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Abstract—The 4-hydroxy-2-butenolide was established by polarographic method to undergo in water
solutions fast tautomeric and acid-basgnsformations. Depending on pH of the medium doenpound is
present either as a cyclic irreducible form (at pH4por in the open-chain (carbonyl-containing) reducible
forms (at pH > 4 and < 0). It is presumed that in goifigm the basic to strongly acidic medium and
backwards occur consecutive equilibrium transitions of four speciess:-B-formylacrylic acid

anion (A), its neutral molecule (HA) existing dear and cyclic tautomers, and protonated formsAH

and HA"). The formation mechanism thereof is considered.

The B-formylacrylic acid is among the main meric and hydrolytic transitions of compourdin
products in furan compounds oxidation by aqueousvater media in a wide range of pH values by means
hydrogen peroxide in the presence of compounds aoff polarography.

V and VI groups elements\(, Se, Cr) [2, 3]. This . o
compound is known to exist as tautomeric and iso- , "€ r€port in the presemommunication on results

meric forms: cyclic substance [4-hydroxy-2-buteno- Of transformation study and the structure of 4-hydr-
lide (1)], and acycliccis- andtransisomersll andill  0XY-2-butenolide ) forms in water solution with pH

N in the range from 10 to-0.5. The discussion of
[4-8] (Scheme 1). results takes into account the assumption of [7, 8] on
Scheme 1. the polarographic activity ofl-Ill  forms.

We used in the study free of impurities butenolide
n VAN | prepared by acid hydrolysis of 4-acetoxy-2-buteno-

lide under mild conditions. The measurement of

HO™ 07 70 . current intensity and ofhalf-wave potential of
I COOH reduction for different forms of compound arising

S at its dissolution in water media at various pH values

OHC I was carried out with a dropping mercury electrode at

25+0.2°C, the solution ionic strength 1.0 or 3.0 mol
It (HCIO, + NaClQ,), and initial concentration of
compound 4.0x103-4.0x10* mol I"* As reference
was used normal calomel eleode. The butanolidé
solutions were subjected to measuremerd Inin

We reported formerly on isolation of cgformyl-
acrylic acid as lactoné from the mixture of furfural
oxidation products[2]. However no published data

was found on the behavior of its isomerslll at ager preparation. Theacidity of solutions was
different pH which were important for the control of oagyred by titration with HCID or NaOH.The
butenolide preparation and for extending its applica;pitia| reduction potentiaE,, was-0.2 V.
tion as a synthon. Only reports appeared on polaro- n
graphic reduction of 5-ethoxy-2-(5H)-furanone and On adding butenolidé into weaklyacidic, neutral,
trans-B-formylacrylic acid in water solutions [7, 8]. or basic solutions the reduction waves on polaro-
In this connection we carried out a study of tauto-grams depended on the pH val(Eig. 1). In the
—_— neutral solution were observed two waves. Therewith
For communication XIV seg1]. the half-wave potential of thdirst one €, V)

*
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Fig. 1. Reduction waves of butenolide (4x10° M) in
solutions of HCIQ and NaOH of ionic strength 1.0 M
(NaClQ, + HCIO, or NaOH),E,, -0.2 V: (1) 4x10° M
HCIO,, (2)4x10* HCIQ,, (3)no additives, 4)0.9x10° M
NaOH, 6) 2.7x10° M NaOH.
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Fig. 2. Effective limiting current intensity for the first
reduction wave of the moleculdorm Il of butenolidel
(i/c)as a function of pH-{log ¢ci0,)-

Scheme 2.
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previously described in [7] depended on pH of the
medium according to equatiof;,, = -0.386 V +
0.059 pH(curvesl-4), and the potential of the second
wave E'j;, equal to-1.12 V was independent of
proton concentration (curve8-5).

As NaOH was added to the butenolitiesolution
the first wave decreased and the second wgvew
(curve 4). On addition 0f0.70-0.75 mol of thebase
per 1 mol of compound the first wave totally dis-
appeared, and the height of tleecond remained
constant at further alkalization (cunf. At succes-
sive addition of HCIO, to the initial butenolidel
solution till pH ~1 the first wave started togrow
(curve 2) and then decreased (curdg. This result
suggesting the kinetic character of the wave was
already reported in [7] at polarographic measurements
on the solutions of 5-ethoxy-2(5H)-furanone. The
latter is known to provide isomers of thgformyl-
acrylic acid on hydrolysig[5].

These data and also those presented in the table
and on Fig. 2show that at pH > 1 the current
intensity (o) depends on pH as has been observed in
[4].

