Fumaric Acid Formation from 2-Methylfuran and Maleic Acid

Anal. Caled for CgH;oBrNO;: C, 38.7; H, 4.1; N, 5.7. Found: C,
38.8; H, 4.2; N, 5.6.

7,7-Dibromo-8-0xo-1-azabicyclo[4.2.0]octane (29). A mixture
of decomposition products (94 mg) collected by preparative GC of
the esters 27 and 28 was chromatographed on kieselgel (11 g) with
ether-petroleum ether (3:1 v/v), giving 29 (25 mg), intermediate
fractions (16 mg) shown by GC to contain 22 to the extent of
~30%, then 22 (35 mg), identical with an authentic sample by ir,
NMR comparison, and GC coinjection. 29 was recrystallized from
hexane—CHCly: mp 73-74°; ir 1782 em~1; NMR (CCly) § 1.2-2.3 (8
H, m), 2.82 (1 H, m), 3.5-4.0 (2 H, m); mass spectrum m/e (rel in-
tensity) 285 (M*, 1.7), 283 (M*, 8.2), 291 (M*, 1.7), 257 (<1), 255
(1), 253 (<1), 212 (46), 210 (80), 208 (50), 204, 202 (93), 176, 174
(86), 123 (82), 95 (27), 44 (100).

Anal. Caled for C7HpBroNO: C, 29.7; H, 3.2; N, 4.9. Found: C,
30.0; H, 3.3; N, 4.9.

Registry No.—3, 4450-97-9; 4, 42599-26-8; 5, 42599-27-9; 7,
54409-76-6; 11, 759-65-9; 12, 505-18-0; 13, 42599-33-7; 14, 35620-
54-3; 15, 54409-78-8; 16, 54409-79-9; 17, 42599-30-4; 19, 54409-80-
2; 20, 54409-81-3; 21, 42599-31-5; 22, 53618-26-1; 23, 40876-98-0;
24, 54409-85-7; 25, 54409-86-8; 26, 54409-87-9; 27, 42599-40-6; 28,
42599-41-7; 29, 42599-42-8; ethyl sodioethoxalylacetate, 54409-82-
4; piperidine, 110-89-4; N-chlorosuccinimide, 128-09-8; ethyl 3-
tert-butoxycarbonyl-2-oxopropionate, 54409-83-5,

References and Notes

(1) M. L. Rueppel and H. Rapoport, J. Am. Chem. Soc., 94, 3877 (1972).

(2) For a recent review, see A. K. Mukerjee and R. C. Srivastava, Synthe-
sis, 327 (1973). :

(3) (a) E. M. Burgess and G. Mline, Tetrahedron Lett., 93 (1966), G. Ege,
Chem. Ber., 101, 3079 (1968); G. Ege and F. Pasedach, ibid., 3089; G.
Ege and E. Belsiegel, Angew. Chem., Int, Ed. Engl., 7, 303 (1968); (b) S.
N. Ege, Chem. Commun., 759 (1968); (c) M. F. Chasle and A. Foucaud,
C. R. Acad. Sci., Ser. C, 268, 2034 (1969); (d) G. Lowe and D. D. Ri-
dley, J. Chem. Soc., Perkin Trans. 1, 2024 (1973); G. Lowe and H. W.
Yeung, Ibid., 2007 (1973); (e) G. Stork and R. P. Szajewski, J. Am.
Chem. Soc., 98, 5787 (1974), S

(4) A preliminary account of this work has appeared: D, R. Bender, L. F.
Bjeldanes, D. R. Knapp, D. R. McKean, and H. Rapoport, J. Org. Chem.,
38, 3439 (1973). :

(5} (a) P. L. Southwlck, E. P. Previc, J. Casanova, Jr., and E. H. Carlson, J.
Org. Chem., 21, 1087 (1956); 3 was obtained by condensation of ethyl
N-methyl-3-aminopropionate with diethyl oxalate. (b) The only other
widely used approach to direct ring synthesis of 2,3-pyrrolidinediones
appears to be the addition of substituted oxalacetates® or pyruvic aclds’
to Imines. Vaughan® and Msrchant® have recently made extensive use
of both methods.

J. Org. Chem., Vol. 40, No. 9, 1975 1269

(6) (a) R. Schiff and C. Bertini, Ber., 30, 601 (1897); (b) L. J. Simon and A.
Conduche, Ann. Chim. Phys., 12, 5 (1907).

