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THE CONDENSATION OF PORMALDENYDE AND
THE CATALYSYS OF THP MEACTION

Aatzoduction

“hoe subjeot of the profuction of sugars end pugar-
liks substantes fram formeldehyde has long been of interest
ko the chomdoal wordd, not alowe az & chemieal problem,
tut aleo decause of its bearing on the photosynthetic proe
duction of sarbobydmates by piants. Thothor or not Fomele
dehyde 1z on sobual Intemediate in this process is still
a Jdcbatable quostion, ut as o matter of fact most of the
theories of the mechanism of photosynthoeslis, with the
notablo exceptions of those of Ifebig (1), Belle (2), and
Techolinzeft {3), asmmw formeldeliyde $o be the £imnl
stace of the reductlion of carbom dioxide by the plant,

It fs the wurpose of this disesriation to outline
brielly the 00 years of Alnvestipetion whieh hue led up to
tion of formildehyde Lo ougnr-like products and the recent
atudles of catalyesis of the rosction, SExperimontal woric
will be presented which iz concerned with two phases of
this probleng (1) tho cetelysis of the comdensation by
varicus substances and, {2) the resction between formslde=
Ippde and s scorbic aclid, The results obtained in thds work



will be diseussed In the 1ight of thelr posaibdleo rolabion
to photosynthetie processesn, b 1t mat be bome in »ind
that reactlions which may be bpoupht about In vitre reprosond
at Dest only poasible analogles to the resctions Sadng
vlace in 1ife processes, |

Before the discovery of fommaldelnde, the Pussian
chendat Mutlerow {4) had obtained, by the sction of metlyl
dodide on silver cmlate, & white sclid substance whioch he
called dioxymetlylame anl $o which he ascribed the forwmla
Collglos DBy troating this substance with allmlies he obbaine
od & sugar-like substance which he eallod methyleneitan,
with the romula Cgilolge D0 considered this product a
sugar, "the firet oxmuple of the synihetic produetica of &
substance having the properties of & sugar by means of the
simples sompounis of organdic chomistey®,

In 1800, scme ben years later, Hofmarn discovered
formaldelryde and showed {hat Butlevosls dloxgymethylens wes
e polymorized form of Iis formeldeigde, which from wapop
denslty deberainmations had the fommla Cllg0.

A few years later Daeyer (5) avplied the woud: of
Butlorow and Dofmasn €0 a4 discusslion of the mochanism of
shotcaynthotle production of sugar fron formaldehgde. IHis
theoretlcal dedustions on the subject of photosynthesis have
been widely quoted and have, In fact, Doen talen ap e
sharbing polnt of a groet deal of the later work on photos



syathosio. One of the Important ascumptions of Daeyer's
theory was that formaldelypde 1s eondensed $o cugars under
conditions existing in the plant, Mmerous later worlers
have directed thely attentlon $o the study of this cone
densetion under various experimental conditliona,

- Hany medifications of the origimal Putlerow sone
densation have beon devised, but in all of these the prine
~ olple is meh the same, the modiffieations sonsieting mainly
in the use of weakeor alknlies and lower temveratures than
those used by Dutlevow. loew (8) introdused the use of
caledum hydroxide at temperstures of from 15 to 20° C, amt
ealled the product oblained formose. Lobry de Bruyn and
van Ekenstein (7) found lead hydroxide to be an oxcellent
condensing apent. Hany other substances bring about the
condensationt the hydroxides of sodium, potassihum, mape
nesivm and barium, finoly divided zinc end load, basic lead
salts and sodlum seetate, With weally alimline soluntions,
tigher temperatures favor the condemsation, although sbove
about 70° the alinlles bring abous decemposition of the
rroducta.

Fommose propaved by eny of these methods is a conplex
mixtare of substances, the nature of which has for the moet
part ot beem definitoly established, Pischer end Possmove
(8) discovered thet rfoywmose contains descrose, o asynthotie
sugar mixture obbtalned by the condemsaticn of the tricses,
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gly%arié gldehyde and dioxyacetone. This discovery 1s of
considereble gignificance in relation to the origin of
sugars in nature, sinece Flscher and Tafel (9) have shown
that q=-acrose containg some of the naturelly ccourring
sugars, i. e, the inanctive forms of glucose and fructose.
Nef's studies on the products obtained by the actlon of
alkalies on sugars (10} led him to the conclusion that
formose eonsists of a mixture of half pentoses and half
hexoses, 0Of the hexoses, Nef considered 24 members to be
present in the formose mizxbure, viz. € sldohexovses, 8 2«~keloe
hexoses, and B S-ketchexoses, the aldosea constibuting about
ene~half of the mixture and being vrimarily dleglucose and
dlegelactose., Nef's statements, however, requive further
substantiation. Indeed, there is a great field of sugar
chaﬁiatéy yet to be worked out in the study of the formose

SUBRIS .

Zhe Hochanism of Copdensation

The mechanism by which formaldehyde condenses to
hexose and pentose sugers has not been definltely determined.
There are at least thres sugpested possibilities, and
theories have been bullt around each, zThése proposed
theorles inecludes -

1, The formation of glycolaldshyde ap an intere
mediate product, and the condensation of this to tetroses



B
and hexomes., H, and A, Euler {11} have reported the formae
tlion of glyecolaldehyds from formaldelyde by the sstion of
caleium carbomate, although Hef (10) maintaine that in the
experiments of the former suthors the calelum carbonate
mst have contained some ecaluium hydromide, for Fef could
not obbtaln any sugar formation with either caloium carbone
gte or barium carbonate, even after heating the mixture for
days. Pribram and Frenke (12) obtained glycolaldehyde by
11Twninating solutions of formaldehyde in quarts vessels
with ultravioclet light. It is quite gonerally sstablished
that giycoleldelyyde readily condenses Lo tetroses and
hexoses under the influence of slkaj}ies. Neuberg (13)
claims that pentoses are alsc formed in this reaction, which
implies o splitting of some sort. This doss not seem ab all
wilikely in the light of Nef's studies of the sction of
allmlies on sugars (10). |

2. The intermediate formation of the trioses, glyceric
aldenyde and dioxyacetone, and the condemsation of these to
hexose sugars. As mentioned above, d=acrose is obtained by
the condensation of the trioses, and because of the fact
that he found o«gercse in the formose mixbture (8}, Fischer
{14) considered 1t probable that the tricses are inter-
mediate products in the condensation of formaldehyde, H.
and A, Buler {1l) have reported finding dioxyacetone in &
mixture cbtained by treating farmaiéahyﬁa with caleium

carbonate,



S» The successive formation of dloase, triocse,
tetrose, pentose and hexose sugars, by the stepwise
addlition of ome molecule of formaldehyde st a time,

Thie is essentially the mechanism by which Baeyer (5}
conecoived the formation of hexose sugsars from formale
dehydes Although ne direct evidence has beon brought o
show that this stepwise sondensation occurs, it is
plausible, and readily accounts for the presence of
odd=carbon melecules in the resulting mixture, even
wnder conditions such that the splititing of larger
moélecules might be doubitful,