We demonstrated that behavior of butenolide
more acidic media (pH < 1) in the rangeom pH 1
to -0.5 is characterized by the dependence.gfon
pH that grew with rising acidity and did not attain any
limiting value (Fig. 2). This fact evidences formation
in the strongly acidic solutions of previously
unknown reducible species of compound

Kuzovnikovaet al.[7, 8] suggested for the polaro-
graphic activity of 5-ethoxy-2(3)-furanone that a
reduction mechanism of forming therefrom at pH64
cis-B-formylacrylic acid (I) involved C=C bond.
However nonlinear dependence igf on pH and the
direction of theE;,, shift at the change in the acidity
that we have observed in the study of compound
correspond to the behavior of the majority of the
previously investigated aldehydes and keto@k
Thus it is presumable that the reduction of butenolide
| occurs at the aldehyde C=0O groups of its open-
chain forms arising in watesolutions. This assump-
tion is supported by the fact of one-electron reduction
of these forms as weéhave established along the
known methodq10], whereas the C=C bon(k.g.,
in ethylene, maleic and fumararcids, etc.) is reduced
along the two-electron mechanisfiO].

On Scheme 2 and in the table are presented the
main forms of butenolidé that according to this study
and [7, 8] arise in its water solutions at various pH.
Their presumable structures are considered below.
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Main existing forms of butenolide and hydrolysis products of 5-ethoxy-2{pfuranone at various pH values

Polaro- Registration conditions and polarographic characteristics of the first wave
Presumed graphic
structure activity base pH Eiyp V
1@ 2° 1@ 2° 1@ 2°
v + NaClOQ, + NaOH Universal >6 6-8 0.7-1.0 | 0.7-0.8
buffer
Il + NaClQ, or 0.1 M HCI 4-6 3-6 0.6-0.7 | 0.5-0.7
NaClQ, + HCIO, + 1 M KCI
I - NaClQ, + HCIOQ, 1 M HCI 0-4 <3 0.4-0.6 | ~0.350.5
\Y, + same - <0.5 - <0.4 -

& 1, data of this study; 2, data from [7, 8].

The dependence ofi;z on pH (Figs. %3) However as seefrom Fig. 2 atfurther acidification
suggests that in the electrode process at different pldf the solution in questionpamely at pH < 0.5,
takepart at least four forms of compoumndtherewith  occurs a sharp increase in the current intensity of
three of themnamelyll, IV, andV and/orVI are the first wave evidencing thetransformation of
polarographically active. The behavior features wedrreducible speciesl into polarographically active
revealed permit stating the following: (a) the reductiorproduct of presumable structur&/ and/or VI
of speciesl, IV, andV, VI involves an aldehyde (Scheme 2).
groupC=0; (b)compound in a water solution with - ,
no addition of acids or bases exists mainly as acycli Thus we found a definite range of solution pH

tautomerll that on variation of the medium acidity C(O < pH < 4) where occurred significant ac_cum'ula-
undergoes a number of transitions detected by polar(;“-On of the cyclicform of cis--formylacrylic acid ():
graphy up to 30-60% to the overall amount of its speciations
' (depending on its initial concentration and the ionic
The decrease in the current intensity at growingstrength of the mediumjFigs. 2 and 3).Note that
pH was ascribed in [7] to the decrease in the conthe degree of transition of moleculeinto irreducible
centration of the molecular form o€is-B-formyl-  form | directly depends on the ionic strength of the
acrylic acidll due to its transformation into anidv  solution.
characterized by another reduction potential. Qata
support this assumption. As shovabove (Fig. 1)
the decrease in the current intensity of the fingtve 5
is accompanied by appearance ore negative
potentials of the seconwave. Its current intensity
grows with pH to attain finally the value of the
limiting current intensity of reduction otransp-
formylacrylic acid Il .

-1

=~
T

1

As the neutral solution of butenolide existing
nearly totally in the form ofacyclic tautomerll is
acidified till pH > 0.5 a transformation into
irreducible form occurs that habeen previously
regarded as lactol [7]. Thus our data on polaro- 0 L L L
graphic activity of butanolidel species in water -1 -0.5 0 05 1
solutions at pH > 0.5 are in general consistent with Neutralization (X)
the results of [4, 5](see thetable). In bothcase in Fig. 3. Effective limiting current intensity/c of acid Il as
the basic, neutral, andveakly acidic media were a function of neutralization degree of acidl: Cy .
observed the reducible form¥ andll, and at pH 4.0 mmol I; Cuaciqy + Heiog 1.0 Mol I at X < 0 X =
from 3-4 to ~0.5 was present irreducible forrh Cuciog! Cotacian s X > 0X = Cyaorf Cof acidn -

