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Intramolecular cycloadditions with 1-aminoisobenzofurans:
a simple entry into the field of polycyclic aza-compounds
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Starting with 6-methoxyisochromane-1,3-dione (1) isobenzofuran 5 was generated in situ using the Hamaguchi–Ibata
methodology. Intramolecular cycloaddition with subsequent transformations provides benzo[h]quinolines of type 7,
8 and 9. In a similar manner 11-azasteroid analogues (22–26) were obtained, starting with 1 and amine 18. Density
functional theoretical (DFT) studies of various inter- and intramolecular Diels–Alder reactions are reported.

Introduction
The synthesis of polycyclic systems from readily available start-
ing materials remains an important goal in organic chemistry.1

The Diels–Alder reaction especially has been used for this pur-
pose in near countless cases.2 Isobenzofurans (benzo[c]furans) 3

and heteroanalogues thereof have been frequently employed as
reactive dienes.

The importance of these systems stems from the fact that
alkenes (and alkynes) may undergo both inter- and intra-
molecular cycloaddition reactions giving a wide variety of
interesting new compounds.3,4,5,7 Recently we succeeded in the
preparation of oxasteroids using benzo[c]furans of type B
(Scheme 1, A = benzo, X = O) as intermediates 9 and we antici-

pated that azapolycyclic systems may be accessible using a simi-
lar methodology with 1-aminoisobenzofurans (B, Scheme 1,
A = benzo, X = N-) as starting materials. The in situ generation
of, and intermolecular cycloaddition with, compounds of this
type has been described for the first time by Beak and co-
workers.10 In this paper we describe intramolecular Diels–Alder
reactions with 1-aminoisobenzofurans 11,12,13 and some compu-
tational results concerning the reactivity of various substituted
c-annulated furans.

Preparative results
Beak and co-workers devised several routes for the preparation
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of 1-aminoisobenzofurans,10 besides others the transition metal
induced decomposition of vinylogous diazo amides of type A
(Scheme 1, A = benzo, X = N-). This methodology is based on
the work of Buchardt 14 and Ibata 15 and has also been proved to
be of value in our studies.14c In our first experiments a model
study was undertaken to investigate the reactivity of a suitably
substituted 1-aminoisobenzofuran 5 (Scheme 2) against an
unactivated olefin moiety. Compound 5 was prepared as
follows. Regioselective ring opening of anhydride 1 16,17,18 with
methanol yields—within the line of expectations (see below)—
monoester 2,19 which on reaction with N-hydroxy-2-pyridone–
DCC gives the activated ester 3.20 Treatment of this compound
with N-(methyl)pentenylamine 21,22 yields amide 4a. Diazo
transfer can be accomplished by the Regitz procedure.24 The
diazoester 4b was obtained in 99% yield as a stable yellow oil.
Transition metal catalyzed decomposition with only a minimal
amount (0.05%) of copper hexafluoroacetylacetonate 25 gives—
even under these conditions—a ring opened product 7. The
primary cycloadduct 6 was not isolated and underwent facile
rearrangement to α-hydroxy ester 7, presumably through nitro-
gen lone-pair-assisted opening of the oxygen bridge,26 facili-
tated by the transition metal catalyst.27 The dehydration of 7
with toluene-p-sulfonic acid furnished the benzoquinoline 8,
isolated in 62% yield. Hydrogenation of the double bond in 7
was achieved with palladium on charcoal. The addition of
hydrogen occurs from the less hindered side and gives 9 in 35%
yield. The structure of 9 was confirmed by an X-ray crystal
structure analysis (see Experimental).28 In conclusion it can be
stated that 1-aminoisobenzofurans of type 5 react even with
unactivated olefins in an intramolecular Diels–Alder reaction
to give benzo[h]quinolines.

In order to extend this synthetic methodology for the prepar-
ation of 11-azasteroidal analogues 29 it was necessary to prepare
a suitable C–D building block 18 (Scheme 3). The synthesis of
18 starts with 2-methylcyclopentenone 10.30 Treatment of 10
with vinylmagnesium bromide–copper(I) iodide and sub-
sequent trapping with TMSCl yields 11.31 Cleavage of this silyl
ether with methyl lithium (to 12) and addition of a cooled
ethereal solution of methyl isocyanate 32 at 2100 8C gave 13, 14
and 16 in 41, 0.5 and 0.3% yield, respectively. The structures of
these compounds could be clarified unequivocally by NMR
spectroscopy. A strong anisotropic effect of the amide carbonyl
group in 13 shifts H-5 downfield to δ = 3.40 ppm, whereas in 14
this signal appears at δ = 2.68 ppm. Additionally a NOE effect 33

is observed between CH3-1 and the vinylic proton H-29.
According to the IR and NMR spectra the equilibrium between
15 and 16 is shifted entirely to the cyclic urea derivative. As
there is no NOE between CH3-7 and the vinylic proton H-2 we
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believe that the stereochemistry of 16 is as depicted in Scheme
3. Protection of the carbonyl group in 13 to give 17 and sub-
sequent reduction of 17 with lithium aluminium hydride gave
amine 18 in 83% yield. Treatment of the activated ester 3 with 18
yielded 19a (Scheme 4) as a colourless, viscous oil which again
was transformed to diazoester 19b. Transition metal catalyzed
decomposition of 19b yielded 22 (52%) and the dehydration
product 25 (14%). Deprotection of 25 was accomplished with
silica–oxalic acid–water 34 to give compound 26 in 89% yield.
Preliminary experiments revealed that catalyzed hydrogenation
of 22 yields 23. The course of reaction (trans) is unusual, but
not without precendents.35 Subsequent deprotection yielded
ketone 24. Overall, cycloadditions with 1-aminoisobenzofurans
generated in situ from the corresponding diazoesters offer a
convenient route to azapolycyclic compounds.

Theoretical investigations
(a) As has already been discussed, the regioselective ring open-
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ing of anhydride 1 yields 2 exclusively. This result is not
unexpected. If one assumes that in the first—fast and
reversible—reaction step acidic ortho-esters of type 27a and
29a (Scheme 5) are formed, than the product ratio depends
on the thermodynamic stability of 27a and 29a. Both semi-
empirical (AM1) 36,37 as well as ab initio 39,40 (density functional
theory, DFT) 42,43 calculations show that—at least for the gas
phase—compound 29a is more stable. This result also holds for
the unsubstituted derivatives (27b, 29b).