Considering the mechanlsm more in detall, that is
in regard to the mavmer in whicsh one moleocule of formalw
dehyde is combined with another, regardless of ths proe
ducts formed, whether they be dlose, tricse or higher
sugars, wo are gtlll at a loss for definite evidence.
Boveral possibilities have been put forward, including:

l: The addition of water to the lormaldehyde
molecule to form the compound CHg(OM)g, Besyer (B)
based his theory in part on the sassumption of such a
mechanism, pointing out the instabllity of the double
hydroxyl grouping. Two or more such molecules then come
bine by eliminating water Letween them, thuasi

B HEH

"

HeGqOH ~HI0WOH ——> HefeQ0H
0 OH 00

(1) EH (1)



This process 1s repeated wntil siz carbon stoms
are linked together (III), when the elimination of
anothor molecule of wabter mey result in the formabiom
either of an aldohexose (IV), or of a cyclic hexshydric
aleohol (V)3

CHgOH=(CHOR) , «CH( 0} , —> CHy0H~(CHOH) ;~CHO 4 H,0

{111) | {1v)
or
CHOH=CH 0 | Ol =CHOR
’/ -m:mem —_— m’ﬁﬁ Y OH * Hg0
\zmm HOH CHOH=CHOR
{1rr) 847)

It is readily seen that elimination of water
from {II) could give rise to glycolsldehyde (VII):
CH,OHeCH(OH); ——> CHgOHeCHG &  Hy0
- {11) {viT)
Slmilarly, glyceric aldehyde (IX} and dioxyscetone
(%} might arise from the compound CH,OHCHOHCH(ON)g, thuss

{viiz)
ongoxnegoﬁ-@ﬁ* ——> OH,OH<CHOH-GHO ¢ K0
(vim) o (1x)

-q..—



2. The reaction of formaldehwde in an "schive® opr
"aldehyde~enol® form. Nef (10) was an esrly proponent
of this theory, and belleved that in a%kaline solubion
gldehydes exist in the enclie forms ‘H f}: « Two such
active molescules might add togethey dirvectly and, by sube
sequent tautomeric shift, fomm plycoclaldehyds (VII)2

EQHC® = CHOH -——> OHpOHWCHO
{viz)

The enolie form of (VII) » Gﬂgm-é’ﬂ s Could then add
another molecule of formaldehyde, or a:nothér 1ike itselr,
forming a triose or tetrose as the case might be,

3. A third possibility, though it seems 3,355
probable in alkaline solutions, is the shifting af a
hydrogen atma from one molecule of formaldehyde to the
oxygen atom of another, wﬁth congsequent linking of the
twe carbonsi |

Hon§ BCHO ————> OH,OH-CHO
~(vi)
This is the mechanism proposed originally for the so=
called "aldol" type of condsnsation,

Whether the reacbisn t&ku vlace essentially &&aard-
ing to one cf these mtams, or in some other manner, is
an unsottled problem. AL least we seem asfe in referring
to the reaction as a condensation, mmch as it appeears

te result in the linking of carbon to carbon,
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The great smount of chemical work which has been done
on the condensation of formaldehyde in the presence of
various alkelies offers little evidence of valldity for
the theories of photosynthetic production of sugars,
beyond the fmot of demomstrating that it ia chemiecally
possible Lo obtaln supgars which occupy in the plant. To sum
up the work outlined abvove, in Spoehr's words (15)%
"Baeyerts theory is a good suggestion of a posailble mechans
1sm of photosynthesisy the chemieal evidence which has
been advanced in suprort of it may serve as = good ciue
for further investigetions with very much more refined
methods®, Some of the more recent additions %o this
volume of chemiloal svidence will be brought out in sube
sequent parts of this diasertation,



THE GATALYSIS OF THE CONDENSATION OF FORMALDERYDE

Schmalfuss (16) Investigated the synthesils of sugsrs
fram formaldelyrie in the presence of magnosiuwm oxide ab
1202, and observed that the reaction was mrkedlsr BCCOLm=
erated by the additiom of glucose or Iructose, He suggestw
8d that possibly simple sugare play & simllar catalytie
role in the photosynthetic production of sugars by the
plant, Hore recently, Fusin {17,18) has mede a further
study of the activity of these and other compounds in
catalyzing the condensabtion in the presence of calecium |
hydroxide and lead hydroxide at more moderate temperatures.
0f the series of compounds which he investigated, those
capable of forming an enedicl group in allemline solution
possessed catalytlc properties, and Rusin was led to cone
elude that the emediol structure was 1tself the active
cabalytic agent, |

The importence of this work in relation te proposed
theories of photosynthesis led the wribter to undertake a
more extended study of the eondensstion of formaldehyde in
the gvreaenee of caleivwm hydroxlde, using improved methods
of analysis, The work was bLegun with the intentiom of |
determining the effect of ascorble scid (vitamine €} on
the condensation, its use being suggested by the fact that,
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according to the formmla proposed by Pirst and coworkers
{19,20), this compound conbains the emediol stmucture and
should, ir Eueints theory be correct, catalyze the
reaction. The widespread occurrence of ascorbic acid in
greon plants lends significance to the dlscovery that this
compound is g very active cabalyst, and lsed the writer te
g further study of the compound in relation to & possible
photosynthetic function,

When the study was extended to & number of other
compounds, resulbs were obialned which are not entirely in
aocord with the theory of Musin. Same of the experimental
dats presented here show thet other types of structure
appesr to be as active in calalyzing the condensstion as
1s ﬁh& enediol group, indicating thet Fusin's theory may
not be entirely correct in this regard.

Lxporimental

When experiments were begun on the :za.talyais of the
i‘emldehy&a condensation, ité was found that the methods
usged by Kusin were more or less unsatisfactory. His date
were obtained by fermnldelwdé determinations by the armonia
method. Inpreliminary expariment‘a, t:he writer found that
acourate resultb could not be ebtained by this method.
Vorlinder (21) and others (22,23) bave desoribed the use of
dimethyldihydroresorcinel (referred to hereinafter as
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dimedon) for the guantitative precipltation of aldehydes.
A satisfactory procedure for the preszent experimental work,
based on the use of this vesgent, wes developed,

Engin showed only gualibtatively the presence of vee
ducing compounds in the produets of the reaction. The
agcuraste estimetion of the reducing substances formed in
the reaction required a method of removing the unchanged
formaldehyde from the mixture, and correction for the
reducing power of the catalyst as debermined in control
exporimonts, The formeldshyde was removed by treating with
dimedon, the excess of the latter being effectively removed
by means of a mercurie sulphate~ferric sulphate reagent,

In the case of asgorbis aeid and reductone, thasa cetalysts
were also destroyed by this tmai;m@nm

In the sxperiments In which he used caleiuvm hydrexide,
Fasin carricd out the reactlion in s solution of 4 per cent
formelidehyde in 40 per cent methyl aleohol, in order to
minimize the loes of formaldehyde by the Cammnigaro reaction.
The catalysis by ascorble aeld was studied in both aquecus
and 40 per cent mt&@}, sicoholiec solution, The resulis
showed a considerable delay in the catalybtle activity In
the presence of the methyl aleochol, for which reagon the
subgequent experviments were aarrigd cout in aqueous solublon,
Although there waé considerable loss ef forwaldehyde, dve to
intermolecular cxidation and reduction, the course of the
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condensation could be followsd very well by means of debere
minations of reducing substances formed. .