(7) (a) W. Borsche, Ber., 41, 3884 (1908); (b) W. Borsche, ibid., 42, 4072
1908

(8) W. R. Vaughan and .. J. Covey, J. Am. Chem. Soc., 80, 2197 (1958),
and references cited therein. -
(8) J. R. Merchant, M. A. Hakim, K. J. Pillay, and J. R. Putell, J. Med. Chem.,
14, 1239 (1971).
(10) P. L. Southwick and E. A. Barnas, J. Org. Chem., 27, 98 (1962).
(11) R. Adams, S. Miyano, and M. D. Nair, J. Am. Chem. Soc., 83, 3323
(1961).
(12) B. M. Goldschmidt, J. Org. Chem., 27, 4057 (1962).

.(18) D. W. Fuhihage and C. A. Van der Weri, J. Am. Chem. Soc., 80, 6249

(1958).

(14) C. Schopf, A. Komzak, F. Braun, E. Jacobi, M. L. Bormuth, M. Bulin-
heimer, and I. Hagel, Justus Liebigs Ann. Chem., 559, 1 (1948).

(15) M. F. Grundon and B. E. Reynolds, J. Chem. Soc., 3898 (1963).

(16) J. R. Merchant, V. Srinivisan, and R. M. Bhandarkar, Indian J, Chem., 1,
165 (1963).

(17) E. Dagne and N, Castagnoli, Jr., J. Med. Chem., 15, 357 (1972).

(18) J. E. Dubois, F. Hannequin, and M. Durand, Bull. Soc. Chim. Fr., 791
{1963). The yield of 18 was improved to 35% by using lithium dilsopro-
pylamide as base.

(19) Both the cls and trans isomers of the ethyl and fert-butyl esters have
been synthesized by a different method: G. Lowe and J. Parker, Chem.
Commun., 577 (1871); D. M. Brunwin, G. Lowe, and J. Parker, J. Chem.
Soc. C, 3756 (19712. Both isomers of the methyl ester have also been
made subsequently.®@

(20) H. B. Kagen, J. J. Basselier, and J. L. Luche, Tetrahedron Lett., 941
(1964); K. D. Barrow and T. M. Spotswood, ibid., 3325 (1965).

(21) Chromatography was carried out on a 5 ft X 0.25 in, column of §%
QF-1 on Chromosorb W (80-100), AW.DMCS, at 175° and a He flow
rate of 130 mi/min. Retention times follow: 24, 3.9 min; 22, 4.3 min; 27,
7.1 min; 28, 8.1 min.

(22) X-Ray crystallographic and other stereochemical studies of 23, 25, and
26 will be presented in a subsequent paper.

(23) Solvent evaporations were carried out in vacuo using a Berkeley rotary
evaporator. All melting points are uncorrected. Infrared (ir) spectra were
measured In chloroform (unless otherwise indicated) on a Perkin-Eimer
137 or 337 spectrometer; ultraviolet (uv) spectra were measured using
a Cary Model 14 spectrometer; and nuclear magnetic resonance (NMR)
spectra were taken in CDClz (unless otherwise indicated) on a Varian
T-80 spectrometer and are reported as § values relative to Me,Si (6 0).
NMR line shape abbreviations include: dd, double doubiet, br dd, broad
double doublet. Mass spectra were obtained on a CEC 103 instrument.
All reactions and continuous extractions were carried out in a nitrogen
atmosphere. Chromatography was performed on Merck silica gel (70~
230 mesh) or Camag kieselgel (>250 mesh) without binder as speci-
fied. Kieselgel chromatography was generally carried out in quartz col-
umns using General Electric manganese-activated zinc silicate, Type
T-1 (1%, w/w) as a short-wavelength uv indicator. Elemental analyses
were performed by the Analytical Laboratory, Department of Chemistry,
University of Californla, Berkeley. )

(24) Experiments by D. R. McKean, this laboratory.

(25) C. Clerc-Bory and C. Mentzer, Bull. Soc. Chim, Fr., 436 (1958).

Fumaric Acid Formation in the Diels-Alder Reaction of 2-Methylfuran
and Maleic Acid. A Reexamination!
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The exo-cis Diels-Alder adduct of 2-methylfuran and maleic acid in water slowly reverts to maleic acid, 2-
methylfuran, endo-cis adduct, and fumaric acid. Fumaric acid formation in this system has previously been cited
to support a nonconcerted [2 + 4] eycloaddition. Present kinetic measurements, however, show that fumaric acid
is formed in a very minor side reaction. The sum of the rates of cycloaddition between maleic acid and 2-methyl-
furan and cycloreversion of exo-cis and endo-cis [2 + 4] adducts is at least 1000 times as fast as fumaric acid for-
mation and suggests that the main reaction proceeds by a concerted path. Possible mechanisms of direct isomer-
ization of the maleic acid in equilibrium with adduct have been tested. Other possible mechanisms leading to fu-

maric acid are discussed.