(b) 1H NMR spectra reveal that the equilibrium between 15
and 16 is entirely shifted to the cyclic urea derivative 16. AM1
calculations for the gas phase are in accord with this observ-
ation (Scheme 6), but a solvent effect may shift the tautomeric
equilibrium considerably.45,46,47 Therefore we have extended
these calculations; DFT studies with the inclusion of the self
consistent reaction field (SCRF) model of Onsager 48 using a
dielectric constant of ε = 4.55 results in only minor changes of
the equilibrium values (Scheme 6), although other SCRF
models may alter these values.39c

(c) Qualitative observations suggest that 1-amino-3-alkoxy-
carbonylisobenzofurans are less reactive in Diels–Alder reac-
tions than the parent compound itself. In order to get some
insight into the reactivity of variously substituted isobenzo-
furans (and heteroanalogues thereof) the model reactions
shown in Scheme 7 have been investigated in some detail
using again DFT methods. Recent studies in this field
revealed 49 that DFT methods using the B-LYP nonlocal
functional, or hybrid methods,50 yield energy barriers in good
agreement with experimental data. Although quantitative
data (heats of reaction, transition state energies) are still lack-
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AM1 (∆Hf
o)

DFT (E)
2193.43 kcal mol21

2802.50599 a.u. c
∆∆H = 4.11 kcal mol21 a

∆E = 5.72 kcal mol21 b
2197.54 kcal mol21

2802.51511 a.u.

27b 29b

AM1 (∆Hf
o)

DFT (E)
2155.37 kcal mol21

2687.98264 a.u.
∆∆H = 3.7 kcal mol21 a

∆E = 4.78 kcal mol21 b
2159.07 kcal mol21

2687.99025 a.u.
a ∆∆H = ∆Hf

o (27) 2 ∆Hf
o (29). b ∆E = E (27) 2 E (29). c a.u. in hartrees (Eh).

Scheme 5 Results of semi-empirical (AM1) and ab initio calculations (DFT; B3LYP/6-31G*).

ing,51,53 it would be of interest to compare reactivities 54 of dif-
ferently substituted isobenzofurans with different model olefins
(alkynes) both for inter- and intramolecular cycloaddition reac-
tions.56 Preliminary studies indicated that for both isobenzo-
furans as well as for heteroanalogues 4l,n,o,p the DFT method-
ology gives geometrical data which are in excellent agreement
with experimental observations. The results of a crystal struc-
ture determination for 4,7-dimethoxyisobenzofuran 57 are given
in Table 1. The agreement between these two sets of data is
impressive.

Transition state calculations for the model reactions 58 (1)–(7)
(Scheme 7) reveal, that—in line with expectations—the intro-
duction of a methoxy group into the isobenzofuran nucleus
lowers ∆E(ts), whereas the introduction of an ester group raises
∆E(ts). According to these calculations 1-methoxy-3-methoxy-
carbonylisobenzofuran 37 should be less reactive than 35. The
transition state energy for an intramolecular Diels–Alder reac-
tion (reaction 7) is higher than the corresponding value for an

intermolecular reaction (reaction 3). Steric and entropic reasons
may be responsible for this difference. The transition state
geometries (selected examples: Fig. 1 to Fig. 4, Tables 2–4) are
in good agreement with other calculations.12b,60

Experimental
All mps were determined on a Dr Tottoli melting point appar-
atus and are uncorrected. IR spectra were recorded on a Perkin-
Elmer FTIR 1600 spectrophotometer. NMR spectra: Bruker
AM 300 (300 MHz: FT 1H NMR; 75 MHz: 13C NMR); Bruker
AC 200 (200 MHz: FT 1H NMR; 50 MHz: 13C NMR); Varian
EM 360 (60 MHz, 1H NMR), internally referenced on Me4Si
(CDCl3) or DMSO ([2H6]DMSO). J Values are given in Hz. UV
spectra: Zeiss DMR 10 spectrophotometer; mass spectra:
Finnigan MAT 8230 mass spectrometer at 70 eV ionisation
potential (EI) or the chemical ionisation (CI) (isobutane)
method. Radial chromatography was carried out with a
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15 16

AM1 (∆Hf
o)

DFT (E)
DFT (SCRF = dipole)

279.38 kcal mol21

2803.27724 a.u.
2803.28014 a.u.

∆∆H = 5.95 kcal mol21

∆E = 12.69 kcal mol21

∆E = 11.56 kcal mol21

285.33 kcal mol21

2803.29746 a.u.
2803.29856 a.u.

Scheme 6 Results of semi-empirical (AM1) and ab initio calculations (DFT; B3LYP/6-31G* and inclusion of a self-consistent reaction field model).
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Harrison-Research Chromatotron on silica gel PF245 (Merck,
Darmstadt). If assignments of spectral data are ambiguous,
this is marked with asterisks (*, **).

Materials

All solvents were dried or purified using standard procedures.61

Dichloromethane “ultra dry” was distilled over lithium alu-
minium hydride.62 Triethylamine was distilled over potassium
hydroxide and sodium–benzophenone. 6-Methoxyhomo-
phthalic acid 63 was obtained from anisic acid.18

Crystal data of compound 9†

C17H23NO4, M 305.36. Monoclinic, a 9.413(7), b 16.01(2), c

† Full crystallographic details, excluding structure factor tables, have
been deposited at the Cambridge Crystallographic Data Centre
(CCDC). For details of the deposition scheme, see ‘Instructions for
Authors’, J. Chem. Soc., Perkin Trans. 1, available via the RSC Web
page (http://www.rsc.org/authors). Any request to the CCDC for this
material should quote the full literature citation and the reference
number 207/280.

10.856(a) Å, β 104.33(6)8, V 1585(2) Å3, space group P21/a, Z 4,
Dcalc 1.279 g cm23.

Data collection and processing

Graphite-monochromated Mo-Kα radiation; τ range for data
collection: 1.94 < τ < 22.58, index range: 210 < h < 9, 0 < k <
17, 0 < l < 11, reflections collected: 2064, independent reflec-
tions: 2064, refinement method: full-matrix least-squares on F2,
final R (I > 2σ(I)) 0.0381.

