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ABSTRACT

Three compounds. |-benzylamino-1-deovy-p-rhreo-pentulose (1). 1-dibenzyl-
amino-l-deoxy-p-fructuronic acid (2), and p-glucuronic acid (3) were converted I1nto
2-furaldehvde in acidified tnnated water In the latter sysiem, the 2-furaldehyde
dernved from I contained 13° of the activity of the solvent at the aleehyde carbon
and 9% ar posiuons 3--5 of the furan ning. that from 2 contained §%, at the aidehyde
carbon aod 29% at positions 3-5. and that from 3 contained 18%. at positions 3-5
In deuterium owide, the 2-fuiraldehyde denived from 1 contained i4 atom %6 of
deutenium at positton 3. 5%, at position 4, and 0% at position § That from 2 con-
tatned 50% at position 3, -H% at position 4, and 7% at position 5 That from 3
contamed 35%. at position 3. 15°, at position 4, and 5% at positton 5 The data for 1
are discussed relative to prior data on incorporation collected for p-vylose In-
corporation data for both 2 and 3 ai1e qualitatively consistent with a decarbosylation
step 1novolving a B.y-unsaturaied. carboyylic acid intermediate A mechanism for the

decarbovylation of hexuronic acids 1s presented

INTRODUCTION

Earlier work! 1a this laboratory has involved studies on the mechanism of
dehydrauon of vanous sugars and denvatives thereot by means of 1sotope-exchange
experiments By comverting a sugar into the appropnaie dehydrauon product 1n
1sotopically labeled water (either acidified deutenum ovide or trittared water) and
then measunng the distribution of carbon-bound 1sotope 1n 1t, 1t has been possible to
distinguish between various mechanisms currently under consideration The present
study involies similar evperiments on Amadornt products derived from p-wvlose
(1-benzylamino-1-deoxy-D-t/ireo-pentulose, 1), and from b-glucuronic acid (I-di-
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benzylamino-|-deoxy-D-fructuronic acid. 2), and on D-glucuronic acid itself (3). In
earlier expeniments with hexoses and Amadon products derived from them, both
classes of compound were found to give nise to 5-(hydroxymethyl)-2-furaldehyde on
treatment with acild® For the three compounds under consideration here, sumilar
results were obsenved, namely, all give nise 1o strongly acidic media to 2-furaldehyde
as the major dehydraton-product

In the casc of p-glucurcnic acid, and. presumably, Amadori products derived
from 1t the reaction involves a decarboxyiation step, and C-1 of the acid corresponds
to the aldehyde carbon of 2-furaldehyde® In spite of the many earlier studies*7 on
the debydration and decarboxviation of hexuronic acids, the precise mechanism for
the reacuon 1s still obscure

Anet® has previously shown that, for hexoses and Amadon products derived
trom them. the mechanism for the dehydration reacuons are very similar (Chart 1)
Thus. the Amadorn product (4) undergoes 1,2-enolization to S, which then undergoes
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fi-eliminauon to give 6, which, on hydrolysis of the amune substituent, i1s convertea
into the enolic form (7) of a 3-deoxyglycosulose intermediate (8). Either 7 or 8 then
loses a further molecule of water to give 9, which 1s then converted into the appro-
pnate 2-furaldehyde Evidence for this mechanism stems from the 1s0lation of both 7
(ref 9) and 9 (ref. 10) (R = -CH,OH) from acid-treated solutions of p-fructose as
well as from “difructose glycine™®, an Amadon product. Although other systems
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have not been extensnvely investigated, 1t seems likely that other sugars are dehydrated
via the same pathways