The retrodiene reaction,? exhibited by the exo-cis adduct
(I) from maleic acid and 2-methylfuran, has been asserted
to be a nonconcerted reaction.? Gagnaire et al.? reported
that in aqueous solution adduct I undergoes cycloreversion
to yield fumaric acid along with maleic acid and 2-methyl-
furan (eq 1). Fumaric acid, along with exo- and endo-cis

adducts, were also reported to form if maleic acid and 2-
methylfuran were mixed in aqueous solution. If, however,
furan or 2,5-dimethylfuran was used instead of 2-methylfu-
ran, no fumaric acid was observed to form from the maleic
acid initially present under similar conditions. On this
basis the authors concluded that reversion of I to its ad-
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Figure 1. Concentration of products found in the aqueous layer as a function of time from decomposition of I in Dg0. Circles, use right or-
dinate; squares, use left ordinate. Reactants and product are designated as follows: I, open circles; maleic acid, half circles; endo-cis adduct,
solid circles; 2-methylfuran, open squares; fumaric acid, solid squares. The agueous solution becomes supersaturated in 2-methylfuran

which, after a period of time, forms a second layer.

0 CH, genesis of fumaric acid have been carried out and described
COH below.
COH Results and Discussion
I,-I The NMR spectrum of a relatively concentrated aqueous
H solution of I initially exhibits resonances attributed to the
I protons of I but shortly after mixing there appear peaks

maleic acid + fumaric acid + 2-methylfuran (1)

dends involved rupture of the two bonds in separate steps.
Cis—trans isomerization was presumed to occur in an inter-
mediate such as I1.

This conclusion, concerning the timing of bond rupture,
appears to contradict that derived from earlier studies on
adduct IIT; III is the anhydride of 1. The results of exten-
sive studies utilizing secondary deuterium isotope effects in
I1I are in accord with a concerted and equal rupture of the

that can be assigned to maleic acid, 2-methylfuran, and the
corresponding endo-cis adduct formed from the diene and
dieneophile generated from decomposition of I. After
standing at ambient temperature for 100 hr, however, a
new vinyl singlet, due to fumaric acid, begins to appear. At
further extended reaction times fumaric acid precipitates
from solution. A typical plot of the percent composition of
the aqueous phase vs. time is shown in Figure 1. With an
initial exo-adduct concentration (~0.5 M) suitable for
NMR measurements, a pseudo-steady state is reached after
about 150 hr. At this concentration the bulk of the 2-meth-
ylfuran formed is immiscible with water and forms a sec-
ond phase. The amount of diene in the aqueous phase
reaches a plateau of 0.02 M after about 70 hr. It is readily
apparent that maleic acid appears long before and in great-
er quantity than fumaric acid. The question arises: Does
fumaric acid form solely from free maleic acid or is it gener-
ated as a direct consequence of the formation and decom-
position of cycloadducts?

0 s P o v Since a pseudo-steady state is reached at about the time

o 2’ \VYI _ )];_XY;YZ:—ZH: u that fumaric acid is first detected, it was of interest to de-

. W=17 “H X=Y=D termine. the rate constant for decomposition of the e:xo-c.is

W | d’, W=X= Y’ =H;Z=D adduct in aqueous solution. 2-Methylfuran and maleic acid
x Y 0 (W=X=Z=H;Y=D) both absorb strongly at 215 nm while the adduct absorbs

e/f, - (1:1) only weakly. The kinetics of formation of addends were

I W=Y=Z=H X=D) thus followed. The results of such a run are shown in Fig-

two bonds during retrodiene reaction.* Since the mecha-
nism for two such similar compounds undergoing reverse
cycloaddition appears not to be the same, the usefulness of
the methods used to investigate these reactions is weak-
ened. Consequently we have repeated the experiments of
Gagnaire et al. and examined them in greater detail.