Controls in wh&ah woter was used in plsee of the forme
aldelhyde solution were run on each substance used as a
catalyat, in order to corrsct for the reducing power of
the catalyst itself, tlmes making possible the caleunlation of
net reducing substances actually formed in the reaction,

The catelytic activity of approximately equimolecular
quantities of the verious compounds was debsrmined, 1 gram
of glucese or fructose end equivalent amounts of the other
catalysts in most cases were used. Data are given for
catalyses by the followlng compoundsy

Glucose. Bureau of Standards dextrose.

Pructone. Pfahnstiehl purified fruchose.

Eojic ecids Supplied by Dr, Smits of Kansas State
Agriculbtural College.

Ascorbic aeid, MNerck and Co., Ceblone,

Glucosamine, Reoryastallied glucosamine hydrochloride,

Reductone., Prepared sccording to Buler and Hartius
{24) .

S8yrup obtained Ifrom formaldeshyde and sscorbic acid in
the presence of caleivm carbonate as described below,

Caleiwm lactates Prepared fram lactic acid and

calcium carbomate and reorystalliszed,
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Calcium proplonate and tetramethylplucose had no
catalytic activity, The serles of catalysis experiments
is at present Deing extended to includs a number of other
compounds, in an effort to arrive st more definite none
clusions as to the structural basis of the cabalytic
activity.

The condensations were carried out in a 100 ml.
Ejeldahl flagk fitted with a mechanicel stirrer and heving
a side tube in such & position that samples could dbe
vipetted directly from the resction mixture, The flask
waes inmersed in a constant temperature water bath at 40° €,
{%0.2%), The catalyst (when used) was dissolved in 100 ml,
of & 4 per cent solubtion of formeldehyde, cither agunous
or 40 per cent methyl alcoholics 2 grams of high grede
caicium hydroxide were added through the side tube,
Vigorous stirring was continued throughout the experiment,
and 2 ml, samples withdrawn for suger and formaldehyde
anglyses at appropriete intervels, In the sxperiments in
which ascorble acld wes ueed, the reaction was carried cut
in an atmosphers of niltropen. Iater resulis indicated that
this precaution was probably not necessary, since the |
formaldehyde effectively provents the oxidablion of the
aseorbic ecid by alr, Control experiments were run on
formaldehyde with calcium hgﬁm!.da, in the absence of any
catalyst, in both agueous and methyl alooholic solution,



16

2 mly of the reaction

mizbture were carefully pipetted into a 250 ml, Erienmeyer
flask end made just acid bo phenol red indicator with

0.5 ¥ HC1l, 200 ml. or less (depending on the dlsapprearanse
of the formaldehyde from the reaction mixture) of a
saturabed aqueocus solutlon of dimedon were added, and the
mixture heated in s bolling wabter %}a%;h for ten mimates,

4 white floeculent precipitate formed when formaldeliyde was
prosent. AfPer cooling o room temperature and allowing
the mixture to stand overnlghit, the precipitalte was
collechbed by suction in a weighed Uooch cruellle, rinsed
with wator, dried in the oven at 3.00&13.0@; and welghoed.

The welght of the precipitate multiplied by the lactor
0.10274 glves the weight of formaldenyde in. the 8 mle
sanple, The conceabtration of the sbock 4 per ecent solutiom
was deteruined similerly.
gﬁ -

?eaatim mixture were plpetied carefully lnto a large test
tube, made Just acld to phenol red with 0,5 N HOl, and

Eis & ml, of the

diluted 0 sbout 20 ml, 1 gram (or less whon the formaldee
hyde was diminished) of solid dimedon was added, and the
tube and contents heated ln e boiling water bath for ten
mlmutes. Afber cooling thoroughly, the contents of the
tube were filtered with suction through a fritted glass
filter into a side-arm test tube, graduated at 50 ml, The
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precipitate wmas rinsed thoroughly with small portions of
water, care being taken to keep the total volume of the
filtrate below sbout 45 ml, The filbrate wes treated with
5 ml, of the mercuric mlpmténfarria sulphate reagemt
{oontaining O per cent Hgl0 4 and 30 por cent E”eﬁ,(%&é}g in
0.25 W H,50,) and allowed to stand ten minutes. The
mlxture wae diluted to the 50 ml. mark, transferred withoud
rinsing to on Erlemmeyer flask, and neutralized to litmus
with barium cerbonate., The solution was filtered Ly
gravity, aem':?.fmé to Congo red with a drop ai* two of
econcentrated sulphmric acld, and treated with lydropen
sulphide t¢ rvemove the mercury. The excess of hyirogen
sulphide was removed by means of a current of alr, After
pipetiing 8 ml, samples Into sugar tubes, they were
newtralized to phenol red with a fow dvops of 0.5 W NeOH,
Sugar determinations were run by the Shaffer-Hartmann
method, using the ShaffereSomogyl reapent {(25) with e
carbonatew=blcarbonate ratic of 3, \
Semples token from the meaction mixture after the
Jdisappearance of all fermaldelyde (as indicated by the
lack of any precipltate with dimedon in the formaldehyde
auelyses) wore scidified to phenol red, diluted to about
40 ml., and ‘brﬁatsa with the ironemercury reagent, The sube
setjuent treatment wes the samo as glven in the procedure

above,
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Besults and Discussion

The data obtained in the series of experiments, sll
carrded out et 409C,, are tabulated below for & ach
catalyst used, and for control experiments, A discussiom
of the results éecctnpunies oach aet of related data.

The values for reducing substences debormined are in
each éaae totel amounts of reducing substence found,

1. Comtrol.
€ gms, of Ca(0H)y 1n 100 ml. of 4 per cent agueous
formaldehyde,

Time=gimitos 0 120 180 210 840 500

Redueing subst, '
mga, pexr 100 ml, 0 o 78 2832 149 89

Pormp ldehyde : - ' ’
paxy cent 4,04 2,48 Ggm 4] - L4
1z, Control
2 gna, of Ea{‘mi'}g in 100 mls 4 per cent formaldelryde
in 40 per cent methyl slcohol,

Timeemimites O 1820 180 210 225 285 315

Reducing subst, ' _
nge. per 100 ml, O 0 244 298 238 856 190

Pormaldehyde
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As mentioned above, Rusin used the 40 per cent methyl
alecohelie solution in all cases in which caleium hydroxide
was the condensing egent, in order to minimize the loss
of formaldehyds by the Cammizarc reaction, As the data
above shows, there 1# & considerable decrease in the
formaldehyde concentratiom in the aqueous solution before
the appearance of reducing substances, while in the case
of the methyl mlcoholic solution there is very litile
drope. However, the comdensation apparently began to take
place rapidly at about the same time in the two controls,
The lower values for reducing substances determined in
the samples from the aguecus control is probably due to
the decreased amount of formeldehyde present to talke part
in the condensation, Musin's control at 40° &, with 1
per cent calcium hydroxide showed 93 per cent of the
formaeldehyde present after 5 hours, chereas in the ax~
perimenta performed here the reasction 1s well under way
by the end of 3 hours, and no formaldehyde is present
after 3% hours, It may be assumed that this difference
is due to the higher concentration of caleium hydroxide
and to the fact that the reaction mixture was stirred
continually, of which Kusin makes no mention, and which
undoubtedly facilitates the reaction ae well as giving
uniformity of the mxtﬁﬂ.