RESULTS AND DISCUSSION

The experiments involved both deuterium- and trilum-exchange measurements
The carbohydrate was treated with refluxing acid and the 2-furaldehyde produced
was disulled from the solution as it was formed The resulung Z-furaldehyde was
readily 1denufied from its u v spectrum (4., 280 nm) and from the me'ting point of
its phenylhydrazone Typical yields. determined spectrophotometrically, were 419
for 1, 15% for 2, and 5% for 3 For the case of deuterium exchange, the 2-furaldehyde
was oxudized to 2-furoic acid and then converted 1ato methyl 2-furoate, and deuterium
incorporation 1n the ring at posiuon 3, 4, and 5 was measured by measurements of
n mr signal dummuuon. relative to the proton signals of the methyl ester Thenm r
spectrum (in chloroform-d) of methyl 2-furoate shows signals at 6 3 88 (singlet.
methyl protons) 7 20 (muluplet, position 3), 6 51 (multplet, position 4), and 7 58
(muluplet. posiuon ), relauve to tetramethylsilane

For the tiuum-evchange esperiments, a portion of the sample was converted
into 2-furaldchyde phenylhydrazone and the latter was counted A furthe aliquot
was oxidized to 2-fu oic acid and the latter subhmed to constant radiochemical
acuvity By difference, the incorporation at the aldehyde carbon versus that on the
furan ring could be calculated The collected data are presented n Tables | and II

TABLE 1
CARBON-BOLUND TRITIUM [NCORPORATED? INTO 2-FURALDEHYDE FROM REACTANTS

Compound Ald-hyde carbun Posutions 3-5
1 13%, 9%

2 82, 29%

3 159,°

“Exoressed as o acuwvity of the solvent 'This figure represents an average of resulls obtained 1rom
tour different reaction parameter See text for a descripuon

TABLE |
DEUTERIUM INCORPORATED? INTO THE FURAN RING OF 2-TURALDEHYDE FROM REACTANTS

Compound Posttion

J 4 2
1 149, 5% 0%
2 30%, +3°5 76
3 359% 15% 5%

“Expressed as atom °o of deuterium
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It may be seen that there are significant differences between the amount of
exchange for tritium versus deuterium for the same compound under the same reaction
conditions. This 1s presumably because of isotope effects operating dunng the reaction
Addittonally, because of such effects. 1t 1s impossible to relate the amount of isotope
mncorporated to that which would have been incorporaied by hydrogen exchange 1n
he same reaction For these reasons, the resulis can only be interpreted 1o qualitative
terms as regards the possible mechanism

For compound I, however, sigmificant incorporation occurs at both the aldehyde
carbon and (largelv) at position 3 of the furan ring This behavior is in contrast to the
reacuon of D-vylose' ' itself, which 1s converted inio 2-furaldehyde with essentially
ne cxchange at any posiuon This result is taken to indicate that, during the dehydra-
uon of 1, both intermediates 4 and 5, and 7 and 8 (Chart 1, R = H), undergo sub-
stanual, reversible equilibration Similar observauions have been reportad for
Amadon products derived from aldohexoses® Compound 3, and the 2 derived from
it, both incorporate substanual 1sotope nto the furan ring, largely at posttions 3 and
1 Compound 3 was included 1n the study because in an earbier report'! it was
erronceously concluded. (based on both deuterium- and tntium-exchange measure-
ments) that neghgible incorporation 1s observed when 3 1s converted nto 2-fural-
deayde This error was corrected for tmtium eschange in a iater report!, which
showed that the 2-furaldehyde ring (positions 3-5) contains 19 82%% the activity of the
soiwvent, @t figure thar agrees well with the data 1n Table I Because of the discrepancies
observed 1n prior experiments with p-glucuronic acid, a detailed study was made of
this sytem. in order to rule out possible vanations in 1acorporauon resuliing from
variations 1n reaction condiuons Parameters considered were (@) the concentration
of i1sotope used, (#) the concentration of carbohydrate 1n the reaction solution,
{(c) the form of the sugar used, namely p-glucuronic acid versus D-glucofuranurono-
6,3-lactone, and, (d) temperature parameters. A yield study showed that the yields of
2-furaldehyde remained the same, starung from either o glucuronic acid or s 6.3-
lactone, and no yield change was observed when samples were added to the acidic
solution at 25%, folloned by a heat-up ume to reflux of 30 min, or whep thev were
added to the soluuon that was already at refux. Sumilarly 1dentical results (Table [1)
were obtained for deuterium iocorporation, starting with either the lactone or the
acid, using both a heat-up time of 0 5 h as well as by dropping the samples directly
into a reflusing solution of acidified deuterium oxide As ewpected. and contrary to
our earlier report’ !, signuficant incorporation was observed 1n the luran ring, largely
at posiuons 3 and 4 These expeniments were performed because variable incorpora-
tion might have occurred as a result of prolonged contact with solvent. durmng
which time evchanze mught occur prior to debydranon This possibility does not
appear to be the case nor does the form of the starting matenal [the lactone (1n the
furanose form) versus the actd 10 the pyranose form] seem to have any effect on the
incorporauon data

