FULL PAPER

A Diels—Alder Study of the Diene Reactivity
of 2-Methyl-5-vinyl-3-furoate Esters

Michael G. B. Drew,/2! Archie Jahans,!?! Laurence M. Harwood,*!2 and
Sophie A. B. H. Apoux/?!

Dedicated to Professor Marc Julia on the occasion of his 80th birthday

Keywords: High-pressure chemistry / Cycloaddition / Natural products

The reaction of a range of dienophiles with methyl 2-methyl-
5-vinyl-3-furoate under thermal and high pressure conditions
has been surveyed. Efficient cycloaddition onto the diene
system involving the exocyclic alkene has been shown to oc-
cur without concommitant aromatisation. An intramolecular

variant permits the synthesis of an analogue to the colletofra-
garone system.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

Although the furan nucleus has become an important di-
ene in the synthesis of natural products, 2-vinyl-substituted
furans have been less exploited since the first intermolecular
cycloaddition between 2-vinylfuran and maleic anhydride
was reported by Paul in 1939.'al Intermolecular
Diels—Alder reactions with 2-vinylfuran substrates have
been carried out under thermal conditions,'*~! often by
heating the reactants in a sealed tube,!'™~ P but only once
has high pressure been investigated briefly.['d) Thermal in-
tramolecular Diels—Alder reactions involving 2-vinylfuran
substrates have been reported more recently and in all cases
the dienophile is attached to C-2 of the vinyl sub-
stituent.[?2=2"]

In this paper we report the reactivity of methyl 2-methyl-
S-vinyl-3-furoate (1) with a variety of dienophiles towards
an intermolecular Diels—Alder reaction. The [4n+27]
cycloaddition between methyl 2-methyl-5-vinyl-3-furoate (1)

and a dienophile can, in principle, occur over two distinct
diene systems (Scheme 1), involving the furan diene to form
adducts 2, or involving the C4-C5 double bond of the furan
and the extracyclic double bond to furnish adducts 3.

Due to the electron-withdrawing effect of the ester group
reducing the diene reactivity of the furan ring, we proposed
that Diels—Alder reaction could be encouraged to involve
the external double bond under conditions mild enough to
avoid subsequent migration of the newly formed double
bond of the cycloadduct to regenerate the furan nuc-
leus.['10-19:-2) This outcome was desirable as such adducts
were considered to present us with a means of constructing
the tricyclic core of the colletofragarones. The colletofraga-
rones 4 and 5 are members of a family of macro-lactone
tricycles in which the rings possess a common carbon atom
(Figure 1).1%! The retrosynthetic pathway is based upon con-
structing the tricyclic system 7 from a 2-vinylfuran
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Scheme 1. Intra-annular cycloaddition (path a) and extra-annular cycloaddition (path b), with R! = R? or R! # R?
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Diels—Alder precursor 6 with the dienophile attached to
the furan ring by a tether (Scheme 2). This is a very differ-
ent situation to the few intramolecular Diels—Alder cyclo-
additions previously reported!?*~2% in which the dienophile
is tethered directly to the vinyl group, giving rise to linear
tricycles.l2-2¢l
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Figure 1. Structures of colletofragarones Al 5 and A2 6

Results and Discussion

With methyl acrylate and dimethyl maleate, no adduct
was detected under reflux in diethyl ether after seven days
(higher temperatures resulted in extensive decomposition).
However, after seven days at 1.1 Gpal* cycloadducts 8 and
9 were isolated in 23% and 51% yield respectively. In both
cases, cycloaddition had occurred solely via the extra-annu-
lar cycloaddition mode; reformation of the furan ring in the
case of 9 indicates the instability of the adducts to migra-
tion of the double bond.

Using dimethyl acetylenedicarboxylate (DMAD) as the
dienophile, under thermal conditions in diethyl ether led to
the isolation of the aromatised cycloadduct 10 in 61% yield
(completion of the reaction required 19 days), whereas un-
der high pressure conditions, cycloadducts 10 and 11 could
be identified in the '"H NMR spectrum of the crude mixture
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Scheme 2. Retrosynthetic analysis of tricyclic skeleton of the collet-
ofragarones

in a 1:6.5 ratio. However, extensive aromatisation occurred
during attempted purification by column chromatography
resulting in 10 being isolated in 49% yield and 11 in 24%
yield (Scheme 3 and Table 1).