In this report we show that fumaric acid is a very minor
product and consequently the products of decomposition of
I are consistent with a concerted two-bond rupture. Fur-
ther experiments aimed toward the determination of the

ure 2. The average rate constant for decomposition at 22° is
4.84 X 1073 sec™! (t1/o = 8.9 hr). The apparent slow rate of
exo-adduct disappearance shown in Figure 1 is thus due to
the reversibility of the reaction, which becomes important
at the high concentrations used by Gagnaire and Payo-
Subiza to observe continuous wave NMR spectra. Under
these conditions a true equilibrium between exo adduct,
maleic acid, and 2-methylfuran is never reached because '
fumaric acid is continually being formed at the expense of
maleic acid but this latter reaction is slow enough that an
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Figure 2. Kinetics of decomposition of I in ethanol-water (5:95)
followed at 215 nm. {I}p = 5 X 105 M,

approximate dissociation equilibrium constant (K’eq) can
be calculated at t = 250 hr: K’¢q (aqueous phase) = [maleic
acid][2-methylfuran]/[exo adduct] = 0.028 M. From the ap-
proximate equilibrium constant, the relatively constant
concentration of diene in the aqueous phase, and the rate
constant for exo-adduect decomposition, a pseudo-first-
order rate constant for exo-adduct formation in the aque-
ous phase can be determined. This turns out to be 8.7 X
1075 sec™L,

Each time the adduct decomposes to addends or the ad-
dends combine to yield adduct, an intermediate and/or
transition state is formed. It is interesting to compare the
number of passes which yield maleic to the number which
yield fumaric acid. Using the rate constants obtained above
for the forward and backward reaction it can be calculated
that only 2.8 per 1000 yield fumaric acid. This is a maxi-
mum value, since the number of passes over the energy sur-
face leading to the formation and decomposition of the
endo adduct has not also been included. Similar kinetic
studies on decomposition of the endo adduct are precluded
because of its greater instability with respect to I. NMR ex-
periments at ambient temperature, however, show that
starting with maleic acid and 2-methylfuran, endo adduct
forms about twice as fast as the exo adduct. Moreover, if 1
is allowed to decompose in aqueous medium the endo to
exo concentration ratio steadily climbs, reaching the value
of about 2 after about 150 hr. Consequently, the rate of
endo decomposition is about the same but formation is
about twice as fast as the exo adduct. Thus a fumaric acid
molecule is really formed about once per 1000 passes
through the transition states leading to either formation or
decompesition of Diels-Alder adducts.

Further proof that fumaric acid is only a minor product
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Figure 3. Fumaric acid formed from different initial concentra-
tions of I in D20 after 187 hr.

during apparent exo-adduct decomposition comes from di-
rect examination of the product under conditions where
the reaction is not reversible. Decomposition of I in aque-
ous solution at high dilution (4 X 1078 M) followed by
freeze drying yields maleic acid as product with no detecta-
ble fumaric acid as determined by averaging 200 NMR
scans. In a control experiment, 2 1. of an aqueous solution,
containing maleic and fumaric acids in a ratio of about 10:1
and a total concentration of 2.5 X 10~3 M, was subjected to
the same isolation procedure. Fumaric acid was easily visi-
ble in an NMR spectrum of the residue in D3O. Thus if fu-
maric acid were formed in the high-dilution experiment it
would have been detected.

When decomposition of I is carried out in acetone-dg or
dimethyl sulfoxide-dg at NMR concentrations, no fumaric
acid is observed. In these solvents the equilibrium between
adduct and addends lies completely to the side of addends.
The first-order rate constant for disappearance of adduct
in acetone-dg was found by NMR to be 4.8 X 1075 gec™!
(22°), essentially the same as in dilute agueous solutions.
Thus the decomposition rate is about the same but the cy-
cloaddition rate is substantially reduced in these solvents
as compared to water.

The rate of appearance of fumaric acid was also exam-
ined as a function of initial exo-diacid concentration. In
several parallel runs where the initial adduct concentration
varied between 0.45 and 1.3 M, the concentrations of fu-
maric acid generated at various reaction times were mea-
sured by NMR. Data obtained well after the system
reached pseudoequilibrium (¢ = 187 hr) are shown in Fig-
ure 3 and demonstrate that the rate of formation of fumar-
ic acid is first order in exo-diacid concentration.