In a final senes of expeniments, the amount of tnuum 1ncorporated into the
furan ting dunng ths debydration reactions was exanuned 1n detail by using D-
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glucuronic acid as a starting matenial with two levels of solvent activity and two
fevels of sugar concentration. The resulting 2-furoic acid obtained by using acidified,
tritiated water having specific activity 19 uCr per mmole at 0 6°% sugar concentration
contained 16 3%, cf the actuvity of the solvent. whereas. when using a 5°% concentra-
von of sugar, the activity was 1406 Repevuon of these expenments with water
having an activity of 04 ;C1 per mmole showed that. at 0 6°% sugar concentration,
the 2-furoic acid coniained 21 290 of the solvent activity, whereds at 5°e¢ concentraticn
the value was 19 3% Although these differences are small compared to the overall
incorporation observed, they appear to be significant and cannot be atirtbuted either
to addition of water to the medium because of exchangeable hydrogen atoms 1 the
starting sugar molecule or to water introduced as a result of the dehydration
reactions Nevertheless, the data show that substanual incorporation occurs tn the
furan rning duning the reacuon Because there 15 no explanation for these shight
differences readily apparent, all four numbers were given equal statisttcal werght and
are shown 1n Table | as an average value

A number of mechanisms have been suggested 1n the past for the decarbovyla-
non of hexuronic acids and their resultant conversion 1nto 2-furaldehyde®™® Isbell
proposed a mechanism for the dehydratoa (and decarboyylation) of o-galacturenic
acid to 2-furaldehyde as well as to reducuc a~d [t 1s notewortay that the i1sotope-
incorporauon data coflecwed 1n this study are coasisten! with his proposal and could
have occurred via equilibrauon of heto--enol forms during the dehydration reaction
Although the Isbell mechanism 1s justified on an electronic basis. inspection of the
proposed dehydration pathway (Chart 1) for the dehydrauon of a hexuronic acid or
an Amador product derived trom 1t (R = CO,H) shows that intermediate 9 1s a
B.y-unsaturated acid, this class of compounds 15 Kknown to undergo decarbozy'auon
readiiy Thus ac an alternative to the decarbosyviauon step proposed by Isbell,
compound 9 (R = CO;H), on decarboxvlation by the mechanism generally accepted ! *
for the decarbosvlation of a f,y-unsaturated acid, (Chart 2), would give rise to an
isomer (11) of 2-ketopentanedial, which could cyclize to 2-uraldehyde (12) Such a
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mechanmism 1s arractive because it involves the tormauon of a stable, hydrogen-
bonded, sin-membered rnng. this, through a concerted shuft of electrons, could
eliminate carbon droxide Such a mechanism would predict incorpcraton at posiuon 3
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of the furan ring as a result of prcton transfer dunnog decarboxylation, at posiiton 4
through equilibranon of 11 with 1ts heto form pnior to cyclization and dehydration
and possibly at the aldehyde carbon as a result of reversible equlibration of the
starting matenal with its 1,2-enediol The mechanism is qualitatively consistent with
the labeling partterns observed
Further support for such a decarbosylation mechanism is found 1 a report
descnibing  the dehydrauon of L-xjlo-5-hcev-ulosomc acid (L-sorburonmic acid,
5-keto-p-gluconic acid ™) in methanolic hydrogen chloride?+'3. In this system, the
carbosyl group is estenified and hence cannot parucipate 1o a decarboxylauon
reacuon by the foregoing pathway. The major product of this reaction 1s methyl
5-formyl-2-furoate, a product that would be predicted if the D-glucuronic acid
underwent dehydratton in a manner analogous to that of hesoses and pentoses.
instead of undergoing decarboxylation