6-Methoxyisochromane-1,3-dione 1

1.35 g (6.4 mmol) of 6-methoxyhomophthalic acid in 7 ml (0.1
mol) acetyl chloride was refluxed for 2 h. After evaporation the
residue was recrystallized from benzene to provide 1.1 g (89%)
of colourless crystals, mp 168 8C (lit.,16 171 8C); νmax/cm21 1785,
1740 (s, CO–O–CO); δH (300 MHz; D3CCOCD3; 20 8C) 3.95
(s, 3H, OCH3), 4.23 (s, 2H, CH2-CO), 6.98–7.17 (m, 2H, Ar-H),
8.05 (d, J 8.1, 1H, Ar-H); m/z 192 (M, 37%), 164 (6), 148 (100),
120 (38).
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4-Methoxy-2-methoxycarbonylmethylbenzoic acid 2

A mixture of 10.0 g (0.048 ml) 6-methoxyhomophthalic acid
and 52 ml (0.73 mol) of acetyl chloride was refluxed for 2 h.
After evaporation the residue was taken up with 100 ml meth-
anol, 1 drop conc. sulfuric acid was added and the mixture was
heated to 60 8C for 3 h. On cooling 9.9 g (93%) of 2 separated as
colourless rods, mp 154 8C (lit.,19 157–158 8C); νmax/cm21 3350–
2200 (s, br, OH), 1735 (s, C]]O), 1680 (s, C]]O), 1250, 1210
(s, C–O); δH (300 MHz; D3CCOCD3; 20 8C) 3.59 (s, 3H,
COOCH3), 3.86 (s, 3H, OCH3), 4.03 (s, 2H, CH2COOCH3),

Fig. 1 Transition state of reaction (2) (B3LYP/6-31G*).

Fig. 2 Transition state of reaction (3) (B3LYP/6-31G*).

Fig. 3 Transition state of reaction (5) (B3LYP/6-31G*).

Table 1 Experimental 57 and calculated a geometric data for 4,7-
dimethoxyisobenzofuran

Bond
length/Å

1–2
1–7a
3a–4
3a–7a
4–5
5–6
7–8

Exp.b

1.363
1.359
1.432
1.441
1.350
1.445
1.374

Calc.

1.359
1.372
1.434
1.448
1.370
1.443
1.366

Bond
angle (8)

1–2–3
1–7a–3a
1–7a–7
2–3–3a
3a–4–5
3a–4–9
4–5–6

Exp.b

107.8
106.3
134.0
109.8
118.8
114.3
121.6

Calc.

108.6
106.1
133.8
109.6
118.1
115.0
121.8

a DFT (Becke3LYP/6-31G*, C2v). 
b Mean values.

6.83–7.03 (m, 2H, Ar-H), 8.05 (d, J 9.0, 1H, Ar-H), 7.00–10.00
(br s, 1H, exchangeable with D2O).

4-Methoxy-2-methoxycarbonylmethylbenzoic acid 2-oxo-1,2-
dihydropyridin-1-yl ester 3

To a solution of 3.70 g (33 mmol) N-hydroxy-2-pyridone and
6.18 g (30 mmol) dicyclohexylcarbodiimide in 100 ml dichloro-
methane a solution of 6.72 g (30 mmol) monoester 2 in 800 ml
dichloromethane was added during 8 h. After further standing
for 3 h at room temperature the solution was filtered, evapor-
ated and the oily residue recrystallized from acetic ester to yield
8.49 g (89%) of 3, mp 128–129 8C; νmax/cm21 3080 (m), 3005
(m), 2955 (m, CH2), 2842 (m, OCH3), 1755 (s, C]]O), 1735 (s,
C]]O), 1665 (s, C]]O), 1335 (s), 1240 (s, C–O); δH (300 MHz;
CDCl3; 20 8C)‡ 3.64 (s, 3H, COOCH3), 3.85 (s, 3H, OCH3), 4.03
(s, 2H, 6-H), 6.07–6.27 (m, 2H, Ar-H), 6.63–6.97 (m, 3H,

Fig. 4 Transition state of reaction (7) (B3LYP/6-31G*).

Table 2 DFT energies a,b for 30–41 and the transition states of
reactions (1)–(7) c (in a.u.)

Compound

30
31
32
33
34
35
36
37
38
39
40
41

E

2383.65037
2462.28524
2461.03090
2498.17186
2576.80992
2611.53457
2690.15690
2726.06082
2804.67445
2803.42787
2654.19586
2654.23060

Reaction

(1)
(2)
(3)
(4)
(5)
(6)
(7)

E

2462.21329
2460.94769
2576.73721
2690.09456
2804.61496
2803.35623
2654.16053

a B3LYP/6-31G*. b Ethylene: 278.58746 a.u., acetylene: 277.32565 a.u.
c The Hesse matrix of the transition states showed one negative
eigenvalue.

Table 3 Reaction energies (∆E) and transition state energies [E(ts)] for
reactions (1)–(7) (DFT results a in kcal mol21)

Reaction

(1)
(2)
(3)
(4)
(5)
(6)
(7)

∆E b

229.8
234.4
231.8
221.9
216.4
226.0
221.8

E(ts) c

115.4
117.8
113.9
117.2
120.9
119.0
122.2

a B3LYP/6-31G*. b ∆E = E(product) 2 E(reactant). c Energy difference
between the initial state and the transition state.

‡ In the NMR data for compounds 3, 4a, 7–9, 19a and 19b steroid
numbering has been used to assign the signals.
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Ar-H), 7.25–7.47 (m, 2H, Ar-H), 8.25 (d, J 8.4, 1H, 1-H);
δC (75 MHz; CDCl3; 20 8C) 40.12 (C-6), 51.98 (COOCH3),
55.55 (OCH3), 104.87 (C-11), 112.51 (C-2), 117.38 (C-9),
118.35 (C-4), 122.81 (C-13), 133.9 (C-1), 135.94 (C-14),
139.17 (C-12), 139.86 (C-5), 157.25 (C-10), 162.76 (C-8), 163.86
(C- 3), 171.20 (COOCH3); m/z 317 (M, 0.36%), 286 (0.58), 207
(87), 179 (100); C16H15NO6 requires: 317.0899 found: 317.0900
(MS).

[5-Methoxy-2-(N-methyl-N-pent-4-enylaminocarbonyl)phenyl]-
acetic acid methyl ester 4a

To a solution of 512 mg (2.0 mmol) dicyclohexylcarbodimide
and 222 mg (2.0 mmol) N-hydroxy-2-pyridone in 30 ml of
dichloromethane, a solution of 448 mg (2.0 mmol) 2 in 30 ml of
dichloromethane was added over a period of 4 h. After stirring
for 16 h at room temperature the urea was filtered off and the
clear filtrate was treated with 110 mg (2.2 mmol) of N-methyl-
pent-4-enylamine. The solution was stirred for a further 2 h at
room temperature and for 1 h at 40 8C. After evaporation of
the solvent the residue was treated with diethyl ether. The
N-hydroxy-2-pyridone was filtered off, the ethereal solution
evaporated, the oily residue taken up with acetone and purified
by radial chromatography on silica gel with cyclohexane–
acetone (3 :1) to provide 518 mg (85%) of a colorless oil, which
solidified on standing at 220 8C; νmax/cm21 3030 (w, C]]CH),
2930 (m, C–H), 2840 (m, OCH3), 1735 (s, ester, -C]]O), 1625 (s,
C]]O), 1570 (m, C]]C), 1480 (s, CH2, CH3), 1430 (s, CH2, CH3),
1400 (m), 1305 (m), 1250 (s, br, Ar–O–C), 1160 (s, br, C–O),
1030 (m), 910 (CH]]CH2), 825 (m, o-disubst. aromat); λmax