te, 1 pA 1 mmol

1r -
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Additional information on butenolidé transform- in general consistent with the previously reported
ations and on the forms arising therefrom we obtaineduggestion [7, 11, 12] that the irreducible form
by titration of its water solutions in the polarographic existing at pH 84 is lactoll. At the same time the
cell with solutions ofHCIO, or NaOH. Theexperi- unusual form of the curve orFig. 2 and the
ment was carried out with no buffer; the solutiondependence of theurrent intensity of reduction on
contained predominantly moleculéorm II', and the the ionic strength of the medium and the reasoning
acidity was adjusted by adding various amounts ofjiven further suggest that in trebove mentioned pH
acid or basesolutions. The results of the experimentrange may also exist the other polarographically
describing the variation of current intensity for theinactive forms of the cis-p-formylacrylic acid
first wave depending on the neutralization degree ofScheme 3).
the open-chain moleculdorm Il (X= CyaoH Cofacidin)

and on the degree of its acidificatiorRX = Cycio/ Scheme 3.
Coiacign) are given as a curve orFig. 3. As
seen, the pattern aholeculell behavior at small pH 11

variations is different at acidification or neutraliza-
tion. Thus in the presence of a small amount of

HCIO, the content of acyclidform Il reaches the +H:0 ==\ TN
maximum  (the current intensity of its reduction = H-{ 's <_—>H—C|~@\|C:O
attains that of reduction otransisomer lll ). At -H;O pQo~ OH HO OH
further acidification to pH~1 its content starts to Vlla Viib
decrease. At theame time on adding only0.7 mol l

of NaOH per 1 mol of acidl its concentration falls T

to zero. Thedata onFig. 3 suggest the following. In

the water solution without HCIQ or NaOH at” o T\ =
butenolidel nearly completely is present as molecular H(I) I HO o o
acyclicform Il. As the acidity of the medium grows ‘~~.~H/O |

HA molecule Il goes through a maximum of its H

content and then affords polarographically inert VHd,\A = Vil

species that orfurther acidification is transformed
into protonated forms FA" (V) and/or HA™ (VI).

It was remarkable that the above interconversions

of butenolide | and its formsll, IV, and V, VI 5 containing mainly molecular speciismay arise
within all the pH range under study occurred virtually qo, 64| monoprotonated forms with presumable struc-

instantaneously (the time of equilibration tends toy, o /3 _¢c. Polarographically inactive intermediates
zero) and reversibly (the curves obtained by direcy,, “ang viic may contribute to the decrease in
and reversed titration of the neutral compounsblu- current intensity of reduction in the pH range4

tion coincided). Thisfact indicates the absence Of o aver their concentration as also that of lactone
significant energybarrier to the transitions. The g4 he dependent on the mediaidity. Actually
experimental value of the activation energy for theit is not observed (at pH 2.5 i g is virtually
reversible conversion of acil into the irreducible independent opH). Thus the aécurﬁflf.xlation of these
fobrtm_ I ;n;)ounts to 14 kt%al mol. 'I;h_etvalq;a Waséh species is insignificant. Therefore it is presumable
obtained by measuring thé current Intensity i M&p4; iy this pH range alongside the cyclic structure
minimum point on the curvéFig. 3) as dunction of o ists one more irreducible form of thisB-formyl-

the temperature. Thealculated value of the heat j..vijic acid that may be represented as atiid with
evolution in this stage has a close figur&aH( an intramolecular hydrogeibond

-23 kcal mot?) [10]. _
. , At pH < 0 the proton concentration becomes
Low energy values characterizing this process an@dpparently sufficient for decyclization of structures
the polarographic inertness of the fomwcumulating and viid to afford reducible specie®/, VI (bi-
at pH 0-4 are inconsistent with the structuretodns  protonated moleculeVl is polarographically in-

isomer Il . distinguishable fromadduct V).