When 2-chloroacrylonitrile was used as the dienophile,
after five days under reflux in diethyl ether an inseparable
mixture of isomers 12 was isolated in 9% yield, whereas the
same mixture was obtained in a yield of 70% under high
pressure conditions. Leaving the reaction under high-pres-
sure conditions for six days resulted in the formation of
benzofuran regioisomers 13 and 14 (Table 1).

With 1-acetoxyacrylonitrile as the dienophile, after nine
days under reflux in diethyl ether only one adduct 15 was
isolated in 12% yield. Under high-pressure conditions, not
only was adduct 15 isolated in 30% yield but also another
isomer 16 and a by-product 17 were obtained in yields of
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Scheme 3. Cycloaddition reactions with methyl 2-methyl-5-vinyl-3-furoate (1)
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Table 1. Intermolecular cycloadditions with methyl 2-methyl-5-vinyl-3-furoate (1)

Dienophiles Thermal conditions High-pressure conditions
Time Yields [%)] Conditions Yields [%)]

Methyl acrylate 8 7d - 7d, 1.1 Gpa, 30 °C 23%
Dimethyl maleate 9 7d - 7d, 1.1 Gpa, 30 °C S51%
Dimethyl 10 19d 61% 1d, 1.9 Gpa, 25 °C 49%
acetylenedicarboxylate 11 - 24%
2-Chloroacrylonitrile 12 5d 9% 1d, 1.9 Gpa, 25 °C 70% (12)

13 -

14 -

6d, 1.1 Gpa, 25 °C 23% (12), 9% (13), 10% (14)

1-Acetoxyacrylonitrile 15 9d 12% 4d, 1.9 Gpa, 25 °C 30%

16 - 7%

17 - 2%
N-Phenyl maleimide 18 8d 90% 1d, 1.9 Gpa, 25 °C 93%
N-Methyl maleimide 19 11d 90% 1d, 1.9 Gpa, 25 °C 92%
Maleic anhydride 20 2d 87% 1d, 1.9 Gpa, 25 °C 96%

7% and 2% respectively. The structures of 15 and 17 were
confirmed by X-ray crystallographic analysis.[>-¢]

Cyclic doubly activated dienophiles, such as N-phenyl
maleimide, N-methyl maleimide or maleic anhydride, were
also investigated. It was found that under both conditions
investigated (either heating under reflux in diethyl ether or
under high pressure conditions) only one product was isol-
ated in each case, corresponding to the expected endo extra-
annular cycloadducts 18, 19 and 20 (Scheme 3). The struc-
tures were confirmed by X-ray crystallographic analysis.[>-¢]
Under either set of conditions, the yields were good but
each substrate showed a modest improvement in yield un-
der high pressure conditions and the reaction was com-
pleted within 24 hours as opposed to the seven days re-
quired for completion in the thermal processes.

Having studying a range of dienophiles for the intermol-
ecular Diels—Alder reaction, attention was then directed
towards the intramolecular Diels—Alder cycloaddition to
see if it would permit large ring construction and present a
possible means of access to the colletofragarone skeleton.
In light of the enhanced reactivity of doubly activated dien-
ophiles, model precursor 21 was synthesised with a maleate
dienophile. The cycloaddition under thermal or high pres-
sure conditions furnished a single tricyclic adduct 22
(Scheme 4), resulting from the desired extra-annular cyclo-
addition, as confirmed by X-ray crystallographic anal-
ysisl>®l (Figure 2), without subsequent double bond migra-
tion, with a higher yield of 75% being observed under high

Mv:Og_C\J= __.2___» MeO,C. :
\ Hr
| R
0 0
21 22

(i) 1.1 Gpa, DCM, 25 °C, 24 h, 75%; or atm. pressure, benzene, 80 °C, 24 h, 28%.

Scheme 4. Intramolecular cycloaddition with precursor 21
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pressure conditions than under thermal conditions (28%).
It should be noted that the adduct 22 has the ester units in
a trans relationship, whereas the starting material possesses
a cis-configured dienophilic moiety. As such an isomerism
is not observed in the equivalent intermolecular example
furnishing 9, we conclude that this epimerisation step oc-
curs subsequent to cycloaddition.