2. CGlucoge.
1 gn, of glucose and 8 gna. of Ba{eﬁ)z in 100 ml, of

4 per cent aqueous feormaidehyde.

Time « minubes D 15 88 485 60 90 120

Reduelng subst,
mgs. per 100 ml, 1080 901 1071 127v3 821 723 612

Formsldehyde
pexr cens é,m 3:73 1;29 () &= e -
2a, Glucose. |
1 gn. of glucose and 2 gms, of ﬂa(ﬁﬂ)a in 100 ml, of

water.

- Time » minubtes (4] 18 30 45 60 o0 120
Reducing subst,
mgs, per 100 ml, 987 %64 679 BYZ BOT 402 333
5., Fructoses

1 gm, of fructose and £ gma. of Ea(nﬂ)a in 100 ml,

of 4 per cent aqueous formaldehyde,

Time «» minutes 0 15 30 486 60 90 180

Redueing subst,
mgs, per 100 ml, Y82 427 6572 450 414 334 288

Pormald @
per con 5.@8 3-.4:9 Q ) - - -



3a. Fructose.
1 gm, of fructose and 2 gme., of ea(OR)g in 100 ml,

of water,

Time umimxtaé 0 15 30 48 60 90 120
Reducing subst.
mgs, per 100 ml, Y38 314 167 104 8B4 56 42
Fusin foﬂxﬁ both glucose and fructose to be active
catalysts, It was desired, however, to obitain date om
thess Compdunds &8 a i s_:is for comparison %mé@? the now
experimenta}. conditions., The scmewhat more marked cataw
iytie mction of fructose as compared to glucose is in
accord with the ﬁxere aa%iva chemical nature of the fore
mer. The much more rapid and greater éaelim in re&ming
powery in, the canﬁel using fructose affords on Indication
of the relative alkalielability of the two sugars. _
According to Kusin's theory, these compounds owe thelr
catalytic activity to the formation of the enolic form
ef the sugar group, namely «~COHZOUOH~ in the fructose molee-

cule, and ~COHRCHOH in the case of glucose,



4, Ascorbic acld. ,
1 gm. of ascorbic acid and 2 gms, of Qg{wlﬁ in

100 mi, of 4 per cent aqueocus formaldehyde.

Time =~ mimntes 0 1B 30 45 60 90 120

Reducing subst., ,
mgs, per 100 ml, © 19 111 328 188 170 114

Formalde! -]
per cen . 3298 2,40 1,08 © - - -

4a, Ascorble aecid,

1 gm. of aascorbic éem and 2 gmse of -aaCOB)g in
100 ml, of 4 per cent formaldehyde in 40 per cent methyl
aloohol,

Time « minutes O 15 45 680 120 180 240

Roducing subst,
mgs. per 100ml, O O O 69 224 424 417

Formalde , |
per com 8408 3,95 3442 3,30 1,17 0 =
ib, Ascorbie acid,
1 gu, of escorbic acid and 2 gms. of Ca(OH),y in
100 ml, of water. ‘

Time - minutes 0 1B 30 48 €60 80 120

Reducing subst.
mge. por 100 ml. 0 () 4] 0 o o o

21
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According to Hirst and coworkers (19) ascorbile acild
has the structure
- 0=¢
mn’z

{ 5§iﬁ_l

gom
g

containing the enedlol grouping on the sscond and third
carbon atoms. It was thought at first that the eatalytie
activity of a scorbic aoid im these experiments might lend
support to the proposed structure for the compound,
assuming Xusin's theory to be correct. This idea was
digecarded, howsver, when it was found that other compounds,
incapable of forming the enediol structure, catalyszed the
condensation. :

The setivity of ascorblc acid in agqueous formaldehyde
is of very nearly the same order as that of glucose, The
reason for the mich slower action in the case of methyl
alcoholic aﬁlutién is not Imowm, tut may be explained on
the basis of repressed iam.ntim- of some of the reactants,



B Enjle secid, ,
1 gm. of kojic acid and 8 gns, of Ca(OH)g in 100

ml, of 4 per cont aqueous formaldehyde.

Time - minutes C 15 S0 45 80 90 120

Redueing subsat,
mgse por 100 ml, 84 44 101 340 280 238 179

Formaldehyde
per cen 4,138 3,14 1,94 0 = -
Ba, Xojic scid. |
1 gm, of kojic acid and 2 gue. of Cal(0H), in 100

ml. of water.

Time » minmutes g 18 30 45 60 90O 120
Reducing subat, '
mge, per 100 ml, ) 0 0 0 0 0 o

Kojic ncid {86) has been assigned the structure
co .
v @
\9/ %‘E’H

and, although it apparently has no possibility of fomming
an enediol group, it catalyses the condensation nearly as
well as glucose or ascorbic acid. The availeble data asn
to the chemicel behavior of kojic scid (26,27) indicate
that it 1s guite stable toward alkall, and not likely

to bresk down under the conditions of these experiments

into products which might be the source of bthe catalytie
activity, Farther, the control experiment was repeated,



the samples being neutralized with oxalic aeid, diluted
to volume, and filtered with analytical filteresid. Sugar
determinations on these solubtlons gave constant reducing
values throughout the twoehour period of reaction, showing
rather conclusively the stebllity of the compound under
these conditionas.

The iron-mercury treatment effectively destroyed
all reducing power in the control experiment, but left
small amounts in the condensation experiment; in the cass
of samples taken before the formation of any reducing
products from the formaldehyde. This was found to be
true, es shown in subsequent date, in the case of certain
other catalysts, and apparently ls due te the presonce
of the dlmedon ab the time of treatment with the irome
mercury reagent. The reducing power of dimedon alome was
found %o i}m quentitetively destroyed by the reagent.



8. Glucosamine,
1e% pgns. of glucosamine hydrochloride and 2 gms.
of Ga{oRH) g in 100 ml. of 4 per cent agueous formaldehyde,

Time » mimites 0 1 30 45 60 90 120

Reduocing subst.
mgss per 100 ml, 785 660 773 1190 1207 1035 1023

Formaldehyde ‘ '
per cen 4,16 2,63 1,45 0.15 0 o -
6a, Glucosamine,
- 1.8 gms, of glucosenmine hydrochloride and 2 gme.
of Ja(0H)y in 100 ml, of water, .