These results suggest two broad ways in which fumaric
acid can be generated. (1) At NMR concentrations and for
the period of observation (i.e., t > 100 hr) the ongoing re-
versible [2 + 4] cycloaddition reactions provide numerous
passes through an intermediate and/or transition state. If
[2 + 4] cycloaddition can be accomplished by either of two
paths, one requiring a higher energy than the other, then
the very large number of traverses across the lower energy
path will be accompanied by a few across the higher energy
path. The higher energy path could be identified with a
two-step cycloaddition reaction (to be discussed below).
The lower energy path is the concerted cycloaddition
mechanism. (2) Alternatively, the rate of fumaric acid for-
mation could be dependent on the product of the concen-
trations of free 2-methylfuran and maleic acid or in some
other way on the concentration of a species, other than cy-
cloadduct, derived from reaction of these addends. The
concentration of 2-methylfuran in either phase is relatively
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constant and the kinetic pattern exhibited by reactions in
categories 1 and 2 would be similar, and therefore other cri-
teria must be used to establish the genesis of fumaric acid.
In the latter category reasonable mechanisms can be sug-
gested to account for the generation of fumaric acid. These
have been tested and are discussed below.

Possible Reversible Enolization. If a 0.5 M solution of
I and its reaction products were sufficiently acidic to pro-
tonate a substantial fraction of carbonyl oxygens a revers-
ible enolization of the adduct with concomitant isomeriza-
tion could take place (eq 2).5 Fumaric acid, obtained from

0 CH; 0 CH,
cozH2 _ C(OH), O
COQH + COZH -
0 CH;
H
coH| ™ fumaric acid + 2-methylfuran
&
CO,H %)

decomposition of the adduct in DO and then recrystallized
from water, contained no excess deuterium as indicated by
NMR and mass spectrometry. Thus isomerization by eq 2
is ruled out.

Catalyzed Isomerization of Maleic Acid by Revers-
ible Radical Addition Has Been Known for Some
Time.® This is an important path to consider, since
Schenck’? had reported previously that 2-methylfuran
forms a peroxide in the presence of oxygen. Indeed, freshly
distilled 2-methylfuran exposed to air quickly develops a
vellow color which fails to form in the absence of oxygen.
The peroxide decomposes rapidly at 70-80° and could pos-
sibly supply oxy radicals which might be effective in cata-
lyzing cis-trans isomerization. Several experiments carried
out to see if oxy radical formation is important on the time
scale of fumaric acid appearance indicate that it is not.
Neither the presence of N,N,N’,N’-tetramethylphenyl-
enediamine in the aqueous phase nor 2,4,6-tri-tert-butyl-
phenol in the 2-methylfuran phase had any effect on the
ability of the reaction mixture to generate fumaric acid.
Moreover, bubbling oxygen into a dimethyl sulfoxide-dg
solution of 1, allowing cycloreversion of the aqueous solution
to take place in the dark, or degassing an aqueous solution
of adduct prior to decomposition neither increased nor re-
tarded the rate of fumaric acid formation. These results sug-
gest that radicals are not responsible for the isomerization.
Neither does the isomerization appear to take place in the 2-
methylfuran phase.

Possible Reversible Ene Reaction. The reversible ene
reaction® was investigated as a possible path for formation
of fumaric acid. Maleic acid-2,3-ds was mixed with an ex-
cess of 2-methylfuran in D20. As shown for an exo arrange-
ment of ene and eneophile in eq 3, vinyl-proton exchange
would be expected for such a pathway. The fumaric acid
collected after an extended reaction time was crystallized
from a 250-fold excess of water. The dried fumaric acid, ex-
amined by NMR, showed no evidence of Vinyl-protium in-
corporation.

Possible Nucleophilic Catalysis. Cis-trans isomeriza-
tion of carbonyl-conjugated olefins by nucleophiles is well
known.? To see whether the small quantity of carboxylate
anion in equilibrium with I might possibly be catalyzing
cis—trans isomerization of maleic acid,? 5,6-dihydro-I was
prepared and added to an aqueous solution of maleic acid.

Shih, Lauy, and Seltzer
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Use of 5,6-dihydro-I instead of I allows inspection of this
type of pathway without the possibility of isomerization via
reverse cycloaddition taking place. No fumaric acid could
be detected by NMR, however, after a D20 solution of ma-
leic acid (0.38 M) and 5,6-dihydro-I was kept at ambient
temperature for 7 days.

Conclusions

Fumaric acid formation is a minor side reaction during
reversible cycloaddition of 2-methylfuran and maleic acid.
For every 1000 journeys along the normal path leading to
formation or decomposition of adduct, about one molecule
of fumaric acid is formed. Several possible mechanisms for
its formation have been tested. The results suggest that it
is unlikely that carboxylate anions present, nor oxy radicals
that may be formed from the expected presence of 2-meth-
ylfuran peroxide, cause maleic acid to isomerize. Neither a
reversible ene reaction (eq 3) nor a reversible enolization

- (eq 2) appear to be responsible for the isomerization.