083B C8IB

Figure 2. ORTEP representation of 22 (ellipsoids drawn at 30%
probability)

Conclusion

We have shown that methyl 2-methyl-5-vinyl-3-furoate (1)
acts as a diene, reacting solely by extra-annular cycloaddi-
tion under high-pressure-mediated conditions, whereas un-
der thermal conditions, reaction is less efficient or does not
occur. With dimethyl maleate, the product isolated resulted
from the migration of the double bond to reform the furan
ring, and with dimethyl acetylenedicarboxylate the cycload-
duct was prone to aromatisation. 2-Chloroacrylonitrile
formed a mixture of stereoisomers in high yield under high-
pressure conditions but only in low yield under thermal
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conditions. Doubly activated dienophiles such as N-phenyl
maleimide, N-methyl maleimide and maleic anhydride un-
derwent high yield extra-annular cycloaddition under both
sets of conditions, although slightly improved yields and
shortened reaction times were observed under high pres-
sure. The intramolecular study showed that the use of a 2-
vinylfuran substrate with the dienophile connected by a
tether chain at C-4 of the furan nucleus, formed a single
tricyclic adduct with a similar skeleton to that the colleto-
fragarones. In this instance, the mildness of the high-pres-
sure conditions permits the cycloadducts to be isolated
without subsequent isomerisation of the double bond to
reform the furan, and in greatly superior yields to the ther-
mal conditions.

Experimental Section

General Remarks: '"H and '3C NMR spectra (§) were recorded
in CDCl; using a Bruker Avance DPX 250 (250 MHz), a JEOL
JNM-EX 400 (400 MHz) or a Bruker AMX 400 (400 MHz)
spectrometers. Spectra were referenced to tetramethylsilane
(TMS) as the internal standard defined as 6 = 0 ppm. Chemical
shifts are quoted in ppm. The coupling constants (J) are given
in Hertz. Assignment of the fully decoupled '3C spectra was
assisted by the application of DEPT experiments acquired using
the above instruments operating at 62.8 and 100.6 MHz respect-
ively.

Mass spectra and high resolution mass measurements (HRMS)
were recorded under conditions of chemical ionisation (CI) with
ammonia as the ionising source. The instrument used was a Fisons
VG Autospec mass spectrometer. Peaks are quoted in the form
mlz (relatively intensity).

Infra-red spectra (V,,,,) were recorded either as a thin film between
two sodium chloride plates or as a potassium bromide disk. Instru-
ments used were a Perkin—Elmer Paragon 1000 FT-IR spectro-
meter and a Perkin—Elmer 1720 FT-IR spectrometer. All absorp-
tions are quoted in cm™! with broad signals indicated by the suf-
fix br.

Elemental analyses were performed at Medac Ltd., Brunel Science
Centre in Egham.

Melting points were recorded using a Reichert Kofler heated-stage
microscope in Celsius (C) and are uncorrected.

Flash column chromatography was performed according to the
procedure developed by Still et al.[l using Merck 60 silica gel (par-
ticle size: 0.040—0.063 nm, 230—400 mesh ASTM) with head pres-
sure produced by hand bellows. Dry flash column chromatography
refers to column chromatography on Merk 60 silica gel using a
water aspirator by following the method according to Harwood.®!

Thin layer chromatography was performed on Merck aluminium
plates coated with 0.2 mm silica 60 F,s4. Products spots were
visualised either by UV light at 254 nm or by staining with a solu-
tion of 2% aqueous potassium permanganate.

Reagents were obtained from Acros, Aldrich, BDH, Fisons or
Lancaster Fine Chemicals and used directly as supplied or follow-
ing purification according to the procedures described by Perrin
and Armarego.”! Diethyl ether and tetrahydrofuran were dried by
distillation from sodium-benzophenone ketyl under nitrogen.
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Methanol and dichloromethane were dried by distillation from
magnesium hydride under inert atmosphere. Light petroleum refers
to the fraction boiling in the range 30—40 °C and was purified by
fractional distillation through a 36 cm Vigreux column before use.
Diisopropylamine was distilled over potassium hydroxide and
stored over 3 A molecular sieves under nitrogen.

High pressure reactions were carried out with PSIKA high pressure
equipment allowing pressures of up to 2.0 Gpa with temperature
control between ambient temperature and 150 C. Samples were dis-
solved in dichloromethane and were placed in Teflon® vessels.

General Procedure for Thermal Reactions: A solution of methyl 2-
methyl-5-vinyl-3-furoate 1 (70 mg, 0.42 mmol, 1.0 equiv.) and the
dienophile (0.42 mmol, 1.0 equiv.) in diethyl ether (5mL) was
heated under reflux until TLC analysis indicated disappearance of
the starting material (usually 7 days). The solution was concen-
trated under reduced pressure and the cycloadduct was recrys-
tallised from diethyl ether and collected as colourless crystals.