Time «mimbes O 16 30 48 60 90 120

Réﬁucing gubst,

mgs, per 100 ml, 871 250 200 244 248 268 540
The definite eatalytic sctivity of glucosamine is

not in accord with the theory of Busin, as in this come

poumnd ‘bﬁe yoasibility of an eneﬁial grouping fe elimie

nated by the presence of the NH_, group on the secomd

2
carbon atoms IEnolization gives rise to an "ens=aminol?
stmctures
K{[}G Hﬁm
HOF
m, 3 iy
(3 H) B ® (EIOBE)E

ACHOMNA HOH
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Whethor this grouping on the Cirst and second cavbon
atoms 1s the nctive agent in catalysing the condensation
we cannot say, but it seems probable, since Kusinm showed
marmitol to be insctive as a catalyst. This would seem
to oliminate the possibility of amy catalytic function by
the hydroxyl groups on the remaining four éarbon abtoms,

Glncqsmi:za ds Imown to be quite sbtable tmm'
alkalies, and th& control axpgrimams shows quites uniform
reducing vealues, indicating that there is no dagradatien
of the molecule under these conditions, *

It is not understood why the initial velus for the
reducing substances found is so much higher in the catalysia
experiment than in the control. Repeated runs gave similay
results. Oaleulatlon of astual amounts of réducing substamoces
f‘omed is thus made impraetieable, but the satalytie effect
is apparent from the markedly inecreased reducing power
and the coincident disappearance of formaldehyde from the

solution.



?n Rﬁﬂuﬁtmeo
0,49 pm, of reductone snd £ gus,. of ﬁa{m}z in
100 ml. of 4 per cent aqueocvs formeldehyde.

Time - mimtes 0 15 80 48 60 90 120

Reducing subst, | .
mgs, per 100 ml, 300 3857 699 470 406 3428 288

Forma ld
peY Len 4,16 2,26 0O - = - -
Yo, Reduetone
0449 zm, of roductone and 2 gms, of G&faﬁiﬁ in
100 ml, of wator,

Time - minutes ¢ 185 3 4 60 Q0 120
Reducing subst, '
mgs. pey 100 ml, O 8] o 4] o Y (4]
Reductons (II) was isolated by Buler and Marbius (24)
and regarded by them es the enediel of tartronic aldehyde
{I}s» It may also be consideved as the eizedial of
hydroxymethyl glyoxal (:m} {28), The relatiomships of
thasg: three compounds are shown as follows:

cHo HCOH GEQGH
CHOH coH co
CEO CHO CHO

() | (11) {111)



As 48 %o be expeoted from the enolic nature of the come
pound, reductone is one of the best catalysts among the
series of compounds investigated, being ecomparable to
fructose in ite seotivitye.

As was the case with kojlc ecid, the reducing power
of the satalyst is completely destroyed in the conbrol
experiment but not in the condensation experimenti.



8s Calelum lactate.
1,7 gns, of caloium lachabte and 1.8 gms, of Cal{OH) e

1a 100 ml, of 4 per cent formaldehyde.

Time « minuben 0 30 & 90 1058 120
Redueing subsb.
mgs,. per 100 ml, 0 Ly O 288 258 238
ledﬁh{d@

pexr oan 4,16 = 82,66 0 - -

The catalytic activity of calelium lactate was less to
be expacted than thet of certain other compounds. However,
it zhows a definite action, which supposedly may be due teo
the following type of enolimatbion, not usually agnaide»md

ag cccurringt

Gﬁﬁ-ij—ﬂcs > ﬁﬁsueﬁaa

S8ince it was found that the caleium salt of proplonie
acid 414 not catalyze the condensation, the activibty seoems
to center about the hydroxyl group of the d=serbom In
lnetic acid, Other d=oxy aclds are belng triéd as cabae
lysts, with the correwémihxg reduced anslogs as conbrols.



Gonciuslon

As the daba dlscussed above ‘show, there are apparently
several structural groupings which posseas the ability teo
catalyze the condensation of formmaldehyde to reducing
sugara In the presence of calelum hydroxids. It is the
hope of the writer to extend these studiecs to a2 sufficient
serles of compounds that certain @ﬁwtima may be made,

It has become evident that the theory of Kusin, namely
that the enediel sonfiguration ia the ecatalybiec sgent in
this reaction, doeas not completely state the faets, It
is our hope Yo determine more cerefully the type or types
of structural relationship to which the catalytic action
is due, | | |

Rasin #uggsatea {17) that simple sugars, since they
aatalymd the formation of sugars from formaldehyde in
vitro, might play scwe such cetelytic role in the produetion
of carbohydrates from formaldehyde in the greem plant‘. The
evidence given here for the catalytle activity of a scorble
aeid, its widespread occurrence in the plant world, and the
disoovery, discussed in a subssquent part of this disserte-
tion, that ascsrisi{: acld fomme o compound or compounds with

formaldehyde, suggest that thié compound may have a more
| likely role as a photosynthetlic catalyst than do the simple

. BUgars.



THE REACTION OF ASCORBIC ACID WITH FORMALDEHYDE

Explanetion

In attempting bo follow the rate of disappearance
of ascorbic acid in the experiments in which this coue
pound was usged ap a cabtalyat for tﬁe condensation of
formaldehyde, it was found that the formaldehyde inters
fered with the determination of ascorbie acid elther by
the indophenol titration method [30«33), using 2,8-
dichlorphenolindophenol, or by lodine titration. Investie
gation inte this phenomenon led to the discovery that
ascorbie acid and formaldehyde form a labile amzmm in
solution even In gquite égcid mﬂim, thus blocking the
titration of the ascorbic meid, The solution reduced
indophenol very slowly, but did not pemmit a normal titrae
tion of the acld, The acidlity of the ascorblc aoid, as
mesgured by titratlion with a-limli, wag found to remaln
unchanged, Formaldehyde could be recovered guantitetively
from this combination by tresting the solution with dimedon,
the preecipitate fomming more slowly than was the case with
solutione of formenldelnyyde alone,

Iater it was found thet i ascorbic scid is treated
with an excess of formaldehyde in the presente of calelum
carbonate a syrupy compound is formed., The product has
sugar-iilkte properiies, and apparently corresponds to the



addivion of two molscules of formaldehyds to ome moleculs
of ascorbiec acid. No formaldehyde can be recovered from
this compound by treating it with dimedon, and it does not
reduce indophenecl.