(CH3CN)/nm (log ε) 200 (4.785), 226 (4.194), 274 (3.417), 284
(sh, 3.334); δH (300 MHz; CD2Cl2; 20 8C) 1.42–1.75 (m, 2H,
H-13), 1.85–1.92 and 2.08–2.13 (m, 2H, H-14), 2.82 and 3.00 (s,
3H, NCH3 ), 3.08–3.13 and 3.44–3.49 (m, 2H, H-12), 3.63 (s,
3H, CO2CH3), 3.66 and 3.68 (s, 2H, H-6), 3.81 (s, 3H, Ar-
OCH3), 4.88–5.10 (m, 2H, H-7), 5.61–5.75 and 5.81–5.95 (m,
1H, H-8), 6.79–6.83 (m, 2H, H-2 and H-4), 7.11–7.14 (m, 1H,
H-1); δH (300 MHz; C2D2Cl4; 80 8C) 1.66–1.76 (m, 2H, H-13),
2.00–2.13 (m, 2H, H-14), 2.91 (s, br, 3H, NCH3), 3.28–3.39 (t,
br, H-12), 3.67 (s, 3H, CO2CH3), 3.69 (s, 2H, H-6), 3.83 (s, 3H,
Ar-OCH3), 4.97–5.08 (m, 2H, H-7), 5.75–5.89 (m, 1H, H-8),
6.82 (dd, 2H, J 2.4, J 8.4, 1H, H-2), 6.88 (d, J 2.4, 1H, H-4),
7.12 (d, J 8.4, 1H, H-1); δC (75 MHz; CD2Cl2; 30 8C) 25.92 and
27.21 (C-13), 30.43 and 30.88 (C-6), 32.29 and 33.58 (C-14),
37.00 and 38.10 (N-CH3), 46.57 and 50.46 (C-12), 51.90 (CO2-
CH3), 55.27 (Ar-OCH3), 111.97 (C-2), 114.95 and 115.05 (C-7),
116.38 (C-4), 127.51 and 127.70 (C-5)*, 128.93 and 129.25
(C-10)*, 133.06 (C-1), 137.07 and 137.73 (C-8), 159.43 (C-3),
170.06 and 170.38 (C-9), 171.22 (CO2CH3); δC (75 MHz;
C2D2Cl4; 90 8C) 26.74 (C-13), 30.65 (C-6), 34.88 (C-14), 38.07
(N-CH3), 48.15 (C-12), 51.35 (CO2CH3), 55.26 (Ar-OCH3),
112.31 (C-2), 114.68 (C-7), 116.49 (C-4), 127.52 (C-5)*, 129.77

Table 4 Transition state geometries for reactions (1)–(7)

Reaction

(1)
(2)
(3)
(4)
(5)
(6)
(7)

R1

H
H
MeO
H
MeO
MeO
O(CH2)3CH]]CH2

R2

H
H
H
CO2Me
CO2Me
CO2Me
H

r1
a

2.260
2.277
2.357
2.153
2.190
2.213
2.335

r2
a

2.260
2.277
2.219
2.310
2.224
2.271
2.206

a Values in Å.

(C-10)*, 133.13 (C-1), 137.40 (C-8), 159.81 (C-3), 170.23 (C-9),
170.79 (CO2CH3); m/z 305 (M, 29%), 250 (19), 207 (63), 179
(100), 149 (15); C17H23N1O4 requires: 305.1634 found: 305.1641
(MS).

2-[5-Methoxy-2-(N-methyl-N-pent-4-enylaminocarbonyl)-
phenyl]-2-diazoacetic acid methyl ester 4b

A solution of 0.86 g (2.82 mmol) amide 4a in 10 ml dry
acetonitrile under argon was treated with 0.90 ml (6.03 mmol)
1,8-diazabicyclo[5.4.0]undec-7-ene. After 10 min, 1.30 g (6.60
mmol) toluene-p-sulfonyl azide was added, the mixture stirred
for 24 h in the dark, 0.42 g (2.13 mmol) toluene-p-sulfonyl azide
added and stirred for a further 48 h. The solvent was evaporated
and the residue purified by column chromatography on silica
gel with cyclohexane–ethyl acetate (1 :2) providing 0.92 g (99%)
of 4b as a yellow oil. νmax/cm21 3070, 2085 (s, CN2), 1705 (s,
CO), 1630 (s, CO).

6-Hydroxy-8-methoxy-1-methyl-1,2,3,4,5,6-hexahydrobenzo-
[h]quinoline-6-carboxylic acid methyl ester 7

A solution of 665 mg (2.01 mmol) diazo amide 4b in 60 ml
toluene was added under argon during 4.5 h to a boiling
solution of 50 mg (0.11 mmol) copper(II) hexafluoroacetyl-
acetonate in 100 ml toluene. After evaporation of the solvent
the residue was filtered with ethyl acetate through a short
column of silica gel (deactivated with triethylamine). Purifi-
cation of the residue by radial chromatography on silica gel
with pentane–diethyl ether–triethylamine (2 :2 :1) provided 266
mg (44%) of 7 as colorless crystals with mp 113–114 8C (ethyl
acetate–pentane); νmax/cm21 3488 (s, OH), 1715 (s, C]]O), 1635
(m), 1610 (m, C]]C); δH (300 MHz; CDCl3) 1.62–1.80 (m, 2H,
16-H), 2.07 (tt, J1 1.4, J2 6.6, 2H, 14-H), 2.48 (s, 3H, NCH3),
2.50 (td, J1 1.4, J2 16.1, 1H, 7-H), 2.68 (td, J1 1.4, J2 16.1, 1H,
7-H), 2.98 (ddd, J1 1.1, J2 4.2, J3 6.2, 2H, 12-H), 3.20–3.50 (s,
1H, OH), 3.69 (s, 3H, CO2CH3), 3.73 (s, 3H, ArOCH3), 6.74 (d,
J 2.6, 1H, 4-H), 6.78 (dd, J1 2.6, J2 8.5, 1H, 2-H), 7.36 (d, J 8.5,
1H, 1-H); δC (50 MHz; CDCl3) 16.71 (C-13), 28.60 (C-14),
40.93 (C-7), 40.93 (NCH3), 51.41 (C-12), 52.87 (CO2CH3),
55.30 (ArOCH3), 74.76 (C-6), 109.06 (C-2)*, 112.97 (C-8),
113.14 (C-4)*, 124.94 (C-1), 125.68 (C-10), 137.17 (C-5)**,
138.78 (C-9)**, 158.45 (C-3), 175.95 (CO2CH3); m/z 303 (M,
19%), 285 (100), 254 (31), 243 (20), 226 (20), 214 (29);
C17H21NO4 requires: 303.1471 found: 303.1468 (MS).