Fumaric acid appears to be generated in aqueous solu-
tion only when there is a substantial steady-state concen-
tration of exo and/or endo adduct present at ambient tem-
perature over periods of days. Adduct decomposition, of
course, is a first-order reaction while cycloaddition is sec-
ond order. When the initial exo-adduct concentration is
low enough the cycloaddition rate is substantially reduced
without affecting the cycloreversion rate; fumaric acid can-
not be detected under these conditions although the reac-
tion is carried out in water. Fumaric acid does not form in
either acetone or dimethyl sulfoxide solution even when
the initial concentration of exo adduct in these solvents
would have been sufficient to generate fumaric acid in
aqueous medium. In acetone or dimethyl sulfoxide, the ad-
duct at these concentrations reverts completely to maleic
acid and 2-methylfuran in a clean first-order reaction; the
cycloaddition rate here is much reduced. Conditions which
allow continuous forward and backward reactions provide
an amplification of an irreversible side reaction. Several
possible mechanisms have been tested and discarded. Rea-
sonable mechanisms which remain to be considered are re-
versible nonconcerted [2 + 2] and [2 + 4] cycloaddition.

One striking observation is that fumaric acid only ap-
pears to be generated in those systems capable of support-
ing a substantial steady-state concentration of endo and
exo [2 + 4] cycloadducts. It seems reasonable, therefore, to
attribute the fumaric acid to an uncommon stepwise [,2, +
4] cycloaddition reaction. The stepwise path would be ex-
pected to require a higher activation energy than the sym-
metry-allowed concerted reaction. The intermediate would
have a strong driving force for internal rotation provided
by the steric crowding resulting from the proximity of the
two carboxyls. An indication of the magnitude of this driv-
ing force is provided by the relative stabilities of cis and
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trans pairs. In aqueous solution, maleic is 5 keal/mol less
stable than fumaric acid.1®

The conclusions derived from the studies of Williamson
et al.l! also suggest that cis-5,6-dicarboxyl groups in a bicy-
clo[2.2.1]-2-heptene skeleton suffer from steric crowding.
Williamson and coworkers treated 1,2,3,4,5-pentachlorocy-
clopentadiene with dimethyl maleate and observed the for-
mation of approximately equal quantities of IV, V, and VI,

Cl. H . H
a e al cl
H CO,CH,
H C0,CH,
Cl [ Cl |
cl CO,CH, <l H
CO,CH, H
v %
H .«
cl
al i
H
Cl |
Cl CO,CH,4
CO,CH,4
VI

the relative amounts presumably determined by kinetic
control. The reaction of the same diene with dimethyl fu-
marate, however, gives a single adduct, VII. No adduct hav-

Cl. H
1
d CO,CH,
H
cl I
a H
CO,CH,
\%il

ing both chlorine in the 7-anti position and an exo carbo-
methoxy group was detected. It is most noteworthy that
when each of the four adducts was treated with sodium
methoxide in methanol, VI and VII were unchanged but
both IV and V yielded a product containing only VII and
devoid of adduct reactant. These studies clearly demon-
strate the strong driving force for the relief of steric crowd-
ing experienced by the endo-cis (IV) and exo-cis (V) 5,6-
dicarbomethoxy groups.

NMR spectra taken of an aqueous solution of I at succes-
sive reaction times indicates the appearance of one and
only one additional adduct. The new adduct has been as-
signed the endo-cis configuration.® The spectrum which it
exhibits is in agreement with coupling constants measured
in similar bicyclo[2.2.1]-2-heptene systems.!2 The assign-
ment also agrees with the ability of this compound to yield
maleic acid. Therefore, for this stepwise path to be impor-
tant, predominant reversion of the intermediate to fumaric
acid and diene must result in spite of the expectation that
formation of the second bond would result in a trans [2 + 4]
adduct of greater stability than that of the cis-exo or cis-
endo compound.!! If it is assumed that the fate of every in-
termediate formed from stepwise addition results in inter-
nal rotation and reversion, then AAG? between concerted
and stepwise [2 + 4] reaction is about 4 keal/mol.13

Bartlett and coworkers'4 have shown that in the cycload-
dition reactions of 1,1-dichloro-2,2-difluoroethylene to ei-
ther 2,4-hexadienes or 1,4-dichloro-1,3-butadiene,. recov-
ered diene is isomerized to the extent of 3-7%. The concert-
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ed [+2s + »2s] reaction is symmetry forbidden and thus the
diradical intermediate which is initially formed in the step-
wise reaction can undergo internal rotation. Internal rota-
tion competes with formation of the second bond as shown
by substantial amounts of isomerized adduct along with
nonisomerized product. However, another reaction com-
petes with formation of the second bond and that is the
rupture of the first bond to give recovered diene of retained
and isomerized structures. In these systems formation of
the second bond is three to four times faster than cleavage
of the first.