In oarlier experiments, in which crystalline ascorbie
acld was exposed to the vapors fram 40 pax? cont formalin,
& thick syrupy substence was ob{zained. | As o small amoun®
of precipitate could be cbisined fxfnm this syrup by
treating 1t with dimedon, and as it retsinaﬁ pome reducing

power toward indophencl, it neow appears $o have been s

mixture of the compound obtained in the presence of
caleium carbonabe and the labile combinatien formed in
agueous solution, |

EXPERIVENTAL

Pormal delod

Told Dot

AL

The titraition of a:cur‘bieﬁaid in solutions containe
in. various amounts of {ormaldehyds was compared with thab
of pure ascorbie aold solutions by titration with indo-
ph.em‘i; iodine, and sciium hydroxide.

of ascorbic acid were dissolved in 6 mls of 4 per cent
formnldehyde solution and asrated with nitmgea {omitted
in later experiments). 1 ml, semples were Litvated, after
addition of 2 ml, of 1N scetic acld to each, at the end of
2, 10 and 20 minutes reaction time, The dye solution was
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standardized against & solution of a kmown smount of
ascorbic acld in waters The results are tabulabed below:
Time of Reachiom Titration Agcorbic acid titrated

minutes mle per cent
2 g8, | 49,9
10 049 1.7
20 0.8 | 1.5

Highey comcentrations of formaldehyde gave more
nearly quantitative results, A solution of 231.6 mg. of
ascorbic acid in 25 ml, of 1N acetic acid was prepared,
Aa the protective action of formaldelyde in yrovenbing
the oxldation of ascorblc acid had by this Hime been
sstablished, the use of & nitrogen atmosphere was deemed
umecesgarys 2 ml, samples of the solntior used 9,65 ml,
of the dye solution, £ ml, samples treated with 5 ml, of
40 per cent formaldehyde and allowed to s tand fifteen
wimntes required but one drop of the dye to give a pink
coloy (endepoint) which lasted for two minmutes, fading
slowly at the end of this time, The fact that the titrae
tions of sscorbic aoid, especially in the prosence ‘ef‘ the
lower concentratioms of formaldehytie, showed a foading ende
point Indicates that the ceﬁbimmm is more or less
dissociable under these conditioms,.

Iigrations with fodine. Determinations of ascerbic
acld with 0.01N iodine solution gave similar rasuita. A



solution of ascorbic acid containing 1 mg. per ml. in
1N seetic aclid wes prepared, I ml, samples required 3.5
mi, of the lodine for titrakblon, starch being used ag
the endepoint. 3 ml,, after standing 10 mirubes with

5 ml, of 4 per cent formaldehyde molution, required 1.0
ml. of iodine, 5 ml, of 40 per cent formmldehyde added
to a3 ml, sample reduced the titration to 0.18 ml,
Pormeliehyde solutions alone gave no titration with
either the iodine or the indophenol,

Abtempts Ho wake use of this reaction af»famlﬁahada
with ascorbic ascid in the guantitative determinetion of
the latter are being made, The reaction may alsc prove to
be of value in the isolation of ascorbic acid from natural
sources, since formaldehyde apparently protects the
ascorblec acid apainst oxidation,

Titrations with 0,21 NaOH, A solution of 0,4877 gm,
of ascorbic acid in 50 ml. was prepared in 407 fomaldew
hyde solution, 5 ml, samples were taken by plpette at
intervels, and titrated with 0.1N Fa0H to the end-poind
of phenolphthalein. The titrations, corrected for seidity
of the formalin, are given below! '
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Time of Resciion T4 brations Aeld Titrated
ml, per cend
Smine 2.8 e
10 min. 2.5 20
20 min., 2.5 90
50 min. 2,5 90
4¢ hours 2.6 o4

An agueocus solution containing 00,4940 gn, of ascorbie
acid in 50 ml, was prepared snd 5 ml. samples titrated
after 8 and 30 mimnmte Intervels, Eé;tl:x samnles vreguired
2.8 ml, of 0.1V NaOH, the caleulabed equiva&enﬁ of base,

The interpretation of these dai_sa will require further
study along this line. It has been s tated {19} that the
lactons structure of ascorbie acid is very stable, the
acldity of the compound being due to the hydrogen of the
enolic hydroxyl groups. it is generally accepted that
this enedilel structure is also reaponsibdle for the indo-
phenol reduction. The data glven above show that the
reducing power of ascorbic acid toward indﬁphanel mey be
qumtiti&tﬁef{y blocked without appreciably grfae_i;:!.ng the
titrable acidiby of the compound, Further investigation
of this phenomenon 1s in progress, including the determina~
tion of pH curves with the glné electrode.
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B grams of erystalline ascorbic aetd wamvﬁi solved
iIn 50 ml, of 40 per cent formelin and 5 grems of caletum
carbenate sdded. The mixture was placed in an open
evystailizing dish under the drying oven, where the
i:mpautum was aboud 50-55%., and allowed to evaporate,.
Veter was added es needed in order Lo 'rediasaivé the
solid polymeriszed romld’emdas ‘When the laét traces of
formaldehyde had dlsappeared (usually after a week or ten
daye) e syrupy raamﬁ& containing the execess calclum éaﬁbon-
ate remained., This material was softened by adding a
amall amount of water and stirring thoroughly. The
mixture was then thoroughly triturated with 250#300 ml,
of absolute aleohol and filtered by suction through a
fritted glass filter, Tollowed by washing with small
portions of alechol. The alcohol was removed fyam the
filtrete by evaporation under the oven in the manner
‘described above., The amp remaining after the removal of
the alcchol was dried under {:he hyvae pump over Drierite,
wheraeby a sweeb, thick syrup, clear and nearly coleorless,
was obialined,

The quantitative yleld was about 133-134 per cent of
the weight of ascorble acid uvesed. Varying the smount of
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formaldehyde in the preparation yielded the same amount
of eyrup. 1 grem of ascorble acld with 0.8 gram of
fomaldshyde gave 1,34 gms. of the produst, showling that
the sompound is not formed from formaldehyde alone. No
ascorbie acid residue was found In the precipitate after
the trituretion with sleohol, The syrups often retained
traces of formeldshyde. ‘i’hesé could be remévetﬁ. however,
by means of dimedon, without altering the properties of
the syrmupy compound, The analyses arxi propertiea of the
coampound are diseussed helow. |

Foleoulay weisht. Determinations were made by the
freezingepoint depression method, water baﬁ.ng used as &
solvents A solution of 0.88856 gm. of the syrup in
35,2681 gms, of water (btriple=~distilled) had a freesing=
paint of «0,24°C, A sample of the solvent under the same
conditions had a fr&eziﬁg;mint of a.ae%., the true
depression being, ﬁh&f&fom, 0.20°, The molecular weight
of the compound, as ﬁaléulat&d i‘roni these data, ls 234.
The method wes appliéé to a2 sample of pure glucose with
an error of less than 1 per cent in the molecular weight.