8-Methoxy-1-methyl-1,2,3,4-tetrahydrobenzo[h]quinoline-6-
carboxylic acid methyl ester 8

A solution of 19 mg (0.06 mmol) enamine 7 and 90 mg (0.52
mmol) toluene-p-sulfonic acid in 5 ml dioxane was refluxed for
61 h. The solvent was continuously dried with molecular sieves
(3 Å). After cooling to room temperature 1 ml triethylamine
was added and the solution filtered with diethyl ether through a
short column of silica gel. After purification by radial chrom-
atography (pentane–diethyl ether, 9 :1) 11 mg (62%) of a color-
less oil was obtained. δH (300 MHz; CDCl3) 1.89–1.97 (m, 2H,
13-H), 2.88 (br t, J 6.5, 2H, 14-H), 3.01 (s, 3H, NCH3), 3.24–
3.28 (m, 2H, 12-H), 3.94 (s, 3H, CO2CH3)*, 3.96 (s, 3H,
ArOCH3)*, 7.10 (dd, J1 2.7, J2 9.0, 1H, 2-H), 7.96 (t, J 0.8, 1H,
7-H), 8.03 (d, J 9.0, 1H, 1-H), 8.53 (d, J 2.7, 1H, 4-H); δC (75
MHz; CDCl3) 17.85 (C-13), 27.77 (C-14), 45.45 (NCH3), 51.50
(CO2CH3), 51.98 (C-12), 55.23 (ArOCH3), 105.00 (C-2), 116.88
(C-4), 117.20 (C-10), 120.79 (C-8), 123.22 (C-6), 126.01 (C-1),
134.00 (C-5), 134.08 (C-7), 150.63 (C-9), 158.49 (C-3), 167.97
(CO2CH3); m/z 285 (M, 100%), 254 (32), 226 (20), 210 (11), 183
(11); C17H19NO3 requires: 285.1365 found: 285.1364 (MS).

6á-Hydroxy-8-methoxy-1-methyl-1,2,3,4,4a,5,6,10b-octa-
hydrobenzo[h]quinoline-6â-carboxylic acid methyl ester 9

A solution of 154 mg (0.51 mmol) enamine 7 in 10 ml dry
methanol was hydrogenated with Pd–C (32 mg, 24 h, room
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temperature). After evaporation of the solvent and purification
of the residue by radial chromatography on aluminium oxide
with cyclohexane–ethyl acetate (1 :1) 55 mg (35%) of 9 as color-
less needles with mp 116.5–118.5 8C (ethyl acetate–pentane)
were obtained; νmax/cm21 3403 (s, OH), 2987 (m, C]]CH), 2934
(m, C–H), 2838 (w, ArOCH3), 1707 (s, C]]O), 1608 (m, C]]C);
δH (300 MHz; CDCl3) 1.47–1.53 (m, 1H, 13β-H), 1.56 (ddd,
J1 1.1, J2 2.8, J3 13.0, 1H, 7β-H), 1.66–1.91 (m, 3H, 14α-H, 14β-
H and 13α-H), 2.09–2.18 (m, 1H, 12β-H), 2.14 (s, 3H, NCH3),
2.28 (ddddd, J1 1.0, J2 2.8, J3 2.8, J4 6.7, J5 13.0, 1H, 8-H), 2.85
(br d, J 2.8, 1H, 9-H), 2.90–2.96 (m, 1H, 12α-H), 3.19 (dd,
J1 13.0, J2 13.0, 1H, 7α-H), 3.75 (s, 1H, OH), 3.76 (s, 3H,
CO2CH3)*, 3.78 (s, 3H, ArOCH3)*, 6.66 (d, J 2.7, 1H, 4-H),
6.79 (dd, J1 2.7, J2 8.5, 1H, 2-H), 7.08 (d, J 8.5, 1H, 1-H); δC (50
MHz; CDCl3) 21.52 (C-13), 29.98 (C-14), 31.07 (C-8), 35.81
(C-7), 44.09 (NCH3), 53.29 (CO2-CH3), 55.23 (ArOCH3), 57.94
(C-12), 65.57 (C-9), 75.72 (C-6), 111.85 (C-2)*, 113.34 (C-4)*,
129.44 (C-10), 133.56 (C-1), 138.58 (C-5), 159.32 (C-3), 177.50
(CO2-CH3); m/z 305 (M, 26%), 246 (100), 228 (17), 215 (12), 187
(11), 175 (14); C17H23NO4 requires: 305.1627 found: 303.1626
(MS).

(trans)-N,1-Dimethyl-2-oxo-5-vinylcyclopentane-1-carboxamide
13, (cis)-N,1-dimethyl-2-oxo-5-vinylcyclopentane-1-carboxamide
14, 1-methyl-1-(2,4-diaza-1,3-dioxopentan-1-yl)-5-vinylcyclo-
pentanone 15 and (±)-2,4-dimethyl-3,5-dioxo-1á-hydroxy-6á-
methyl-7â-vinyl-2,4-diazabicyclo[4.3.0]nonane 16

A solution of 10.0 g (51 mmol) of silyl ether 11 in 160 ml dry
diethyl ether was treated at 219 8C with 33 ml (52.8 mmol) of a
1.6 M solution of methyllithium in diethyl ether under an argon
atmosphere. After stirring at room temperature for 15 h the
mixture was cooled down to 2100 8C (ethanol–liquid nitrogen)
and a pre-cooled (278 8C) solution of 5.0 ml (82 mmol) methyl
isocyanate in 15 ml dry diethyl ether was added during 20 min.
After 2 h at 2100 8C and 2 h at room temperature 2 M hydro-
chloric acid was added until pH = 1. The organic phase was
separated and the aqueous phase extracted six times with 200
ml diethyl ether. The combined organic phases were dried with
potassium carbonate, evaporated and the residue subjected to
column chromatography on silica gel with cyclohexane–ethyl
acetate (1 :1).