If 2-methylfuran and maleic acid were able to enter into
the path of [2 + 2] cycloaddition, internal rotation would
be expected to compete strongly with any subsequent reac-
tion. No [2 + 2] adduct is observed to form, however, in any
of the solvents used in this study. Consequently the diradi-
cal would have to undergo bond rupture many times faster
than second bond formation in order to satisfy the present
observations.

Several examples of parallel [2 + 2] and [2 + 4] cycload-

" dition reactions progressing under one set of conditions are

known.!® In two of the systems amenable to stereochemical
analysis, the results suggest that the [2 + 4] cycloadducts
are formed by a concerted mechanism while the parallel [2
+ 2] addition is a stepwise reaction!®*f and a common in-
termediate is ruled out.!®

In the absence of cycloaddition products having a trans
diacid structure, it is at present impossible to choose be-
tween a reversible [2 + 2] and a reversible stepwise [2 + 4]
cycloaddition as the reaction responsible for generating fu-
maric acid.

Experimental Section

Preparation of 4-Methyl-7-oxabicyclo[2.2.1]-2-heptene-
exo-cis-5,6-dicarboxylic Acid (I). The anhydride of the title
compound was prepared as described previously.* Finely divided
anhydride (10 g) was stirred in 50 ml of water for 2.5 hr at ambient
temperature. Water was removed from the solution on a rotary
evaporator at ambient temperature and the wet diacid was dried in
vacuo: yield 10 g; mp 136-138° dec; NMR (Dg0O, external TMS) &
1.65 (s, 3 H), 3.06 (s, 2 H), 5.34 (d, J = 1.5 Hz, 1 H), 6.34, 6.60 (split
AB quartet, J = 1.5, 5.6 Hz, 2 H). ’

Preparation of 4-Methyl-7-oxabicyclo[2.2.1]heptane-exo-
cis-2,3-dicarboxylic Acid (5,6-Dihydro-I). 4-Methyl-7-oxabicy-
clo[2.2.1]-2-heptene-exo-cis- 5,6-dicarboxylic acid anhydridet (1.74
g) in 30 ml of ethyl acetate was hydrogenated at atmospheric pres-
sure and ambient temperature using 490 mg of 5% palladium on
charcoal catalyst. Reduction was complete in about 20 min, there-
by avoiding extensive reversion. The catalyst was removed by fil-
tration whereupon the product began to precipitate out. The solu-
tion was cooled and the product was removed by filtration: NMR
(CDClg) 6 1.67, 1.77 (s, m, respectively, 7 H), 3.07, 3.30 (AB quar-
tet, J = 7.5 Hz, 2 H), 4.92 (d, J = 4.5 Hz, 1 H). The anhydride (1.1
g) was stirred with 15 ml of water at 35-50° for 1.5 hr, whereupon
all the solid dissolved. The solution was concentrated in vacuo and
dried in a vacuum desiccator: mp 153.6-155°; NMR (D,0) § 1.72
(s, 3 H), 1.97 (m, 4 H), 3.47 (s, 2 H), 5.17 (m, 1 H), 4.93 (internal
HDO).

Kinetics .of Decomposition of I and Formation of Fumaric
Acid. Most of the kinetic studies were followed by proton NMR
with a Varian A-60 instrument. Generally 1 ml of solution ranging
in concentration from about 0.4 to 1.5 M in I were prepared and
stored in NMR tubes. Studies were carried out in room light and in
darkness, at ambient and elevated temperatures. Spectra and inte-
grated peak areas were obtained at various times. The identifica-
tions of products (2-methylfuran, maleic and fumaric acids) peaks
were made by adding authentic samples to parallel runs. Endo-cis
adduct (4-methyl-7-oxabicyclo[2.2.1]-2-heptene-endo-cis-5,6-di-
carboxylic acid) was identified by the similarity of its NMR spec-
trum to that of I NMR (D20) 6 1.71 (s, CHy), 3.50, 8.74 (AB quar-
tet, H-5 and H-6, J = 10 Hz, lower half split into doublet of dou-
blets, J = 4.6 and ~2 Hz), 5.21 (dd, J = 1.5, 4.5 Hz, H-1), ~8.35
and 6.60 (AB quartet, J = 5.5 Hz, H-2 and H-3, further splitting
was obscured because of the presence of maleic acid).
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Kinetics of decomposition of I were measured in a Beckman DU
spectrophotometer. Solutions of I in 5% alcohol-water, ranging in
concentration between 4.4 X 1075 and 2.2 X 10™4 M, were prepared
and the reaction was followed by measuring the optical density at
215 nm due to the appearance of maleic acid and 2-methylfuran at
various times until no further increase was observed. The cell com-
partment was at ambient temperature (22°).