General Procedure for High Pressure Reactions: A solution of
methyl 2-methyl-5-vinyl-3-furoate (1) (52mg, 0.31 mmol, 1.0
equiv.) and the dienophile (0.31 mmol, 1.0 equiv.) in anhydrous
dichloromethane (3 mL) was subjected to high pressure (1.1-1.9
Gpa) for 24 hours at room temperature. On depressurisation, the
solution was filtered through a plug of cotton wool and the solvent
removed in vacuo to afford the crude product. Purification by
column chromatography on silica, eluting with ethyl acetate/light
petroleum (1:3), furnished the cycloadducts as colourless crystals.

Methyl Acrylate Cycloadduct 8: (1.1 Gpa, 23%) colourless oil. IR
(film): Vipax = 1720, 1605 cm~!. "H NMR (250 MHz, CDCls): § =
1.65—1.99 (m, 4 H, 2 X CH,), 2.53 (s, 3 H, CH3), 2.55—2.58 (m,
2 H, CH,), 3.70 (s, 3 H, OCH3), 3.75 (s, 3 H, OCHs;), 3.77—3.82
(m, 1 H, CH) ppm. *C NMR (62.8 MHz, CDCl5): § = 14.3, 20.9,
23.0, 27.5, 39.9, 51.3, 52.3, 112.7, 115.1, 151.0, 158.5, 165.1, 175.6
ppm. MS (CI): m/z (%) = 253.1067 (32) [MH]" (C,3H,,05 requires
253.1076), 221 (18) [MH — 32]*, 192 (100) [MH — 61]*, 161 (16)
[MH — 92]".

Dimethyl Maleate Cycloadduct 9: (1.1 Gpa, 51%) colourless flakes,
m.p. 98—101 °C. C5sH307: calcd. C, 58.06, H 5.85; found C 58.06,
H 5.88. IR (KBr): V0 = 1715, 1595 cm~'. '"H NMR (250 MHz,
CDClL): 6 = 2.15-2.22 (m, 2 H, CH,), 2.53 (s, 3 H, CHj),
2.57-2.74 (m, 2 H, CH,), 2.79-2.90 (m, 1 H, CH), 3.66 (s, 3 H,
OCH3), 3.75 (s, 3 H, OCH3), 3.78 (s, 3 H, OCHs;), 4.28 (dd,
Ju.u = 1.5, Jy.u = 5.7 Hz, 1 H, CH) ppm. '3C NMR (62.8 MHz,
CDCl;): & = 14.2, 21.4, 22.3, 41.5, 43.4, 51.4, 52.3, 52.5, 112.6,
115.0, 150.3, 158.9, 164.8, 172.5, 173.8 ppm. MS (CI): m/z (%) =
311.1124 (27) [MH]* (C,5H 9O requires 311.1131), 279 (35) [MH
— 32]*%, 250 (100) [MH — 61]*, 219 (32) [MH — 92]*, 191 (57)
[MH — 120]*, 159 (20) [MH — 152]*.

Aromatised Dimethyl Acetylenedicarboxylate Cycloadduct 10: (atm.
pressure, 61%; 1.9 Gpa, 49%) white powder; m.p. 133—-136 C.
C5H407: caled. C 58.8, H 4.6; found C 59.0, H 4.6%. IR (film):
Vmax = 1726, 1594 cm~'. '"H NMR (250 MHz, CDCl;): § = 2.77
(s, 3 H, CHj3), 3.91 (s, 3 H, OCH3), 3.93 (s, 3 H, OCH3;), 4.03 (s, 3
H, OCHs), 7.50 (d, Jy.u = 8.7 Hz, 1 H, H), 8.00 (d, Jg.u = 8.7
Hz, 1 H, H) ppm. 13C NMR (62.8 MHz, CDCls): 5 = 13.8, 50.8,
51.5, 51.6, 108.6, 110.8, 121.8, 123.0, 125.8, 128.6, 154.7, 162.3,
163.8, 165.2, 167.1 ppm. MS (CI): m/z (%) = 306.0741 (11) [M]*
(C;5H 407 requires 306.0739), 275 (100) [M — 31]*.

Dimethyl Acetylenedicarboxylate Cycloadduct 11: (1.9 Gpa, 24%)
white powder. '"H NMR (250 MHz, CDCl;): § = 2.30 (d, Jy.y =
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1.8 Hz, 3 H, CHs), 2.54 (s, 1 H, H), 3.18—3.28 (m, 1 H, H), 3.77
(s, 3 H, OCHs), 3.79 (s, 3 H, OCH;), 3.82 (s, 3 H, OCH,),
4.36—4.48 (1 H, 2 X m, H), 5.38—5.41 (m, 1 H, H) ppm.

