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A series of Diels-Alder reactions of furan with acrylic and maleic esters has been investigated under conditions
of high pressure. The approximate endo/exo ratios of the adducts with acrylic and maleic esters were 6 : 4 and 8 : 2
respectively. The observed isomer distributions are ascribed to the kinetic control.

In a previous paper we reported the successful Diels-
Alder reaction of thiophene with maleic anhydride at
15 kbar and 100 °C, which afforded stereoselectively
the exo-adduct.? In the pioneering work of Dauben
and Krabbenhoft on the cycloaddition reactions of furan,
it has been reported that both endo and exo isomers are
obtained in approximate ratios of 1 :1 with acrylic
esters and only the endo isomer with dimethyl maleate.?

As a continuation of our investigation in this area,
we were particularly interested in the stereochemical
outcome of the Diels-Alder reaction at very high
pressure. '

Generally, steric factors play a significant role in
determining the reactivity of dienophiles for high
pressure reactions.>% We presumed that in the Diels-
Alder reaction of furan with acrylic and maleic esters,
the endofexo ratio would change with the variation o
alkoxyl in the ester group, since the volume of the
transition state for the endo addition is expected to be
increased by crowding of R function, as shown in the
Scheme 1 for the reaction of the acrylic esters. Based
on this assumption, we have examined the Diels-Alder
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TaABLE I. DIELS-ALDER REACTION OF

FURAN WITH MALEIC ESTERS

reaction of furan with several acrylic and maleic esters
at very high pressure.

Results and Discussion
The results are summarized in Tables 1 and 2. The

TABLE 2. DIELS-ALDER REACTION OF FURAN
WITH ACRYLIC ESTERS (27 °C, 4 h)

R Temp Time P Yield  endojexo
°C h kbar %%  ratio®

27 8 20 94  81:19

27 8 15 9  81:19

aMe 27 8 10 60  82:18
27 16 15 95  82:18

16 6 15 46  82:18

27 8 20 88  80:20

27 8 15 87 81:19

bEt o 8 10 58 81:19
16 6 15 40  80:20

27 8 20 9%  84:16

enby 2 8 15 88  83:17
27 8 10 43 83:17

16 6 15 37 83:17

a) Crude vyields determined from !H NMR integrals.
The values are the average of three or more runs. b) The
ratios were determined from *H NMR integrals.

R P Yield endo/exo
kbar %% ratio®
20 83
a H®® 15 63 6:4
10 43
20 79
d 15 959>
b MeV 15 62 6:4
10 20
20 82
¢ E@® 15 58 6:4
10 23
20 65
d n-Bu 15 55 6:4
10 17
e CH,CCl, 15 75 6:4
f 1-Bu 15 55 6:4
g GgH, 15 40 6:4

a) Crude yields by 'H NMR except as noted. The
values are the average of three or more runs. b) The
ratios were determined from H NMR integrals. c) Iso-
lated after esterification with diazomethane. d) Isolated
after evaporation. e€) 60 °C, 6 h.
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TaBLE 3. SPECTRAL DATA OF DIELS-ALDER ADDUCTS AND THEIR DIHYDRO DERIVATIVES

