CROATICA CHEMICA ACTA CCACAA 59 (2) 429—438 (1986)

YU ISSN 0011-1643
CCA-1655 UDC 547.722.1
Original Scientific Paper

Mechanism of Levulinic Acid Formation in Acid Catalysed
Hydrolysis of 2-Hydroxymethylfurane and 5-Hydroxymethyl-
furane-2-carbaldehyde

Jaroslav Horvat, Branimir Klaié, Biserka Metelko and Vitomir Sunjié*

»Ruder BoSkovié« Inmstitute, Department of Organic Chemistry and Biochemistry,
41001 Zagreb, P. O. B. 1016, Yugoslavia

Received April 29, 1985

Mechanism of levulinic acid (2) formation in acid catalysed .
hydrolysis of 2-hydroxymethylfurane (3) and 5-hydroxymethyl-
furan-2-carbaldehyde (I) is studied by BC-NMR spectroscopy.
Hydroxymethyl-derivative of dihydrofurane 5, its anhydro-deri-
vative 6, and an unsaturated keto-aldehyde (8) are determined
as intermediates in the transformation of 3 into 2 (Scheme 3).
The conversion of 1 into 2 requires more drastic conditions, and
the only two structures determined unambigously are 15 and 16;
the former intermediate led to polymerized material via A-5,
analogous to polymerization of 4 via 13 and 14 (Scheme 4), while
the latter decarbonylates and rearranges to afford levulinic acid
(Scheme 5). Intramolecular oxygen transfer via cyclic interme-
diates (Scheme 6), embracing concerted C(1)—O and C@B)—X
(X = H or CHO) bond breaking, cannot be proved.

INTRODUCTION

The formation of levulinic acid (v-keto-valeric acid, or 4-oxo-pentanoic
acid, 2) from mono- and polysaccharides, induced by mineral acids, is a well
known reaction. Tollens' was the first to observe in 1876 the formation of
this keto-acid when heating starch or glucose with dil. sulfuric acid. Since
then, industrial scale production®® and broad usage®® of levulinic acid were
developed. From 1964 this acid is commercially available and represents a
valuable Cs-synthon in the production of drugs, plastifyers, resins, etc.

Acid catalysed degradation of hexoses, e¢.g. p-glucose or p-fructose into
levulinic acid implies, among other mechanistic peculiarities, a puzzling trans-
formation of their 6-hydroxymethyl group into a methyl group in the final
product. The intermediary formed aldehyde I could be converted into levu-
linic acid in the yields that range around 50%,, apparently embracing the
critical steps of the all-round process of levulinic acid formation. The first
mechanistic proposal® for transformation of 1 into levulinic acid (2) is out-
lined in Scheme 1., and has repeatedly been referred to in the monographs.i0!
On the other hand, when 2-hydroxymethylfurane (furfurol, 3) is heated in
aqueous solution in the presence of mineral acids, levulinic acid is obtained
in much higher yields. Preparative studies of the rearrangement of furfurol
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H.S. ISBELL, J. Res. Nat. Bur. Stand. 32(1944) 45.

to levulinic acid ester by methanolic hydrogen chloride,®!* and to levulinic
acid in aqueous hydrochloric acid,!® were published in the late 50’s, but these
important papers were not cited'®!! until a recent monography.? Crucial
for the mechanism of levulinic acid formation from hexoses is the hydroxy-
methyl — methyl transformation with concomitant oxydation of carbonylic to
carboxylic group. This apparent concertidness of a reductive and an oxydative
process in the same molecule led to the following assumption, expressed in
Elderfield’s monography:'® »...It is suggested that the hydroxyketoaldehyde
(XIV) is an intermediate in the formation of levulinic acid, which in turn
is formed by a sort of intramolecular disproportionation resembling a Can-

nizzaro reaction ...« (Scheme 2 — referred to as in the originalt®).
SCHEME 2
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A. PUMMERER et al., Chem. Ber. 68 (1935)480.

