Leim/Berg-
strasse, 1971, p. 239 (with R.D. Partridge, H. Tambawala, and J.A.

"The Formose Reaction", presented at the First Spring Symposium of
the Catalysis Club of New England, Boston, Mass., April 1, 1970.
Presented at Montecatini Edison ‘Bollate Research Laboratory, Milano,
June 15, 1970. Presented at Third International Congress of Food
Science and Technology, Washington, D.C., August 10, 1970.

"Detection of Sugars by Direct Combustion in a Flame Ionization
Detector", J. of Chromat. Sci., 9, 266-270 (May 1971) (with E. Foster).

"A Study of a Complex Reaction'", October 30, 1970, University of -

Houston, Dept. of Chemical Engineéring Seninar Series, Houston, Texas.

"Homogeneously Catalyzed Formaldehyde Condensation to Carbohydrates.
II. Instabilities and Cannizzaro Effects" Preprints of the Petroleum
Division, 163rd American Chemical Society National Meeting, April 9-
14, 1972, Boston, Mass. In press. J. Catalysis (with H. Tambawala).

"TMS Derivitization in Aqueous Solutions" In press, J. Chromat., Sci.

1.
2.
3.
(with R. LaPierre and J.A. Shapira).
4, _
February 1970 (with J.A. Shapira).
5.
(September 1970) (with -R.D., Partridge).
6.
Shapira).
7.
Proceedings in Press,
8.
9.
10.
11.
(with H. Tambawala).
12,

"Branched Carbohydrate Structures Resulting From Formaldehyde Con-
densation", Division of Carbohydrate Chemistry, 163rd American Chemi-
cal Society National Meeting, April 9-14, 1972, Boston, Mass. In
press, J. Carbohydrate Research (with R.D. Partridge and D. Todd).

s



1g50lid Waste Conversion and Food Synthesis", Interview with Hugh
Downs, September 16, 1971, NBC Today Show.

"Considerations in the Study of Reaction Sets', Presented at New
York University Chemical Engineering Seminar, March 15, 1971.

Catalysis Reviews 5(2), 283-330 (1971).

"Study of>Techniques Feasible for Food Synthesis Aboard a Spacecraft."

Grant NGR 22-017-008

Semiannual Progress Reports

1 | 2/1/68 - 7/31/68
2 - 8/1/68 - 1/31/69
3 2/1/69 = 7/31/69
4 | 8/1/69 - 1/31/70
5  2/1/70 - 7/31/70
6 8/1/70 - 1/31/71
7 2/1/71 - 7/31/71

8 8/1/71 - 1/31/72