Optical ecbivity. The specific rotabion in water
varied from [0(—]::19;2" o [9(-];:12 .89. the latter value
being found for several preperations of syrup. The varia~
tions may have been due to varying small amounts of water
in the different preparations. No mitarotation was

obgerved.,



The fact thet the compound iz lasvpe-rotatory is of
conaslderable interest, since &aawhﬁa acid itself haz =
speoific rotatlion of +49° (33). A solution of ascorbie
acid in 40 per cent formaldehyde had a specific robtation
of ¢+ 85° {caloulated for the ascorble acid), the rotation
rmiﬁing unchanged during a period of 24 hours., This
increased dexbtrorotation of the labile ascorbic nmcide
formaldehyde combination ie in marked contrast to the
laevo-rotation of the product formed in the presence of
caleimn carbonate. ,

Agetylation of the sviup., Determination of the
hydroxyl groups in the compound was carrind out essential-
ly acecording to the lmproved method of Hafner, Swimney
and West {34}, the acetylation being done in the cold
(0°C, for 6 days). Close agreement between the results onm
different sige samples indicates complete acetylatiom
under these &enditiﬁm; Results of the acetylation of
samples of the compound and of ascorbic acid are tabulated
below,
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menk Bample Reagent Titration Acetyl
o, nis,. Ho%
1 0.0414 gm. syrup 4 ml, of 1:‘? reagent 18,98 761.3
1a 0.0407 gne % | v 19,00  763,7
5 00804 gn, ¥ 4 ul. pyridine only 0,082 -
2 0.1043 gms Y 4 ml. of 157 reagent 168,75  763.7
2a  0,1080 gn, " " 16,78 7647
Sa 0,0847 gne " 4 ml, pyridine only 0,028 -
4 - 4 ml, of 117 reagent 20.45 -
B - » 20444 =
6 0.,0620 gm, ascorblie | -
acid . ® 19.55 789,
6a  0,0500 gn. " 4 wul, pyridime only 1,00 -
7 0.0806 gm, " 4ml, 137 reagent 18,756 B45.4
Ta 0,0802 gma " ¢ ml. 127 reagent 18,90 BBO,
8 0,1021 pme ¥ 4 ml, pyridine only £,00 -
- 4 wl, of 117 reagont BRD.45 -

ents The glucose reduclng equivalent
of the campound was determined by the Sheffer-3omogyl

mg@h 50 {25)., The reducing squivalent is expressed here
a8 the ratio of the reduction by the compound %o that by an

egual welght of glucese, The reducing equivalents were
determined on a number of preparations, and these were found

#The scetyl mmber is defined as the mgs, of acetyl bound
per gram of substance acetylated.
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to posmesg from BE2 to 57 per eent of the rodusing power of
méﬁsa. These variations may be dus, as suggested in the
ease of the ophical rotatory power, to varylng water cone
tenta of the preparations. This seems especlally likely
since the variations in the two properties wers generelly
in the same direction. The coupound did not reduce indo-
phenol solution end did not reduce ths EhaffereSomogyl
roagent BO in the cold., Addition of strong alkall, either
before or alfier additlon of the copper reapgent, caused
rapid reduction of the coprer to take place in the cold.
A solutliom of the eyrup, treated wlth the iron sulphatee
mercury sulphate reagent as described above, lost over 90
per c&nﬁ of its reducing power. The ﬁ'&ducing power of
ascorbic scid is quantitatively destroyed by this treat~
ment, whereas it has been ﬁhomkﬁmt the common reducing
sugars lose only 7 per cent or less of thelr reductiom by
this treatment (35). This may be token as evidence of the
presence of an ascorbic acld muelous in the .ﬂmymnﬂ..
Ash, Semples of various preparations were burned
in an slectric muf'fle furnace, and the following amounts
of ash {Ca) founds 1.7, 2.0, 1.0, 1.8, 1.08, and 1,46
per conb,
lemonte h Carbon and hydrogen determinaw
tions were made by the micro method of Pregl., The mlue?

given here are tentative at the presont time, rs analyses
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heve heen temporarily intervupted.

g 59. cz He.7/

¢ BYrun. 10 grams of syrup were
dissolved in 50 ml. of dry pyridine, 50 ml. ef chlorcifom
added, and the mixture codled in an ice bath, 15 ml, of
bensoyl chleride were added drop by drop for 2 hours, with
vigorous stirring, After standing overnight at room
temperature, 4 mls of water were sdded, After § hour the
mixture was diluted with fce water and extracted five
times with 60 ml, portions of chloroform, The extract
was washed five times with 50 ml, of cold dilute sulpkuriec
acid, followed by three washings with 50 ml, of cold water.
The solution was dried with snhydrous sodium sulphate,
and the chloroform removed with ti stream of alps The
product obtalined wasz a mixture of crystals and syrmup. A
erystalline, ether= and water insoluble compound was
aapl.mtad and analyzed. |

The compeund melted at 205°0, with browning. Pre-
liminary determinations of molecular welght by ths method
of Rast (36, ﬁ‘{) gave & value of 630, The elementary composi-
tion was found %o bet € 66,45, H 4,98,

Sentrols. Ascorble acid treated with calelum
carbonate in mtgx* in pvlace of formalin, and carried
through the treatment described above, gave s brownlzh
colored hard syrup which raducad’ i.ndéphanei and showed &



varying dexbroerotation, uewally about +17.,4°%, It
apparently consisted of a mixbture of dscompusition
products of sgcorbic acld,.

40 pey cent formalin with calclum carbonate gave
ne sugarslike product, Fommic acid {caloium formate)
was determined in the residue in amounts which accounbed
for the total lose of carbomate in this comtrol snd in
the syrup preparations,

1 gram of ascorbic acld and excess of 40f formale
dehyde in tho absence of calcium carbonate ylelded a
thick syrupy material (1.3 gus.)« 4 solution of the
symip reduced indophencl, rapidly at first but withoud
& sharp endepoint. It reduced the Shaffepr-Scmogyl
reagent B0 in the c¢old, The optical rotation was
[c{_]:’-» 8.3, The propertics of the material vary end

42

eertainly it does not resemble clossly the compound formed

in the presence of calcivm carbomate,



poared to the writer to bo pomewhet significant to stvay
the activity of this compound of formaldelyyde with ascorbic
acld in cabalyzing the condemsation of formaldehyde to
sugard, The experiment was carried out In the mammer
desoribed in an earlier goction of this dlssertation, the
data being more logleally Included at this points

143 gme, of syrup and 2 gus. of Oafaﬂ}g in 100 ml,
of 4 per cent formaldchyde.

Time » mimuten 0 15 30 485 60

Reducing subst,
mgsa per 100 mi, 48 939 EB7 0620 459

Formaldehyde
per ¢ 4,18 0 - - @
- 143 puo, of syrup and 2 gme, of ﬂa(aﬁ)g in 100 ml,

of watbap,

Time - mimibes 0 15 30 45 60
Redusing subet.
mgs, per 100 ml, 48 119 10Y o2 85
‘Et is intor@ating to note that the catalyaié by

this compound of aseevbie é,_eid end formaldshyde is mmch

more marked than in the case of any othey compound studied
 4n the series above, The nature ef this compound, and the
basis for this unusually repid cabtalytle effeet will be

taken up In the following theoretical considerations.