It is obvious, however, that the above acid catalysed process cannot be
compared with the Canizzaro reaction, which takes place under strongly basic
conditions and includes two carbonyl groups in a disproportionation process.
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RESULTS AND DISCUSSION

The study of levulinic acid formation from monosaccharides in aqueous
solution at elevated temperatures, i.e. under conditions used exclusively for
its preparation either on the bench-!"1? or on the industrial®>-® scale, was
described only in the early paper of Birkofer et al.'® Involved in some pre-
parative work on levulinic acid production from available natural resources,®
we noticed that mechanistic aspects of this transformation in aqueous solution
could only be conveniently followed by !*C-NMR. The first results were
published in a preliminary paper,* here we present the full account of this
work.
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The hydrolysis of the model compound 3 and 2-methyl congener 4 was
monitored first, then the same process was examined for 5-hydroxymethyl-
furan-2-carbaldehyde (1), the actual intermediate in hydrolysis of hexoses to
levulinic acid. On dissolving 3 and 4 in dil. aq. hydrochloric acid, both com-
pounds turned within 10—15 min. at ambient temperature into oils, which
were separated and analysed by !*C-NMR. Compound 3 gave a mixture of
the unsaturated acetal 5 and its dehydration product 6, as well as a small
quantity of an unsaturated ketone derivative, presumably 8. Compound 4
transformed into a mixture of the hemiacetal 13 and the open-chain deriva-
tive 14, which underwent complete polymerization above 70°C (Scheme 3,
compounds in the square brackets, assigned by letter and Scheme number,
were not spectroscopically identified). Figure 1 shows the BC-NMR spectra
of the mixture 5/6, while Table I includes chemical shifts and multiplicities
of the signals (where they could be determined unambigously) in the off
resonance experiments. '

When the acidic solution of 5 or 6 was heated at cca 70 °C, complete
conversion into levulinic acid took place. It is conceivable that if formed,
the intermediary angelica lactone 7 could undergo [1,5s]-sigmatropic shift*
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Figure 1. A. — BC-NMR spectrum of 3, B. — BC-NMR spectrum of mixture 5/6,

isolated by extraction

BC-NMR Chemical Shifts (in ppm) for Compounds 1, 2, 3—16"

in chloroform. after

TABLE I

i 10 min. reaction of 3 in dil. (1:4)
hydrochloric acid at 70 “C, C — off resonance spectrum of the same 5/6 mixture.

Compound Cy Cs Cs Cy Cs Cs
1 58.3 (1) 153.6 (s) 113.0 (d) 128.4 (d) 163.4 (s) 181.2
2 29.6 (q) 208.3 (s) 37.9 (1) 27.9 (1) 177.3 (s)

3 B2 (t) 156.0 (s) 109.0 (d) 112.0 (d) 143.7 (d)

4 11.9:(q) 151.1 (s) 104.6 (d) 109.5 (d) 139.9 (d)

5 56.8 (t) 153.3 (s) 110.3 (d) 27.3 (1) 107.1 (d)

6 108.4 (1) 151.3 105.2 141.4 (d) 106.5 (d)

< 13.9 (q) 153.2 (s) 99.5 (d) 34.1 (1) 170.0 (s)

8 27.2 206.4 126.6 13%.3 108*

9 78.4 143.7 108.5 28.3 108.1

10 30.0 208% 39.9 66.5 108*

11 27.8 2082 128.3 135.1 110% :
12 29.5 (q) 206.9 (s) 38.0 (t) 28.0 (t) 173.4 (s) 51.6
13 12.1 (q) 153.0 (s) 105.2 (d) 8.6 (t) 105.0 (d)

14 278 206.2¢ 352" 36.1° 205.5¢

15 65.2 (1) 113.4 (s) 26.9 (1) 125.4 153:5 192.2
16 26.8 207.5° 128.8 138.7 209.8° 184.6

-

Numbering of C-atoms is exemplified on the formulas of compounds 1, 2, 3 and
16 in Schemes 3 and 5.
® Multiplicities of signals in the off resonance experiments are given in parentheses.
»4 ¢ Assignments may be interchanged.

Signals of the methoxy group carbons appear between 55—58 ppm.

Assignments are ambiguous, more than one signal being present in the narrow

region.
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leading to aromatic structure F-3, which actually represents its enolic form
(Scheme 3). To examine this pathway, independently prepared 7 was treated
under the same conditions; neither the presence of its enolic form nor the
formation of levulinic acid was observed (Figure 2).