The first fraction gave 3.91 g (41%) of compound 13 as color-
less rods, mp 64 8C; νmax/cm21 3350 (s, N–H), 3080 (w, C]]CH),
2960 (m, C–H), 2880 (m, C–H), 1735 (s, C]]O), 1645 (s, C]]O),
1540 (s, N–H), 1410 (m, CH2), 1270 (m, C–O), 1145 (m, C–O),
915 (s, CH]]CH2); λmax (CH3CN)/nm (log ε) 200 (3.767), 278
(1.392); δH (300 MHz; CDCl3) 1.15 (s, 3H, CH3), 1.77 (dddd,
J1 8.3, J2 10.7, J3 11.5, J4 12.5, 1H, 4β-H), 2.10 (dddd, J1 2.6,
J2 6.2, J3 8.4, J4 12.5, 1H, 4α-H), 2.37 (ddd, J1 8.4, J2 10.7, J3

19.0, 1H, 3α-H), 2.48 (ddd, J1 2.6, J2 8.3, J3 19.0, 1H, 3β-H),
2.80 (d, J 4.9, 3H, N-CH3), 3.40 (ddddd, J1 1.6, J2 1.6, J3 6.2,
J4 6.2, J5 11.5, 1H, 5-H), 5.18 (ddd, J1 1.6, J2 1.6, J3 10.2, 1H,
H-29a), ), 5.19 (ddd, J1 1.6, J2 1.6, J3 17.9, 1H, H-29b), 6.10
(ddd, J1 6.2, J2 10.2, J3 17.9, 1H, H-19); δC (75 MHz; CDCl3)
18.39 (CH3), 22.91 (C-4), 26.23 (NHCH3), 37.50 (C-3), 46.03
(C-5), 58.17 (C-1), 116.18 (CH]]CH2), 137.14 (CH]]CH2),
171.62 (CO), 219.41 (C-2); m/z 181 (M, 3.5%), 126 (23), 123
(13), 119 (12), 117 (13), 99 (63), 97 (100); C10H15NO2 requires:
181.1102 found: 181.1101 (MS).

The second fraction gave 50 mg (0.5%) of compound 14 as a
colorless oil; νmax/cm21 2944 (m, C–H), 1743 (s, C]]O), 1633 (s,
C]]O), 1537 (m), 1454 (m, CH2/CH3), 1410 (m, CH2/CH3), 1259
(w), 1056 (w), 921 (w, RCH]]CH2); δH (300 MHz; CDCl3) 1.32
(s, 3H, CH3), 2.12 (dddd, J1 5.6, J2 6.9, J3 9.1, J4 12.8, 1H,
4-βH), 2.17 (dddd, J1 7.3, J2 8.0, J3 8.8, J4 12.8, 1H, 4α-H), 2.35
(ddd, J1 7.3, J2 9.1, J3 19.5, 1H, 3β-H), 2.57 (dddd, J1 0.6, J2 5.6,
J3 8.8, J4 19.5, 1H, 3α-H), 2.68 (dddddd, J1 0.6, J2 0.9, J3 1.0,
J4 6.9, J5 8.0, J6 8.0, 1H, 5-H), 2.77 (br d, J 4.8, 3H, NCH3), 5.11
(ddd, J1 0.9, J2 1.6, J3 10.3, 1H, 29-Ha), 5.14 (ddd, J1 1.0, J2 1.6,

J3 17.2, 1H, 29-Hb), 5.87 (ddd, J1 8.0, J2 10.3, J3 17.2, 1H, 19-H),
6.26 (br s, 1H, NH); δC (75 MHz; CDCl3) 19.99 (CH3), 24.78
(C-4), 26.00 (NCH3), 36.64 (C-3), 52.00 (C-5), 59.65 (C-1),
116.75 (C-29), 137.13 (C-19), 170.74 (CONHCH3), 218.62 (C-2).

The third fraction gave 32 mg (0.3%) of compound 16 as
colorless crystals, mp 158–160 8C; νmax/cm21 3357 (s, br, O–H),
3080 (w, C]]C–H), 2991 (m, C–H), 1699 (s, C]]O), 1651 (s, C]]O),
1472, 1417 (s, CH2/CH3), 1380 (s), 1338 (s), 1208 (m), 1130
(m), 1091 (s), 1051 (s), 1009 (m), 962 (w), 924 (s), 754 (s);
λmax (CH3CN)/nm (log ε) 200 (4.038), 214 (3.803), 308 (2.394),
323 (sh, 2.339); δH (200 MHz; CDCl3) 1.23 (s, 3H, 12-H), 1.74
(dddd, J1 5.2, J2 8.8, J3 11.1, J4 13.2, 1H, 4β-H), 1.89 (dddd,
J1 6.0, J2 8.0, J3 9.0, J4 13.2, 1H, 4α-H), 2.05 (ddd, J1 6.0,
J2 11.1, J3 14.1, 1H, 5α-H), 2.37 (ddd, J1 5.2, J2 9.0, J3 14.1, 1H,
5β-H), 2.76 (s, 1H, OH, exchanges with D2O), 2.90 (ddddd,
J1 1.3, J2 1.4, J3 7.6, J4 8.8, J5 8.9, 1H, 3-H), 3.12 (s, 3H, 11-H),
3.19 (s, 3H, 9-H), 4.99 (ddd, J1 1.4, J2 1.4, J3 17.0, 1H, 1α-H),
5.11 (ddd, J1 1.3, J2 1.4, J3 10.3, 1H, 1β-H), 5.76 (ddd, J1 7.6,
J2 10.3, J3 17.0, 1H, 2-H); δC (75 MHz; CDCl3) 13.16 (C-12),
24.61 (C-4), 28.36 (C-11), 29.70 (C-9), 34.20 (C-5), 50.06 (C-3),
54.80 (C-7), 93.81 (C-6), 117.27 (C-1), 136.29 (C-2), 152.39
(C-10), 172.77 (C-8); m/z 238 (M, 5%), 223 (13), 220 (30), 205
(18), 195 (34), 170 (100), 148 (13, 123 (49); C12H18N2O3 requires:
238.1317 found: 238.1325 (MS).