Chloroacrylonitrile Cycloadduct Mixture 12: (atm. Pressure, 9%; 1.9
Gpa, 1 d, 70%) colourless powder. IR (film): V., = 2219, 1720
cm~!. 'TH NMR (250 MHz, CDCl;): § = 2.28 (d, Jy.y = 1.7 Hz,
3 H, CHy), 2.31 (d, Jy.u = 1.7 Hz, 3 H, CH3;), 2.33—2.60 (m, 8 H,
4 X CH,), 3.78 (s, 3 H, OCH3), 3.81 (s, 3 H, OCH3), 4.26—4.31
(m, 1 H, H), 4.32-4.34 (m, 1 H, H), 527-530 (m, 1 H, H),
5.34—5.40 (m, 1 H, H) ppm. 3C NMR (62.8 MHz, CDCls): § =
14.3, 14.6, 19.8, 21.8, 36.6, 38.6, 50.9, 51.2, 51.5, 54.7, 55.0, 56.9,
100.0, 100.9, 104.1, 116.4, 149.5, 150.8, 164.7, 164.9, 169.8, 170.0
ppm. MS (CI): m/z (%) = 254.0587 (75) [MH]" (C,H;5CINO;
requires 254.0584), 218 (30) [MH — HCI] ™, 166 (100) [MH — 88]*,
151 (15) [MH — 103]".

Double-Bond Migrated Chloroacrylonitrile Cycloadduct 13: (1.1
Gpa, 6 d, 9%) colourless oil. '"H NMR (250 MHz, CDCl;): § =
2.03—2.13 (m, 2 H, CH,), 2.57 (s, 3 H, CH3), 2.54—2.70 (m, 4 H,
2 X CH,), 3.92 (s, 3 H, OCH3) ppm. 3C NMR (62.8 MHz,
CDCl;): 6 = 14.2, 18.8, 22.8, 40.8, 51.5, 52.1, 108.1, 115.7, 119.2),
152.5, 160.4, 163.5 ppm. MS (CI): m/z (%) = 271.0852 (46) [M +
H,0]" (C|,H 4CINO, requires 271.0611), 217 (100) [M — 54], 166
(100) [MH — 88]*, 151 (15) [MH — 103]*.

Double-Bond Migrated Chloroacrylonitrile Cycloadduct 14: (1.1
Gpa, 6 d, 10%) colourless oil. "H NMR (250 MHz, CDCl;): § =
1.91 (s, 3 H, CH3), 2.13—-2.20 (m, 2 H, CH,), 2.57—2.63 (m, 2 H,
CH,), 2.67—2.73 (m, 2 H, CH.,), 3.69 (s, 3 H, OCH3) ppm. '*C
NMR (62.8 MHz, CDCl;): § = 20.0, 22.5, 29.1, 38.2, 52.5, 96.6,
117.0, 130.3, 144.6, 171.4, 176.2, 195.9 ppm.

Acetoxyacrylonitrile Cycloadduct 15: (atm. Pressure, 12%; 1.9 Gpa,
30%) colourless thombs; m.p. 111-115 °C. C;4H;5sNOs: caled. C
60.64, H 5.45, N 5.05; found C 60.38, H 5.46, N 4.98. IR (KBr):
Vmax = 3020, 2250, 1752 cm ™. '"H NMR (250 MHz, CDCl;): § =
2.12—2.16 (m, 2 H, CH,), 2.15 (s, 3 H, CH3), 2.27 (d, Jy.y = 1.7
Hz, 3 H, CH3;), 2.42—-2.67 (m, 2 H, CH,), 3.75 (s, 3 H, OCH3),
4.40—4.46 (m, 1 H, H), 5.30—5.35 (m, 1 H, H) ppm. 3*C NMR
(62.8 MHz, CDCl;): 6 = 14.8, 21.0, 21.8, 31.5, 50.9, 51.7, 74.8,
100.4, 104.5, 115.4, 150.2, 165.1, 169.4, 169.8 ppm. MS (CI): m/z
(%) = 278.1019 (82) [MH]" (C;4H4sNOs requires 278.1028), 236
(57) [MH — 42]*, 217 (100) [MH — 61]", 185 (20) [MH — 93]",
166 (32) [MH — 112]*, 79 (88) [MH — 199]*.