Cy
31
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0 0
5 z
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Cy 1
{Csl\ Cyl Ic,)
C2 [C3] H [(’:L] 1
r I T i
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Figure 2. BC-NMR spectrum of 7 in dil. (1 :4) hydrochloric acid, positions for
signals (in brackets) of 5 are indicated.

SHEME 4.~

J\H
H*/MeOH °H3°CH2(O—><OCH1
9

=\_H
'cHaocHz-<_><ocH3 —~  CH3 COCHz CHCHIOCHy), —
(0] QCH;3

Ak 10
——=  CH3COCH=CHCH(OCHy); — CH;COCH;CH,COOCH;

n 2

H*/Hz0 H H*
CHa‘O —t CH3'<—><OH CH3-—<:O>—H —— polymers
0 o
4 i3 14

|

Since the ¥C-NMR spectrum of 7 unambigously revealed that this com-
pound exists in its carboxylic form, an earlier statement, that 4 exists in the
enolic form, based on UV-spectroscopic data,®® should be corrected.

When we repeated acid catalysed methanolysis of 1 under conditions
described for preparative scale experiments,!* 3C-NMR monitoring revealed
accumulation of the cpen-chain intermediates 10 and 11 along with the final
ester 12 (Scheme 4). Birkofer et al.!5 isolated A-4, presumably the first inter-
mediate formed, which subsequently transformed into the open-chain com-
pounds 10—12, (Scheme 4).
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Some ethoxy congeners of these compounds were identified by Horton and
others?3:2¢ during the work on acid catalysed degradation of a 2,3-unsaturated
sugars.

It is particularly noteworthy that careful examination of time depended
BC-NMR spectra, in some cases up to 5000 scans were accumulated, revealed
no formation of the cyclic intermediate possessing methyl group on cyclic
acetal, as e.g. B-4, C-4 or D-4.

OCH, OCH,
HO /—/< e
CH3—<—>~OCH3 CH CH3><—><H _
o 33'\0 OEH, CHy0 ™\~ OCH
Lig c-4 D4

This result indicates that the previously isolated!®!* methoxy-derivatives
with cyclic hemiacetal structure were formed during distillation.

In the next series of experiments the hydrolysis of 1 was monitored.
It required a slightly higher temperature (= 100°C), and the formation of
the two intermediates (15 and 16) was demonstrated (Scheme 5, compounds
in the square brackets, assigned by letter and Scheme number, are not spectro-
scopically identified, Table I).
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Obviously, the first one (15) resulted from the regioselective 2,3-addition
of water on 1, and presumably polymerized via A-5 similarly as 4 polymerizes
via 13 and 14. The »correct« 4,5-addition of water on 1 should give B-5
which could then undergo a similar sequence of transformations as 5, including
decarbonylation step of the detectable intermediate 16.

There remains, however, another possibility of levulinic acid formation
from the intermediary 5, or its counterpart B-5, as outlined in Scheme 6.
This is an attractive way of explaining the formal disproportionation of
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C-6 or D-6 which has been already mentioned in a wrong context.'® This me-
chanism requires intramolecular acetalysation of A-6, or ketalisation of B-6,
leading in both cases to 6-membered intermediates C-6 or D-6. Such unsubsti-
tuted cyclic hemiacetals are known to predominate in equilibrium with respec-
tive open-chain forms.?> We were not able, however, to notice in the *C-NMR
spectra of the reaction mixtures any significantly intensive signals that
could be assigned to the intermediates A-6/B-6 and C-6/D-6. Assuming that
their steady-state concentrations were beyond the sensitivity of the instru-
mental technique, there still remains another assumption to be confirmed;
in the intermediates C-6 and D-6 an anomalous C(1)-O bond cleavage
should occur to form levulinic and formic acid, or water molecule. Since
such a process is difficult to envisage as the heterolytic one, we presume
concerted, water assisted, cleavage of the C(1)-O and C(5)-X bonds (Sheme
6). :

SCHEME 6.
0
. 0
roond X5, HQ | Ny = A
0 OCH, \O 0/ X = OH _ . X
X X ox 07 0oH
B: o A-6 o .
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0
sHzd m X - OH
CHy > oH

In the reactive conformation of hemiacetal D-6 p-type lone pair on
the ring oxygen and o-orbital of C—X bond are in the antiperiplanar position.
Thus, stereoelectronic requirements® are fulfilled for concerted C(5)-X bond
breaking. Group X, however, cannot be a proton according to the present
knowledge, since proton abstraction (oxydation) of hemiacetals is energet-
ically highly unfavourable when performed thermally.?”:?® When X=CHO,
concerted decarbonylation and C(1)-O bond breaking in D-6 seems stereo-
electronically favoured process. Approval of the concertedness of a chemical
reaction is a difficult task, however, in our case it is even more so since
the reacting species is an unstable intermediate.