Theorebicel Digcussion

In studying the catalyais of the f‘amaléehwﬁa cone
damit_ion by bensoin, Eusin (18, 38) p&atulatod the formae
tion of certain intermedlate campounds of formaldehyds
with benzoin, and indeod succesded Iin isolating one
product which he called cxymethyl bengoin, It repreae&zte@
the sddition of one molecule of fomldahyde to one
molecule of bensoin, and, according to Euein, was formed
by the peaction of benzoln with the hydrated form of
formaldehyde, thmes

C . 0(0H)sC(OR),C . &  CHy{OH),

|l 1 _l| l(l?ﬁ I
L
T 1
—-—}’Gsﬁﬁ = -ﬂf-—:—-ﬂaﬂﬁ
mdon O
: '--® .
T TS Gﬁﬂﬁ’“ Cally
TCOH c

Pollowing the addition of a second molecule of
formaldehyde to this compound, the product broke down to
give rise bo glycolaldchyde, regensrating benzsoim:
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Ofigufemeseesillcls ¢ cHglomy

HOOH 0

‘:’f;’he nechanism of formation of a ketchexoze Trom
glycolaldehyde and formaldehyde was further postulated,
represented thmss

HO(OR) $CH(CH) 4 CH, (0H) — Ho0(0m) (CR(0R) (CR(0M),,

BaC{0R) ,0(0H) seH(ON) ng}{c*ﬂ? «CH(OH) LcH{OH),,

—> H,e(0H) .0 im)a.cﬂ(um «CH{OH) .cH{0mH) .sna(aﬁ)

—>H,0(0H) 400, [ON(0n)] yuCH (0H) & HD

While this theory is not entirely demomstrated by
fact, there iz some evidence in support of it, and it
offers a good worklng baaié for the mechanlism of catalysis
by compounds containing two hydroxyls lai: the double bond.

Assuming that the reactlion of ascorbile seid with
formaldelyde follows this type, it may be 1llustrated

graphically thuss
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: The first product, combalning ome added formaldelyde
molecule,; has not been isolated in this case, btui we may
eosume that it 4s this conbination whieh so effectively
blocks the dyeereducing power of ascorble acid, The syrupy
gempound formod in the presence of calclum carbonate may
be the second product, corresronding to the addition of the
gecond molecule of fanml&shs'da. Indeed, a munber of the
properbles of the material sup ort this view,
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Thus, the inerease in weight in the preparstions was
found to correspond to the sddition of two formaldehyde
molecules per moleeule of s scorble necid, The moleculay
welght was found te be about 234, The theory for the come
nound (‘.‘BHEQE is 836,11, ,

The acetyl mmber obtained by agotylation of the
gyrup indicates the presence of four secebylated hydroxyl
groups, While there are five lydroxyls in the proposed
strucbure, one of them 1s tertlary in character, Tertiery
hydroxyls have been shown to be very poorly e sotylated,

The bengoylation produst should be the tetrabenzoyl derde
vative, since there appoer to be four active hydroxyl
groups. Such 2 compound would have the theeretical CORPO-
sitions ﬁwnmom, C 66426, H 4£.29, molecular weight 652,
Found U 66,45, H 4,58, molecular weirsht 630,

The faet that there may be ’:%"gmrs of thie come
pound probably accounts for the failure of separation of
& crystalline product in the reaction, and alse for the fact
that beslides the crystalline bensoate, a thick SYTUPT DO
duct, yet to be analysed, ls obtalnod.

Lccording to %:hia provosed and vartially verified
structure for the compound, there 1s no opportunity for the
formation of an ecmediol group. In the 1light of the informas
tion derived from the catalysis experiments, namely that
other types of structure seem to possess catalytic ackivity,
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we might expeet to find here a certaln degree of sctivity,
but rothing of the extrome order that was observed,

Inncffaz? as we seem {o heve borme out Husin's theory
thme far, we may asgume one furkher b:rpoﬁhxmis o hold
good, and ascribe the eabalytic effect in this case Bo
the splitting out of glycolaldehyde, or a similay compound,
ursier the influence of the alkalinity produced Ly the cale
cium hydroxide. BSome evidence, nlikough a8 yot unsatlse
Tactory, has been cbiained for the presence of glycole
aldehyde In 2 solution of the syrup treated with caloium
hydroxide,



GENERAL DISCUSSION AND CONCLUSIONS

As was stated in the introduction of this dissertationm,
the whole pr%;sb:%am of the condensastion of formaldehyde Bo
reducing sugars or sugar-like compounds has long been of
interest because of its possible part in the processes of
photosynthesiss The work which the writer has disoussed
above was carried out largely on the basis of this interest,
although some of the fects which wewve brought to 1light
ave significant as chemical data alone. ’

In speculating on the significance which eny of thoese
experimente may have, it must be remewbered that thess obw
seprvations arve made in vitro, that the conditions wnder
which they are made do not approach the vhysioclogic in most
respects, and that most of the forces et work in the plant
are as yot unknown. With these reservetions in mind, we
may venture an hypothesis,

It 18 & fachk of common knowledge, of course, thot
.escorble acid is very generally distributed throughout
the realm of green plants, Its functions in the animel
body, ss ome of the essential vitamines sy &re becoming
knowne What pert it pleys im the 1life of the plani is
86111 move or less & mystery. It may be that this probe
lem will be snswered, in part at lesst, by the recognition
of & photosynbhetic role for ascorbic acid,



It seems likely that if formaldehyde is formed in the
photosynthetic reduction of carbon dioxide, 4t must be
combined quickly with ascorbic acid to form the labiie
camplex found to exist in solutions of the two compounds.
Under conditions existing 1n the plent, the syrupy come
pound, obtained in the presence of ecaleium carbonate,

may also be formed. The preparations in the presence of
calcium carbonate were cavried out at a pH siightly below
7, as meassured at various stages of the reaction., This
mlld repction is in contrast to the extremes of alkelinity
employed by various workers thus far in condensing form=
sldehyde to sugarelike materials.

if, then, 8 twoecarbon fragment may be split off from
this compound of sacorbie ecid and formaldehyde, glycole
eldehyde may be formed and bullt up into hexoses, and
asocorbic aeid regenerated,

It is the hope of ‘i:he‘ writer to take part in further
work on this problem, with the view of verifying by in
vive experiments some of the observations made in vitro,
and thus plecing together the mechanisms involved in the
photosynthetic production of sugars,



SUMMARY

A brief historical account has been given of the study
of the condensation of formaldehyde to sugar-iike products
in the presence of various alkalies and catalysts; the
mechanism of the condensation is discussed briefly.

Data are presented to show the effect of a number of
compounds in catalyzing the formation of reducing compounds
from formaldehyde in the presence of calcium hydroxilde;
improved procedures for the determination of formaldehyde
and reducing substances, adapted to the conditions of
these experiments, are presented.

Two reactions of ascorbic acid with formaldehyde are
described: a reaction in acid solution whereby the ascorbic
acld is protected against oxidation by lodine or indo-
phenol, and the formation of a syrupy compound in the
presence of calcium carbonate., The properties and probable
constitution of this compound are discussed.

The experimental data included in this dissertation
are considered from the stand point of their possible relation
to the photosynthetic formation of carbohydrates. The
possibility that ascorbic acid may function as an important

photosynthetic catalyst is suggested,
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