N,6-Methyl-7-vinyl-1,4-dioxaspiro[4,4]nonane-6-carboxamide
17

A mixture of 916 mg (5.1 mmol) 13, 1.5 ml (25.3 mmol) ethane-
1,2-diol, 2.8 ml (25.3 mmol) trimethyl orthoformate and 32 mg
(0.16 mol) toluene-p-sulfonic acid hydrate was stirred at room
temperature for 48 h. After adding 20 mg sodium hydrogen
carbonate and stirring for a further 5 h the mixture was filtered
over silica gel with ethyl acetate and evaporated. The residue
was purified by column chromatography on silica gel with
cyclohexane–ethyl acetate (1 :5) to yield 1.055 g (93%) of 17 as
colorless needles with mp 119 8C (ethyl acetate–pentane);
νmax/cm21 3350 (s, N–H), 3080 (w, C]]CH), 2960 (m, C–H), 2940
(m, C–H), 2880 (m, C–H), 1645 (s, C]]O), 1530 (s, N–H), 1405
(m, CH2), 1380 (m, CH2), 1145 (m, br, C–O), 905 (s, CH]]CH2);
λmax (CH3CN)/nm (log ε) 200 (3.796); δH (300 MHz; CDCl3)
1.13 (s, CH3), 1.55–1.67 (m, 1H, H-8), 1.69–1.94 (m, 3H, 8α-H,
9α-H, 9β-H), 2.79 (d, J 4.9, 3H, NCH3), 3.30 (dddddd, J1 1.3,
J2 1.4, J3 1.4, J4 6.9, J5 8.0, J6 9.5, 1H, H-7), 3.86–4.00 (m, 4H,
O-CH2CH2-O), 5.08 (ddd, J1 1.4, J2 1.9, J3 10.4, 1H, H-29), 5.12
(ddd, J1 1.4, J2 1.9, J3 17.3, 1H, H-29), 5.94 (ddd, J1 6.9, J2 10.4,
J3 17.3, 1H, H-19); δC (75 MHz; CDCl3) 15.53 (CH3), 23.20
(C-8), 26.16 (NHCH3), 32.81 (C-9), 45.93 (C-7), 55.84 (C-6),
64.21, 65.02 (O-CH2CH2-O), 115.51 (CH]]CH2), 118.59 (C-5),
138.62 (CH]]CH2), 174.12 (s, CONHCH3); m/z 225 (M, 4%),
167 (15), 139 (23), 126 (81), 123(22), 109 (9), 100 (100), 99 (70);
C12H19NO3 requires: 225.1364 found: 225.1363 (MS) (Found:
C, 64.07; H, 8.43; N, 6.23. C12H19NO3 requires C, 63.98; H,
8.50; N, 6.22%).

N-(6-Methyl-7-vinyl-1,4-dioxaspiro[4,4]nonan-6-ylmethyl)-
methylamine 18

A solution of 960 mg (4.35 mmol) 17 in 80 ml diethyl ether was
added during 3.5 h under an argon atmosphere to 420 mg
(11.05 mmol) lithium aluminium hydride in 30 ml diethyl ether.
The mixture was stirred for 65 h at room temperature and
refluxed for 10 h. Working up by the Miçoviç–Mihailoviç 64 pro-
cedure and column chromatography on silica gel with ethyl
acetate gave 226 mg (28%) of starting material 17. Subsequent
elution with ethyl acetate–triethylamine (5 :1) yielded 576 mg
(60%, 83% on consumed starting material) of compound 18 as
a colorless oil; νmax/cm21 3350 (w, N–H), 3070 (w, C]]CH), 2970
(s, C–H), 2880 (s, C–H), 2780 (m, NCH3), 1640 (m, C]]C), 1465
(m, CH2CH3), 1375 (m, CH3), 1135 (s, br, C–O), 1000, 915
(CH=CH2); λmax (CH3CN)/nm (log ε) 200 (3.781); δH (300 MHz;
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CDCl3) 0.97 (s, 3H, CH3), 1.54–1.90 (m, 5H), 2.37 (s, 3H,
NCH3), 2.48 (d, J 11.5, 1H, -CH2NHCH3), 2.53 (1H, NH), 2.58
(d, J 11.5, 1H, -CH2NHCH3), 3.83–3.96 (m, 4H, O-CH2CH2O),
5.02 (ddd, J1 0.8, J2 2.2, J3 9.5, 1H, H-29), 5.03 (ddd, J1 1.1,
J2 2.2, J3 17.8, 1H, H-29), 5.80 (ddd, J1 8.3, J2 9.5, J3 17.8, 1H,
H-19); δC (75 MHz; CDCl3) 15.24 (CH3), 25.08 (C-8), 33.20
(C-9), 37.12 (NCH3), 48.66 (C-7), 48.77 (C-6), 57.42 (CH2-
NHCH3), 64.06, 64.58 (O-CH2CH2-O), 115.45 (CH]]CH2),
119.79 (C-5), 139.52 (CH]]CH2); m/z (CI, isobutane) 212
(M 1 1, 100%), 169 (24), 99 (5).

{5-Methoxy-2-[N-methyl-(6-methyl-7-vinyl-1,4-dioxaspiro[4,4]-
nonan-6-ylmethylaminocarbonyl]phenyl}acetic acid methyl
ester 19a

To a solution of 900 mg (2.79 mmol) 3 in 25 ml dichloro-
methane was added 536 mg (2.54 mmol) amine 18 in 25 ml
dichloromethane. After 9 h at room temperature 25 ml of
dichloromethane was distilled off, 1 ml triethylamine was added
and the mixture refluxed for 30 h. After evaporation of the
solvent the amide 19a was separated by radial chromatography
on silica gel with cyclohexane–ethyl acetate (2 :1) to yield 742
mg (70%) of 19a as a colorless, viscous oil; νmax/cm21 3072 (w,
C]]C–H), 2950 (m, C–H), 1738 (s, C]]O), 1668 (w), 1631 (s,
C]]O), 1608 (s, C]]C), 1576 (w), 1534 (w), 1435, 1409 (m, CH2/
CH3), 1304 (m), 1247 (s, Ar–O–C), 1159 (s), 919 (w), 828 (w);
λmax (CH3CN)/nm (log ε) 200 (4.691), 226 (4.127), 243 (sh,
3.930), 278 (3.428), 284 (sh, 3.373), 300 (3.021); δH (300 MHz;
CDCl3; selected data) 0.82 and 1.05 (2s, 3H, 18-H), 1.59–1.95
(m, 4H, 15α-H, 15β-H, 16α-H, 16β-H), 2.57–2.66 (m, 1H,
14-H), 2.88 and 3.05 (2s, 3H, NCH3), 3.17–3.47 (m, br, 1H),
3.58–3.86 (m, br, 2H), 3.66 (s, 3H, CO2CH3), 3.81 (s, 3H,
ArOCH3), 3.90–4.02 (m, 5H), 5.04–5.11 (m, 2H, 7α-H, 7β-H),
5.85–5.97 (m, 1H, 8-H), 6.77–6.86 (m, 2H, Ar-H), 7.14–7.17 (m,
1H, Ar-H); δC (50 MHz; CDCl3; selected data) 13.20 and
14.31 (C-18), 25.13 (C-15), 31.86 (C-16), 38.24 (C-6), 40.69
(NCH3), 49.00 (C-14), 50.00 (C-12), 50.68 (C-13), 51.90
(CO2CH3), 55.26 (ArOCH3), 63.42 (OCH2CH2O), 64.35
(OCH2CH2O), 112.32 (C-2), 116.19 (C-4), 116.27 (C-7),
118.78 (C-17), 128.17 (C-1), 130.14 (C-5), 133.28 (C-10),
138.89 (C-8), 159.70 (C-3), 171.75 (CO2CH3)*, 172.03
(C-9)*; m/z 417 (M, 10%), 386 (5), 250 (9), 207 (88), 179 (69),
167 (34), 149 (12), 139 (9), 99 (100); C23H31NO6 requires:
417.2151 found: 417.2149 (MS).