Therefore, we have undertaken additional experiments, attempting to
prove indirectly the mechanistic pathway outlined in Scheme 6, by proving
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the intramolecularity of the oxygen transfer from CH,OH group in 1 and 5,
and consequently from CH,OH group in hexoses to the carboxylic group in
the levulinic ocid.

To prove the possibility of exchange of both carbonylic and carboxylic
oxygen atoms in levulinic acid with water at an elevated temperature,
via corresponding enolic forms, an H/D exchange experiment was performed.
Complete exchange was observed at the methyl and methylene groups,
i.e. at C(1) and C(3) which flank the carbonyl group in 2, while the protons
of the methylene group a- to the carboxyl group remained unexchanged
(see Experimental). This result indicated that, once !®0-atom is introduced
into a carboxyl group its exchange with water at elevated temperature vie
enolization and the addition-elimination will be slow.

Levulinic acid exchanges at 90°C and at pH 2—25 at both oxygen
functions, its ketone carbonile oxygen undergoes a much faster exchange
than the carboxylic oxygens. Detailed mechanistic and kinetic study on
levulinic acid fragmentation and '°O/%0 exchange is under way.?® Cnly
with all these data in hand the final answer on the possibility of intramo-
lecular oxygen transfer within a cyclic hemiacetal could be possible.

In conclusion, it could be stated that this work revedled formation of
dihydrofurane 5, its dehydro-derivative 6, and the open-chain compound
8 as the most stable intermediates in acid catalysed transformation of
furfurol 3 into levulinic acid. The conversion of the aldehyde 1 proceeded
via analogous intermediates B-5 and 16, and presumably wvia the same
final intermediate 8. So far it was not possible to prove the intermediacy
of, otherwise energetically favourable, cyclic acetales C-6 or D-6, embracing
intramolecular oxygen transfer in the course of the levulinic acid formation.

EXPERIMENTAL

BC-NMR spectra were recorded with a JEOL FX 90 Q Fourier transform
spectrometer operating at 22.5 MHz at the desired temperature in 5 mm tubes. The
sweep width used was 5200 Hz, the pulse width 5 us (90° pulse), the acquisition time
1.5 or 2 s, and the digital resolution 0.056 p.p.m. Chemical shifis were measured
(accuracy of the chemical shift, = 0.1 p.p. m.) relative to internal dimethylsulfoxyde,
set at 39.6 p.p.m. down-field of tetramethylsilane; or 1,4-dioxane (66.6 p.p.m.); or
to internal MesSi. Mass spectroscopic measurements were performed on a Varian
MAT-CN 7 instrument.

Compound 3 was purchased from Aldrich (Janssen) and used without further
purification. Compound 1 was prepared according to ref. 30., and purified by
distillation, b.p. 140—145°C/3 mm Hg, compound 7, according to ref. 31, and puri-
fied by distillation, b.p. 64—866°C/20 mm Hg, compound 2 was obtained from
various sources during an earlier preparative study.!?

BC-NMR Monitoring of the Conversion of 2-Hydroxymethylfuran (3) into
Levulinic Acid (2)

Compound 3 (500 puL) was dissolved in dil. (1 :4) hydrochloric acid (2 mL) and
stirred in a closed vessel for 30 min. at ambient temperature. After a few minutes,
yellow, oily drops separated from the solution. After 30 min of stirring, half-vclume
of the resulting emulsion was removed, extracted with chloroform (0.5 mL), organic
phase separated, dried briefly over NasSQO4, and placed in the NMR tube. The accu-
mulated signals of 5 and 6, besides the traces of starting 3, were identified. Then,
the solution was heated in the NMR tube for 10 min. at 70 °C; this treatment led
to formation of levulinic acid (2), no other signals were observed out of the noise-
level.
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An aliquote (0.3 mL) of the original aqueous solution was heated in the NMR
tube for 10 min. at 70 °C, during which time the oil that separated was completely
redissolved; the spectra reveal a complete transformation into levulinic acid.