Acetoxyacrylonitrile Cycloadduct 16: (1.9 Gpa, 7%) colourless oil.
'"H NMR (250 MHz, CDCls): § = 1.93—2.06 (m, 4 H, 2 X CH,),
3.74 (s, 3 H, OCH3), 3.78 (s, 3 H, OCHs;), 3.94—3.97 (m, 1 H, H),
5.08=5.13 (m, 1 H, H) ppm.

Bis(cycloadduct) 17: (1.9 Gpa, 2%) colourless filaments, m.p.
161—164 °C. IR (film): V. = 3100, 2250, 1728, 1647 cm™!. 'H
NMR (250 MHz, CDCl;): § = 1.72 (s, 3 H, CH3), 2.10 (d, Jy.y =
1.5 Hz, 3 H, CH3), 2.12 (s, 3 H, CH3), 2.21 (d, Jy.y = 154 Hz, 1
H, H), 2.44-2.32 (ddd, Jy.z = 6.0, Jy.y = 8.5, Jy.u = 14.5 Hz,
2 H, CH-CH,-CH), 2.61 (d, Jy.y = 154 Hz, 1 H, H), 3.04-3.11
(dd, Jyu = 6.0, Ju.g = 12.0 Hz, 1 H, H), 3.57 (s, 3 H, OCH3),
3.77 (s, 3 H, OCHs;), 3.86 (br. s, 1 H, H), 5.36—5.43 (quint, Ji.y =
3.9, Ju.u = 8.5 Hz, 1 H, H), 5.53 (dd, Jy.y = 1.4, Jyy = 11.0
Hz, 1 H, H), 5.58 (dd, Jy.y = 1.4, Jy.u = 17.2 Hz, 1 H, H), 5.99
(dd, Jyu = 11.0, Jy.y = 17.2 Hz, 1 H, H) ppm. *C NMR
(62.8 MHz, CDCl;): & = 13.9, 20.5, 21.1, 26.1, 45.8, 46.8, 51.1,
51.7, 52.2, 70.6, 79.2, 87.8, 91.5, 94.4, 108.2, 119.7, 130.1, 155.1,
163.3, 166.5, 164.9, 172.7 ppm. MS (CI): m/z (%) = 444.1647 (31)
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[MH]" (C»3H,sNOyg requires 444.1658), 412 (21) [MH — 12]*, 251
(27) [MH — 193]*, 167 (100) [MH — 277]".

N-Phenyl Maleimide Cycloadduct 18: (atm. pressure, 90%; 1.9 Gpa,
93%) colourless flakes; m.p. 130—133 °C. C;9H;NOs: caled. C
67.2, H 5.0, N 4.1; found C 67.3, H 5.1, N 4.1). IR (KBr): Vy0y =
3086, 1720, 1711, 1599, 1634 cm~!. '"H NMR (400 MHz, CDCl5):
8 = 2.19 (ddt, Jy.y = 153, Jy.y = 7.8, Ju.u = 3.3 Hz, 1 H, H),
2.31 (d, Jy.u = 1.6 Hz, 3 H, CH3), 3.06 (ddd, Jy.y = 15.3, Jy.g =
7.8, Ju.u = 1.6 Hz, 1 H, H), 3.26 (ddd, Jy.y = 7.8, Jyu = 7.8,
Juan = 1.6 Hz, 1 H, H), 3.82 (s, 3 H, OCHs), 3.83—3.87 (m, 1 H,
H), 3.98 (dd, Jy.u = 9, Ju.u = 7.8 Hz, 1 H, H), 5.32 (dt, Jy.y =
7.8, Jun = 3.5 Hz, 1 H, Jyy = 3.3, H), 7.15-7.47 (m, 5 H,
phenyl); NOE: irradiated at 6 = 3.26 ppm H — H (1.90%), - H
(6.20%), — H (15.00%); irradiated at 6 = 3.98 ppm H — H
(13.40%); irradiated at 6 = 5.32 ppm H — H (4.60%), — H
(2.20%). 3C NMR (100.6 MHz, CDCls): § = 14.4, 24.9, 38.8, 42.5,
42.7, 51.8, 94.3, 107.3, 126.8, 129.0, 129.5, 132.1, 156.2, 165.4,
166.4, 175.3, 178.7 ppm. MS (CI): m/z (%) = 340.1185 (68) [MH]*
(CoHgNOs5 requires 340.1185), 308 (43) [MH — 32]*, 166 (100)
[MH — 174]*.