The results obtained and literature data on the In consideration of spatial models afs-B-acyl-
ring-chain tautomerism oB-acylacrylic acids [6] are acrylic acids it was previously presumed that their

In principle on acidifying the weakly acidic solu-
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open-chain structures could exist only in themeasured the dependence ofirrent intensity of
energetically unfavorable noncoplanar form preventreduction on the neutralization degree 20 ml of base
ing full-fledged conjugation of ther-bonds[6]. We  electrolyte with appropriate pH value was charged
carried out a formal computation by the softwareinto the polarographic cell then the temperature was
PCModel of the structural and energy parameters obrought to the desired value, tiell was flushed with
molecular formll and of hypothetical biprotonated nitrogen, thesolution of compound was charged
structure VI. The calculation confirmed that with a microsyringe, and the mixing was performed
theoretically the most stable conformation of by the nitrogen flow. The polarogrameere recorded
molecular formlIl is nonplanar molecule ofis-B- at definite time intervals till the current no more grew
formylacrylic acid that arises apparently as a resultdue to reduction of the polarographically active
of mutual repulsion of two C=0Ogroups. The forms.

simulation with the use of the above software of two

hydroxonium ions addition to moleculé resulted in REFERENCES

an analogous nonplanar structurél, therewith

according to the calculated model eachCH ion is 1. PoskoninV.V., YakovlevD.N., KovardakovV.A.,
located at one oxo group and does fmtm a hydro- and Badovskaya,L.A., Zh. Org. Khim., 1999,
gen bond with thecarbonyl. Thesalata suggest that vol. 35, no. 5, pp. 744749.

biprotonated formVI may be regarded as a complex 2. poskonin,V.V., Badovskayal.A., Gavrilova S.P.,

of molecular formll with two hydroxoniumions. and Kulnevich, V.G., zh. Org. Khim., 1989,
vol. 25, no. 8, pp1701-1706.
EXPERIMENTAL 3. Poskonin,V.V., SarkisyanA.V., GrunskayaE.P.,
. and BadovskayalL.A., Khimiya i khimicheskaya
Procgdure for preparation of 4-hydroxy-2- tekhnologiya(Chemistry and Chemical Technology),
butenolide (). To 0.1 mol (14.2 g) of purel-acet- Krasnodar, 1996, pp. 667.

oxy-2-butenolide obtained along procedure [2] was Hellstrom. E.N.E.. Kungl. Lantsbrukshoaskolans
added 100 ml of bidistiled water and 3 ml of 35% i V0 53 ) giahy J |

H”CI’ thelmixtﬁr% V\/Ias_stir;eﬂ fo_r 61?3 at 49{'3000h . Schroeter, S.H., Appel R., Brammer R., and
tll complete hydrolysis of the initial butenolide, the  gepenk .0, Lieb. Ann., 1966, vol. 697, no. 1,
reaction mixture was evaporated at redupeessure, op. 4261

dried in air, thereaction product was extracted with ' ' :

anhydrous ethylether, and driedvith N&,SO,. On 6. ;/F?'tigsz-llfl-é;sp- Khim., 1973, vol. 42, no. 6,

evaporating the solvent we obtain@®95 mol (9.5 g) 7. Kuzovnikoval A., Badovskaya..A., Turyan Ya.l.

of 4-hydroxy-2-butenolide If as yellow oily : ) !
. . and Kulnevich, V.G., Khim. Geterotsikl. Soed.,
substance that slowly crystallized. The physico- 1974, no. 6, pp. 73742,

ggfénelr%aélnfcv?[gagﬁeerlsggﬁsﬁédtzgﬁfompound were in 8. Kuzovnikoval.A., Badovskayad,.A., Turyan,Ya.l.,
) and Kul'nevich, V.G., Zh. Analit. Khim., 1989,

The method of polarographic investigation.The vol. 34, no. 7, pp.1349-1353.
base electrolytes were preparefftom HCIQO,, 9. Stradyn, Ya.P., Teraud, V.V., and Shiman-
NaClQ,, and NaOH of the“*chemically puré grade skaya, M.V., lzv. Akad.Nauk Latv. SSR,1964,
with the use of bidistilled water. Polarographic no. 5, pp. 547558.

measurements were performed on PLS-1 instrument.0. Mairanovskii, S.G., Stradyn, Ya.P., and Bezu-
The characteristics of the dropping mercury electrode  glyi, V.D., Polyarografiya v organicheskoi khimii
were as followsm 2.01 mg &, t; 3.41 s.Butenolide (Polarography in Organic Chemistry), Leningrad:
I was charged into the polarographic cell as a solution  Khimiya, 1975.

in the base electrolyte of concentration 410>~  11. Kulnevich,V.G. andBadovskayal.A., Usp.Khim.,
4.0x10% mol I't. The cell was maintained at 1975, vol. 44, no. 7, ppl256-1279.
temperature 250.2°C and was flushed with nitrogen 12. Kuzovnikova,l.A., Cand. Sci.(Chem.) Dissertation,
to remove oxygen. In experiments where was  Krasnodar, 1975.
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