BBC-NMR Monitoring of the Conversion of 5-Hydroxymethylfuran-2-aldehyde
(1) to Levulinic Acid (2)

Compound 1 (100 ul) was dissolved in a mixture of dil. (1 :1) hydrochloric
acid (300 uL) and DMSO-dg (100 uL), placed in the NMR tube and the spectra run
at ambient temperature and increasing the temperature by 10 °C within 10—15 min.
Notable accumulation of signals for intermediates 15 and 16 was observed above
70 °C. At 90—100 °C, they slowly disappeared and only signals of levulinic acid
were recorded.

When a similar experiment was performed maintaining lower temperatures
(30—60 °C), very slow (days long) accumulation of signals for 15, 16 and 8 occurred.
When the same transformation was performed in the NMR probe at 120°C,
extensive polymerization occured and only signals of levulinic acid were detectable.

BC-NMR Monitoring of the Conversion of 2-Methylfuran (4) into a
Mixture 13/14

Compound 4 and a solvent mixture, consisting of dioxan-water-conc. hydro-
chloric acid (7:3:10), were mixed in the ratio 1:1. From the resulting solution
an oily phase soon separated; this emulsion was stirred for 24 hrs, then extracted
with chloroform. The organic extract was dried (NasSOs), evaporated in wvacuo,
residual product mixture dissolved in DMSO-dg, and the *C-NMR spectra were run.

A sample of this mixture was redissolved in the above solvent mixture and
heated for 2 hrs at 100 °C. No traces of 13C-signals of levulinic acid were detectable;
on prolonged heating a complete polymerization occured.

H/D Exchange in Methyl Levulinate (12)

A. Compound 12 (19.2 mg, 0.15 mmol), and D20 (414 mg, 20.6 mmol, Merck, min.
99.75% D) were placed in the NMR tube. B. The same quantities as in A, only
6% DCI in DO was used instead of D»O.

Both samples, A and B, were thermostated at 99-—100 °C, and 'H-NMR spectra
were run at cca 15 min. intervals. The spectrum of sample A did not show any
H/D exchange, while in sample B the exchange was complete after cca 30 min;
the signals at 2.20 ppm (s, CH3CO), and at 2.72 (t, —COCHy—) disappeared, while the
triplet at 2.60 (for —CHyCOO) collapsed to a singlet of unaltered intensity (related
to CH3OD singlet at 3.71 ppm, as internal standard).

REFERENCES

1. R. Grote and W. Tollens, Liebigs Ann. Chem. 175 (1876) 183; ibid.
206 (1880) 226.
. U.S. 3, 2568481 (1966) (to Crawn Zellerbach Corp.), Chem. Abstr. 65 (1966) 10497.
. Brit. 1, 283185 (1972) (to Otsuka Chem. Drugs Co., Ltd.), Chem. Abstr. 77 (1972)
126003.
U.S.S.R. 463 657 (1975), Chem. Abstr. 83 (1975) 42838y.
. Belg. 883067 (1980) (to Goodrich B. F. Co.), Chem. Abstr. 94 (1981) 156326n.
. Crown Zellerbach Corp., Chem. Prod. Div., Levulinic Acid, (pamflet), 1965, pp.
7—8.
7. M. Kitano, F. Tanimoto, and Chabayaski, Chem. Econ. and
Chem. Enging. Rev. 7 (1975) 25.
8. V. Sunjié¢, J. Horvat, B. Klai¢, and S. Horvat, Kem. Ind. 33 (1984)
593.
9. H. S. Isbell, J. Res. Nat. Bur. Stand. 32 (1944) 45.
10 W. Pigman and E. F. L. I. Anett in The Carbohydrates (W. Pigman
and D. Horton eds.), Vol. 1A, Academic Press, New York, 1972., pp. 185—136.
11. R. J. Ferrier and P. M. Collins, Monosaccharide Chemistry, Penguin
Books, 1972, pp. 93—94.