The effect of N,N,N’,N’-tetramethyl-p-phenylenediamine on
the rate of appearance of fumaric acid from I was measured. A so-
lution of I (1.0 M) in DgO was prepared and the kinetics of fumaric
acid formation at ambient temperature were followed by NMR
and compared to the observed rate when the solution also con-
tained N,N,N’,N’-tetramethyl-p-phenylenediamine dihydrochlo-
ride.

In another run 1.0 ml of a 1.0 M solution of I in D20 was placed
in an NMR tube together with a 1.0 M solution of 2,4,6-tri-tert-
butylphenol (recrystallized twice from ethanol) in 1.0 ml of CDClj.
A control contained 1.0 ml of CDCl3 and 1.0 ml of a 1.0 M solution
of I. After 6 days the layers were separated and the quantity of fu-
maric acid was measured in each D90 phase.

The relative rates of endo- and exo-adduct formation from 2-
methylfuran and maleic acid were measured by NMR. To 1 ml of a
1.5 M solution of maleic acid in D20, 0.5 ml of 2-methylfuran was
added. NMR spectra were recorded periodically. The relative
quantities of endo and exo adducts were measured by comparison
of their methyl peak heights at 4 1.71 and 1.65.

Effect of 5,6-Dihydro-I on Maleic Acid. Maleic acid (30.8 mg)
and 49.8 mg of 5,6-dihydro-I were mixed and dissolved in 0.7 ml of
D20. The solution was added to an NMR tube and the tube was
sealed. Spectra were recorded periodically for 7 days from the time
of mixing and stored at room temperature during that time.

Product Studies with Deuterated Reactions. Maleic acid-
2,3-ds was prepared as previously described.l® Maleic acid-2,3-d»
(1.0354 g, 96.4% vinyl deuteration by NMR) was dissolved in 3.0
ml of D20 in an ampoule. To this was added 1.50 ml of freshly dis-
tilled 2-methylfuran. The ampoule was cooled, flushed with nitro-
gen, and sealed at atmospheric pressure. The ampoule was main-
tained at 56° for 16 hr. Fumaric acid crystallized upon cooling. It
was dried in vacuo at 100°, yield 0.264 g (~25% conversion). The
fumaric acid was recrystallized from 10 ml of boiling water and
dried in vacuo at 100°. A solution of known concentration of the
product fumaric acid in DMSO-dg was prepared and its NMR
spectrum compared to that for a solution of natural fumaric acid of
the same concentration. The integrals for the vinyl and carboxyl
protons were compared internally and between the two solutions.

In another study 2.93 g of I was dissolved in 10 ml of D20 in an
ampoule. The system was flushed with nitrogen and sealed at at-
mospheric pressure. The contents were heated at 56° for 5.5 hr.
Upon cooling, fumaric acid precipitated and was collected. It was
recrystallized and dried as described above. The recovered fumaric
acid (50.81 mg) was mixed with 43.04 mg of maleic anhydride and
dissolved in 0.4 ml of DMSO-dg. The ratio of vinyl proton peak in-
tensities (maleic anhydride/fumaric acid) for the two compounds
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was found to be 1.02 as compared to 1.003 for 0% exchange.
The fumaric acid product was examined by mass spectroscopy.

Registry No.—I, 54384-22-4; 5,6-dihydro-1, 54384-23-5; 4-
methyl-7-oxabicyclo[2.2.1]-2-heptene-exo-cis-5,6-dicarboxylic acid
anhydride, 54422-97-8; 2-methylfuran, 534-22-5; maleic acid, 110-
16-7; fumaric acid, 110-17-8; 4-methyl-7-oxabicyclo[2.2.1]-2-hep-
tene-endo-cis-5,6-dicarboxylic acid, 54384-24-6,
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