N-Methyl Maleimide Cycloadduct 19: (atm. pressure, 90%; 1.9 Gpa
92%) colourless solid; m.p. 113—116 °C. C4H;5sNOs: calcd. C 60.6,
H 5.4, N 5.0; found C 60.3, H 5.2, N 4.8. IR (KBr): V.« = 3050,
1720, 1700, 1640 cm~'. '"H NMR (400 MHz, CDCl;): § =
2.04-2.17 (m, 1 H, H), 2.32 (d, Jy.z = 1.6 Hz, 3 H, CH3), 2.89
(s, 3 H, CH3), 2.92-3.01 (m, 1 H, H), 3.04—-3.13 (m, 1 H, H),
3.75—-3.81 (m, 2 H, 2 X H), 3.84 (s, 3 H, OMe), 5.21 (dt, Jy.y =
3.40, Jy.u = 7.90 Hz, 1 H, H); NOE: irradiated at & = 2.10 ppm
H — H (8.50%), — H (8.19%),—~ H and/or CHj; (32.51%); irradi-
ated at 6 = 2.96 ppm H - H (8.37%), - H (1.41%), — H
(14.18%), irradiated at 6 = 3.08 ppm H — H (16.81%), - H
(3.77%); irradiated at & = 3.79 or 3.77 ppm H — H (8.53%), - H
(1.67%); irradiated at 6 = 5.21 ppm H — H (1.30%), — H (4.21%).
13C NMR (100.6 MHz, CDCl5): 6 = 14.3, 24.3, 25.4, 38.6, 42.3,
42.4, 51.7, 94.4, 107.3, 155.9, 165.4, 166.2, 176.3, 179.7 ppm. MS
(CI): mlz (%) = 278.1033 (100) [MH]* (C4H;NOs requires
278.1028), 246 (38) [MH — 32]*, 166 (56) [MH — 112]".

Maleic Anhydride Cycloadduct 20: (atm. pressure, 87%; 1.9 Gpa,
96%) colourless rthombs; m.p. 126—130 °C (C;3H;,Oq: caled. C
59.1, H 4.6; found C 59.2, H 4.6). IR (KBr): V., = 3045, 1779,
1708, 1645 cm™!. '"H NMR (400 MHz, CDCl5): § = 2.17 (ddt,
Jun = 154, Jyy = 6.7, Jun = 3.5Hz, | H, Jy.y = 3.3, H), 2.33
(d, Jy.u = 1.8 Hz, 3 H, CHj;), 2.98 (ddd, Jy.y = 154, Jyu = 7.9,
Juu = 1.7 Hz, 1 H, H), 341 (ddd, Jy.y = 6.7, Jyu = 9.7,
Juu = 1.7 Hz, 1 H, H), 3.78 (m, 1 H, H), 3.83 (s, 3 H, OCH,),
4.08 (dd, Jy.pr = 7.9, Jun = 9.7 Hz, 1 H, H), 5.34 (dt, Jy.y = 7.9,
Jun = 3.5Hz, 1 H, Ji.g = 3.5, H); NOE: irradiated at 6 = 2.17
ppm H — H (4.35%), — OCHj3 and H (22.96%), — H (3.45%), —
CH; (16.01%); irradiated at & = 2.98 ppm H — H (1.65%), —
OCHj; and H (11.22%), — CHj; (10.05%); irradiated at 6 = 3.41
ppm H — OCH; and H (5.76%), — CHjs (6.86%); irradiated at
8 = 3.78 ppm H — H (1.38%), — CHj; (4.54%), — H (1.46%);
irradiated at 8 = 4.08 ppm H — H (2.00%), — CH; (6.62%), —
H (2.31%). 3C NMR (100.6 MHz, CDCls,): 8 = 13.9, 24.5, 38.9,
41.9, 43.0, 51.5, 94.6, 106.0, 155.8, 164.6, 167.1, 169.6, 173.7 ppm.
MS (CI): m/z (%) = 265.0700 (22) [MH]* (C,3H30¢ requires
265.0712), 250 (8) [MH — 15]*, 233 (18) [MH — 32]*, 167 (100)
[MH — 98]", 150 (17) [MH — 115]*.