w N

O Ut



438 J. HORVAT ET AL.

12. A. Katritzky (ed.), Comprehensive Heterocyclic Chemistry, Vol. 4. Part 3,
p. 72, Pergamon Press, Oxford, 1984.

13. K. G. Lewis, J. Chem. Soc. (1957) 531.

14. L. Birkhofer and R. Dutz Liebigs Ann. Chem. 608 (1957) 7.

15. L. Birkhofer and F. Beckmann, Liebigs Ann. Chem. 620 (1959) 21.

16. R. C. Elderfield and T. N. Dodd Jr., in Heterocyclic Compounds, (R. C.
Elderfield ed.), Vol. 1, J. Wiley and Sons, Inc. and Chapman and Hill Ltd.,
1965., pp. 172—173.

17. B. F. McKenzie in Organic Synthesis, Coll. Vol. 1, J. Wiley and Sons Inc.,
Sec. ed. 1958, pp. 335—336.

18. F. Shafizadeh, C. McIntury, H. Lundstrom, and L. Y. Fu, Proc.
Mont. Acad. Sci. 33 (1973) 65.

19. V. Sunji¢, J. Horvat, and B. Klai¢, Kem. Ind. 33 (1984) 599.

20. J. Horvat, B. Klai¢, B. Metelko, and V. Sunji¢, Tetrahedron Lett.
(1985) 2111.

21. T. L. Gilchrist and R. C. Storr, Organic Reactions and Orbital Symetry,
Cambridge University Press, 1972., pp. 204—253.

22. D. P. Langlois and H. Wolff, J. Amer. Chem. Soc. 70 (1548) 2624.

23. D. Horton and T. Tsuchiya, Carbohydr. Res. 3 (1966) 257.

24. D. Horton and T. Tsuchiya, Chem. and Ind. (1966) 2011.

25. A. Streitwieser Jr. and C. H Heathcock, Introduction to Organic
Chemistry, Macmillan Publ. Co. Inc.,, New York, 1976., pp. 679—680.

26. P. Desclongchamps, Stereoelectronic Effects in Organic Chemistry, Per-
gamon Press, Oxford-New York, 1983., pp. 41—47.

27. C. L. Perrin and D. Nunez J. Chem. Soc., Chem. Commun. (1984) 333.

28. R. J. Taillafer, S. E. Thomas, S. E. Nadean, and H. Beierbeck,
Can. J. Chem. 57 (1979) 3041.

29. D. Srzi¢, unpublished results.

30 HH H. Szmant and J. D. Chundary, J. Chem. Techn. Biotechn. 31
(1981) 135.

31.J. HA Hellberger, S. Ulubay, and H. Civelekoglu, Liebigs Ann.
Chem. 561 (1949) 215.

SAZETAK

Mehanizam nastajanja levulinske Kkiseline u Kiselinom kataliziranoj hidrolizi
2-hidroksimetilfurana i 5-hidroksimetilfuran-2-karbaldehida

J. Horvat, B. Klaié, B. Metelko i V. Sunjié

BC-NMR spektroskopijom proucavan je mehanizam nastajanja levulinske Kkise-
line (2) u kiselinom kataliziranoj hidrolizi 2-hidroksimetilfurana (4) i 5-hidroksi-
metilfuran-2-karbaldehida (I). Kao intermedijari u prelazu 3 u 2 odredeni su
hidroksimetil-derivat dihidrofurana 5, njegov anhidro-derivat 6, i nezasi¢eni keto-
-aldehid 8 (Shema 4). Za prevodenje 1 u 2 potrebni su zeS¢i uvjeti, a jedina dva
jednoznac¢no utvrdena intermedijara u tom procesu su 15 i 16; prvi od njih daje
polimerizirani materijal preko daljeg intermedijara A-5 (analogno polimerizaciji
4 preko 13 i 14 (v. Shema 4), dok drugi dekarbonilira i prelazi u levulinsku kise-
linu (Shema 5). Nije bilo moguc¢e dokazati intramolekulski prenos Kkisika preko
ciklickih intermedijara (Shema 6.), koji pretpostavlja uskladeno kidanje veza
C(1)—0 i C(3)—X (X =H ili CHO).