EXPERIMENTAL

Materials and mzthods. — U.v spectra were recorded with a Perkin-Elmer
model 124 recording, double-beam spectrophotometer Radiochemucal determinatons
(except for phenylhydrazones) were performed with a Packard model 3003 TRI-
CARB liquid scinullation counter using a scintillant composed of 2 parts of a
solutton composed of 2 lters of toluere, 825 g of 2,5-diphenyiosazole (PPO),
0 25 g of 1,4-bis 2-(4-methyl-5-phenyloxazolyl)-benzene (Me.POPOP), and 1 part of
Triton X-100 (v/v). Efficiencies were determimed by using tnuated toluene as an
internal standard. Phenvlhydrazine denvatives were combusted and analyzed radio-
chemically by the Pemlab Company N m r spectral measurements were made with a
Vanan T-60 spectrometer Chemucal shifts are reported relative to tetramethylsilane.

Preparation of starting materials. — 5-Glucuronic acid and p-glucofuranurono-
6,3-lactone were obtained commercially Preparation of l-dibenzylamino-i-deoy-
pD-fructuroruc acid (mp 1350°) and I-benzylamimo-l-deoxy-D-ffireo-pentosulose
(mp 135° followed the procedures of Heyns and Baltes'* and Micheel and
Hagemann!?®, respectively

Contersion of carbofydrate into 2-furaldeliy de. — Dcehydration reactions were
conducted i 1 25w sulfunc acid, except for studies involving 3 or 1ts y-lactone, 1n
which 3M acid was used Carbohydraie concentrations were adjusted so that 200-
100 mg of 2-furaldehyde were produced. For deutenum-exchange expenments, the
solutions contained 960 +0.1 aiom percent deutenum. In a typical expeniment
mmvolving tritium exchange, 8 g of 2 was placed 1n a 100-mli, round-bottomed flask
equipped with a condenser and receiving flask. Afier adding 75 ml of tnniated water
that was | 25M in sulfurtc acid, the solution was distilled and 60 m! of distilfate was
collected during a 3-h period The disullate was divided 1nto two equal poruoens, with
the 2-furaldehyde therein being converted 1nto the phenylhydrazone or nto 2-furoic
acid as described next For deuterium-exchange experiments, a stmilar procedure was
used, with the resulung 2-furaldehyde betng converted first into 2-furoic acid and
finally 1nto methyl 2-furoate as described next
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Conversion of 2-furaldelyde nto ithe phenylliydrazone — Phenylhydrazones
were prepared by adding an excess of phenylhydrazine 10 one portion of the disullate
The resulting crystals were isolated on a filter, washed with water, and recrystallized
from ethanol-water to constant specific acuviyy (m p 937)

Ovidanion of -furaldelnde to 2-furoic acid — In a typical experimeni, 2 5 g of
freshly prepared silver ouide was added to a sample of distillate contaiming 200-
400 mg of 2-furaldehyde The suspension was aeruted, stirred, and maintained at
pH 10 by the dropwise add:uon of a sodium hydroude for the duration of the
reacion U v spectra revealed the absence of 2-furaldehyde after 30 min, at wnich
ume the mixture was centnfuged, filtered, and the filirate reated with an excess of
Dowex-50 (H*) and finally evaporated to dryness The resulung 2-furoic acid was
redissolved mm m=thanol and evaporated to dryness iwo tiraes, and then sublimed
(60° and 0 25 mm) o constant radiocherical acuvity (m.p 131%)

Preparation of methyl 2-furoaic — For deutenum-exchange investigations,
200 mg of 2-furoic acid was esterified by the dropwise addiuon of cthereal diazo-
methane After evaporation at room temperature, the resulung viscous hquid was
dissolved 1n | 5 ml of chlofororm-d and used for n m r measurements
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