R NMR 3
Compound Yeofcm 1
o C,CH C,,C-H C,,CeH Others
1a 1740 4.97 (2H, m) 3:?2 (gflfizc)ld, 6.42 (2H, brs) 3.55 (6H, s)
2a 1740  5.24 (2H, brs) 2.80 (2H, s) 6.47 (2H, brs) 3.68 (6H, s)
3.24 (2H, br d, 3.98 (4H, q, J=6 Hz)
1b 1735 4.95 (2H, m) g 6.39 (2H, brs) 1120 (68 & Yo P
3.94 (4H, t, /=6 Hz)
Ic 1740 4.95 (2H, m) 3‘_262 (gfll_l’z‘)‘d’ 6.40 (2H, br s) 1.7—1.1 (8H)
=2 0.95 (6H, t, J=6 Hz)
5a 1735 4.57 (2H, m) 3.08 (2H, m) 2.1—1.5 (4H, m)  3.60 (6H,s)
4.06 (4H, q, J=7 Hz)
5b 1735 4.57 (2H, m) 3.06 (2H, m) 2.0—1.5 4H,m) 798 G & /=TI
3.97 (4H, t, J—6 Hz)
5c 1735 4.55 (2H, m) 3.06 (2H, m) 2.1—1.1 2.1—1.1 (12H)
0.94 (6H, t, J—=6.5 Hz)
2.96 (1H, quintet,
5.01 (1H, br d, J=4.5 Hz) 6.35 (1H, dd,
J=5 Hz) 2.00 (IH, ddd, J=6, 1.5 Hz)
3b 1735 4.89(1H, br d, J=11.5,10,5Hz)  6.13 (1H, dd, 3.56 (3H, s)
J=5 Hz) 1.50 (1H, dd, J=6, 1.5 Hz)
J=11.5, 4 Hz)
2.20 (IH, dd,
J=8, 4 Hz)
" 1735 veama 2.09 (IH, dt,
(1H, d, s 6.30 (2H, br s) 3.64 (3H, s)
J=4Hz) 1.43 (1H, dd,
J=11, 8 Hz)
2.96 (1H, quintet,
5.02 (1H, br d, J=4.5 Hz) 6.35 (1H, dd, '
3 1735 J=5 Hz) 1.99 (1H, ddd, J=6, 2 Hz) 4.01 (2H, q, J—7 Hz)
4.89 (IH, dd, =11.5,9.5,5Hz) 6.13 (1H, br d, 1.22 (3H, t, J=7 Hz
J=5, 2 Hz) 1.51 (1H, dd, J—=6 Hz)
J=11.5,'4 Hz)
2.27 (IH, dd,
=8, 4 Hz)
5.02 (1H, brs) {12’(1}1 ),
. , dt, 4.10 (2H, q, J=7 Hz)
4c 1735 +.91 (IH, d, 72105 4 5e) 6.26 (2H, br s) 18 o o
J=4Hz) 1.41 (1H, dd,
J=10.5, 8 Hz)
4.97 (IH, d 2.93 (IH, quintet,  6.31 (1H, dd,
3d 1735 J=5 g—lz) J=4.(5 oy j=36,(2I-II-Iz(;d 3.98 (2H, b, J=6Hz)
4.85 (IH, dd, 1.96 (1H, ddd, 6.08 (1H, dd, LI LACH)
J=5,2 Hz) J=11.5,10, 5Hz) J—6, 1.5 Hz) -94 (3H, t, J=7 Hz)
5.04 (1H, brs) 3;_%38 (ﬁl’z‘)id’ 4.06(2H, t, J=6 Hz)
4d 1735 4.93 (1H, d, § 70" (10 e 6.30 (2H, brs) 1.8—1.2 (5H)
J—4Hz) AT 1Ay 0.96 (3H, t, j=7 Hz)
2.90 (1H, br q,
6b 1735 4.5 (2H, br m) J=7ha) 1.9—1.4 (6H) 3.57 (3H, s)
1.9—1.4
4.69 (1H, m 2.46 (1H, dd,
b 1735 4.53 (IH,brdd,  J=10, 5 Hz) 2.2—1.3 (6H) 3.63 (3H, s)
J=5, 3 Hz) 2.2—1.3

a) Measured in CDCl,.

b) Measured in CHCI,.

isomer distributions of the reactions were analyzed by
means of NMR (Table 3).9

The observed endofexo ratios of the adducts with
acrylic and maleic esters were approximately 6 : 4 and
8 : 2 respectively. The endo/exo ratios were not substan-
tially affected by the change of pressure up to 20 kbar®
nor by the variation of the alkoxyl in the ester group in
the reactions with either acrylic or maleic esters.”? To
examine the possibility of equilibrium between the

stereoisomers, the isolated endo and exo products with
methyl acrylate and dimethyl maleate were each kept
at 15 kbar for 15 h. However, no isomerization was
observed by NMR measurements. These results are
in accordance with the restricted retro-Diels-Alder
reaction under high pressure conditions.®) Therefore,
the obtained endo/exo isomer distributions would be the
results of kinetic control rather than the type of kinetic
and thermodynamic pattern mentioned for the furan-
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TABLE 4. RELATIVE RATES IN THE DIELS-ALDER REACTIONS
OF FURAN WITH MALEIC AND ACRYLIC ESTERS AT
15 kbar AND 27 °C IN DICHLOROMETHANE

No. Dienophile Relative rate®
1 _CO,R R=Me 2.76
2 I < Et 2.06
3 ~CO.R n-Bu 2.25
4 R=H 1.05
5 Me 1.00
6 ,CO,R Et 0.85
7 I n-Bu 0.75
8 CH,CCl, 1.84
9 i-Bu 0.75

10 CeH; 0.41

a) Rate relative to that of reaction 5 (k=3.77x10-31
mol-1s-1). The values are the average of three or more
runs.

maleic anhydride reaction.® The high endo selectivity
of maleic esters is probably due to large secondary
orbital interactions.1?