3-{[(Z)-2-(Methoxycarbonyl)-1-ethenyl]carbonyloxy}propyl 2-Methyl-
5-vinyl-3-furoate (21): A solution of 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (983 mg, 5.0 mmol, 4.0 equiv.) in
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dichloromethane (40 mL) was added dropwise at 0 °C to a
solution of 2-methyl-5-vinyl-3-furoic acid (191 mg, 1.25 mmol. 1.0
equiv.), 1-(3-hydroxypropyl)-4-methyl-(Z)-2-butenedioate (236 mg,
1.25mmol, 1.0 equiv.) and dimethylaminopyridine (77 mg,
0.63 mmol, 0.5 equiv.) in dichloromethane (40 mL) under argon.
The solution was allowed to warm to room temperature and was
stirred for 1 hour. The mixture was quenched by addition of water
(10 mL) and diethyl ether (10 mL), followed by extraction with di-
ethyl ether (30 mL). The aqueous phase was further extracted with
diethyl ether (2 X 30 mL) and the combined extracts washed with
brine (30 mL) and water (30 mL), dried over magnesium sulfate,
filtered and the solvent removed under reduced pressure. Purifica-
tion by flash column chromatography on silica, eluting with light
petroleum/ethyl acetate (6:1), furnished the title compound 21
(198 mg, 50%) as a colourless oil. IR (film): V., = 3040, 1721,
1602 cm~!. "H NMR (250 MHz, CDCls): § = 2.13 (quint, Jy.yg =
6.2, Ju.u = 6.3 Hz, 2 H, O-CH,-CH,-CH,-0), 2.59 (s, 3 H, CHs;),
3.81 (s, 3 H, OCHs), 4.34 (dt, Jy.y = 6.2, Jy.y = 6.3 Hz, 4 H, 2
X OCH,), 5.18 (dd, Jy.y = 11.3, Jy.y = 1.1 Hz, 1 H, H), 5.65
(dd, Jyu = 17.5, Jun = 1.1 Hz, 1 H, H), 6.41 (q, Jyu = 17.5
Hz, 1 H, Jy.y = 11.3, H), 6.46 (s, 1 H, CH), 6.87 (s, 2 H, 2 X CH)
ppm. 3C NMR (62.8 MHz, CDCl5): § = 12.9, 27.0, 51.34, 59.6,
61.1, 107.3, 111.9, 113.5, 123.3, 132.4, 132.5, 150.0, 158.1, 162.7,
163.8, 164.3 ppm. MS (CI): m/z (%) = 323.1120 (100) [MH]*
(C16H 907 requires 323.1131), 193 (65) [MH — 130]*, 171 (40)
[MH — 152]*, 135 (63) [MH — 188]*.

Intramolecular Cycloadduct 22: (atm. Pressure, 28%; 1.1 Gpa, 75%)
lustrous colourless needles, m.p. 95—98 °C. IR (film): V. = 3040,
1739, 1644 cm~!. '"H NMR (400 MHz, C¢Dg): 8 = 0.95—1.05 (m,
1 H, H), 1.70—1.82 (m, 1 H, H), 1.86—1.96 (tdd, Jy.u = 4.4,
Juu = 10.5, Jgy.g = 17.6 Hz, 1 H, H), 2.05 (d, Jy.u = 1.8 Hz, 3
H, Me), 2.28 (d quint, Jy.g = 3.9, Jy.y = 17.6 Hz, 1 H, H), 2.77
(dd, Jyg.g = 10.6, Jy.g = 11.3 Hz, 1 H, H), 3.21 (dt, Jg.g = 7.5,
Juu = 10.5 Hz, 1 H, H), 3.28 (s, 3 H, OCH,;), 3.33 (dddd, Jy.g =
1.2, Juu = 3.2, Juu = 5.1, Ju.g = 11.5 Hz, 1 H, H), 3.44 (dt,
Juu = 2.7, Jyu = 109 Hz, 1 H, H), 3.74—3.82 (m, 1 H, H), 4.69
(ddt, Jyg = 1.3, Jyu = 11.2, Jyuu = 3.9 Hz, 1 H, H), 4.81 (dt,
Juu = 3.3, Juu = 44 Hz, 1 H, H), 500 (ddd, Jgyug = 2.2,
Juu = 9.7, Ju.g = 11.9 Hz, 1 H, H) ppm. '3C NMR (100.6 MHz,
Ce¢Dy): 6 = 13.0, 25.9, 26.4, 42.0, 45.4, 474, 51.5, 63.1, 63.7, 97.4,
106.7, 154.6, 164.3, 168.2, 173.8, 174.3 ppm. MS (CI): m/z (%) =
323.1119 (100) [MH]* (C;¢H ;907 requires 323.1131), 295 (26) [MH
— 28]%, 262(19) [MH — 33]*, 159 (36) [MH — 103]*.
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