The steric effects of an alkoxyl group on the reactivity
of these dienophiles were explored by a kinetic approach.
All the reactions were clearly second-order at 15 kbar.
The rate constant (k,) for the reaction of furan with
methyl acrylate was 3.77x10-31mol-*s=! at 27 °C.
The relative rates are shown in Table 4. These show
that the reactivity of both acrylic and maleic esters was
- slightly decreased by increasing the bulkiness of the
alkoxyl in the ester group. The most notable decrease
is in the reaction with phenyl acrylate (No. 10). The
steric factors, such as expected from ‘“rule of six,””1)
might affect the reactivity of these dienophiles. For the
usual Diels-Alder reactions, e.g., the reactions of cyclo-
pentadiene with acrylic esters at atmospheric pressure,
no such effects due to the variation of an alkoxyl group
were observed.!? Our findings suggest the steric effects
must be more serious for high pressure reactions.

Experimental

General Methods. All boiling points and melting points
are uncorrected. H NMR spectra were obtained on a
JEOL-MH-100 spectrometer using solutions in carbon
tetrachloride with TMS as the internal standard; the IR
spectra were recorded as films on a JASCO IRA-I, unless
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TABLE 5. PHYSICAL CONSTANTS OF DIELS-ALDER
ADDUCTS AND THEIR DIHYDRO DERIVATIVES

Found (Calcd) (%)

Mp 6.,/°C or Bp

Compound 6,/°C(mmHg) ’é—’ bﬁ
22 120—121.5 (gg:ég 2;38)
5a 135—140 (14) (2213? gﬁgg)
5b io—i7sas) 3% T
5¢ 148—1521)  Qy30 5.78)
6b 130 (23) (21 '3 ;:gsg)
7 130(18) ors2 758

a) Bath temperature. 1 mmHg=133.322 Pa.
otherwise stated.

All high pressure reactions were performed at a concentra-
tion of 3 Mt of the reactants in dry dichloromethane. For a
description of our high pressure equipment and of the general
procedure for high pressure reactions, see Ref. 2.

Since the direct distillation of oily adducts gave a complete
decomposition,® the elemental analyses were performed after
hydrogenation and are expressed as their dihydro derivatives.

Diels-Alder Reaction of Furan with Maleic Esters. The
general procedure is as follows. A CH,Cl, solution (1 ml) of
furan (3 mmol) and dimethyl maleate (3 mmol) was subjected
to 15 kbar hydrostatic pressure for 8 h at 27 °C. After the
run, the solution was concentrated to a clear, colorless liquid
whose NMR spectrum indicated that the cycloadduct was
obtained in a 90% yield and in an endo/exo ratio of 8 : 2. By
chromatographic separation on neutral alumina (elution with
hexane—ether), a pure endo isomer was obtained as a colorless
liquid.'» An analytical sample was obtained as a colorless
liquid after hydrogenation in AcOEt on 10% Pd/C and
bulb-to-bulb distillation.?®

For a large scale preparation of the exo isomer, a mixture
of 1 g (7mmol) of dimethyl maleate and 0.48 g (7 mmol) of
furan was subjected to 15 kbar pressure at 60 °C for 16 h
without solvent.' The crude product was purified by column
chromatography on neutral alumina using hexane-dichloro-
methane (1 : 1) as the eluent to give the endo-adduct la (232
mg; 15.7%). Further elution with dichloromethane gave
the exo-adduct 2a (345 mg; 23.4%), which was recrystallized
from ether or hexane-dichloromethane.

The spectral data and physical constants are given in Tables
3 and 5.

Diels-Alder Reaction of Furan with Acrylic Esters. The
reaction of furan with methyl acrylate was performed as
described above. A pure sample of each endo and exo isomer
was obtained after column chromatography on neutral
alumina (with hexane—ether, endo isomer was obtained from
earlier fractions).' Analytical samples 6b and 7b were
obtained as in the case of dimethyl maleate after hydrogena-
tion and distillation.® The spectral data and physical
constants are given in Tables 3 and 5.

Equilibrium Experiments. A pure sample of each endo
and exo-adduct with methyl acrylate or dimethyl maleate was
kept at 15 kbar and 27 °C for 15 h in dichloromethane (ca.
1.5 M solution). After the treatments all equilibrium mix-
tures were checked by NMR.

t 1 M=1moldm™3.
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Kinetic Experiments. Kinetic measurements were made
using a piston-cylinder type high pressure apparatus?® in teh
same manner as was used for the other high pressure reactions.
Each kinetic solution of a diene and a dienophile in dichloro-
methane was transferred into a.Teflon cell (0.8 cm?) and
subjected to pressure. The amount ratio of dienophile and
adduct were measured by NMR at appropriate time intervals
for 16 h.

Each reaction studied was clearly second-order and gave a
mixture of end-exo isomeric products. The second-order rate
constants were calculated by the usual second-order rate
expression.

The authors wish to thank Professor Takashi
Tokoroyama, Osaka City University, for valuable
discussions and continuous encouragement. They also
thanks Mr. Sachio Kitagawa for his experimental
assistance.
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