2-{5-Methoxy-2-[N-methyl-(6-methyl-7-vinyl-1,4-dioxaspiro[4,4]-
nonan-6-ylmethylaminocarbonyl]phenyl}-2-diazoacetic acid
methyl ester 19b

750 mg (3.81 mmol) of toluene-p-sulfonyl azide and 0.50 ml
(3.35 mmol) of 1,8-diazabicyclo[5.4.0]undec-7-ene were added
to a solution of 429 mg (1.03 mmol) amide 19a in 10 ml dry
acetonitrile. After standing for 41 h in the dark under an argon
atmosphere a further 200 mg (1.02 mmol) of toluene-p-sulfonyl
azide was added. After 21 h the mixture was concentrated to a
few ml, taken up with ethyl acetate, filtered through a short
silica gel column, and purified by radial chromatography on
silica gel with pentane–diethyl ether (1 :1) to yield 406 mg (89%)
of 19b as a yellow viscous oil; νmax/cm21 2951 (m, C–H), 2090
(s, CN2), 1706 (s, C]]O), 1635 (s, C]]O), 1601 (s, C]]C), 1436 (m,
CH2/CH3), 1399 (m), 1292 (m), 1234 (m), 1154 (m), 1033 (m),
914 (w), 822 (w); λmax (CH3CN)/nm (log ε) 200 (4.456), 221
(4.463), 247 (sh, 4.252), 325 (sh, 2.497), 390 (2.155); δH (300
MHz; CDCl3; selected data) 0.78 and 1.05 (2s, 3H, 18-H), 1.58–
1.90 (m, 15α-H, 15β-H, 16α-H, 16β-H), 2.55–2.68 (m, 14-H),
2.89 and 3.03 (2s, 3H, NCH3), 3.79 (s, 3H, CO2CH3), 3.82
(s, 3H, ArOCH3), 3.87–4.09 (m, OCH2CH2O), 5.04–5.11 (m,
7α-H, 7β-H), 5.85–5.96 (m, 8-H), 6.81–6.89 (m, Ar-H, 2-H),
7.00–7.10 (m, Ar-H, 4-H), 7.20–7.31 (m, Ar-H, 1-H); δC (50
MHz; CDCl3; selected data) 13.24 and 14.33 (C-18), 25.22
(C-15), 31.96 (C-16), 40.58 (NCH3), 48.93 (C-14), 49.50 (C-6),

50.24 (C-12), 50.71 (C-13), 51.98 (CO2CH3), 55.43 (ArOCH3),
63.49 (OCH2CH2O), 64.37 (OCH2CH2O), 113.56 (C-2)*,
115.02 (C-10)*, 116.01 (C -7), 118.87 (C-17), 124.73 (C-5),
128.89 (C-4)**, 130.64 (C-1)**, 138.89 (C-8), 159.98 (C-3),
165.84 (CO2CH3), 172.03 (C-9); m/z 415 (M 2 N2, 93%), 397
(59), 356 (88), 340 (12), 326 (18), 248 (20), 206 (45), 181 (26), 99
(100); C23H29NO6 (M 2 N2) requires: 415.1995 found: 415.1992
(MS).

Spiro[6-hydroxy-3-methoxy-6-methoxycarbonyl-11-methyl-11-
azaestra-1,3,5(10),8-tetraene-17,29-dioxolane] 22 and spiro[3-
methoxy-6-methoxycarbonyl-11-methyl-11-azaestra-1,3,5(10),
6,8(9)-pentaene-17,29-dioxolane] 25

A solution of 493 mg (1.11 mmol) of diazo amide 19b in 100 ml
dry toluene was added during 12 h under argon to a boiling
solution of 17 mg (0.02 mmol) copper(II) hexafluoroacetyl-
acetonate, cooled and evaporated. The residue was purified by
flash chromatography using silica gel and pentane–diethyl
ether–diethylamine (8 :4 :1).

The first fraction gave 61 mg (14%) of compound 25 as color-
less crystals, mp 145–148 8C (diethyl ether); νmax/cm21 2943
(m, C–H), 1694 (s, C]]O), 1618 (s, C]]C), 1559 (m), 1435, 1408
(m, CH2/CH3), 1322 (m), 1258 (s), 1222 (s), 1041 (m); λmax

(CH3CN)/nm (log ε) 205 (4.481), 210 (sh, 4.475), 225 (sh,
4.243), 247 (4.382), 278 (4.311), 287 (sh, 4.239), 306 (sh, 3.460),
325 (sh, 3.644), 338 (3.838), 376 (4.207); δH (300 MHz; CDCl3)
0.74 (d, J 0.8, 3H, 18-H), 1.77 (dddd, J1 6.5, J2 11.5, J3 11. 8,
J4 12.1, 1 H, 15β-H), 2.11 (ddd, J1 6.5, J2 9.6, J3 14.5, 1H,
16α-H), 2.23 (ddd, J1 3.4, J2 11.5, J3 14.5, 1H, 16β-H), 2.27
(dddd, J1 3.4, J2 7.4, J3 9.6, J4 12.1, 1H, 15α-H), 3.15 (dddd,
J1 1.2, J2 1.2, J3 7.4, J4 11.8, 1H, 14-H), 3.25 (dd, J1 1.2, J2 10.6,
1H, 12α-H), 3.31 (s, 3H, NCH3), 3.44 (qd, J1 0.8, J2 10.6, 1H,
12β-H), 3.79–4.09 (m, 4H, OCH2CH2O), 3.92 (s, 3H,
CO2CH3)*, 3.96 (s, 3H, ArOCH3)*, 7.01 (dd, J1 2.7, J2 9.3, 1H,
2-H), 7.87 (d, J 9.3, 1H, 1-H), 7.89 (d, J 1.2, 1H, 7-H), 8.64 (d,
J 2.7, 1H, 4-H); δC (75 MHz; CDCl3) 14.23 (C-18), 22.33 (C-15),
35.28 (C16), 43.70 (C-14), 46.33 (C-13), 46.73 (NCH3), 51.31
(CO2CH3), 55.21 (ArOCH3), 60.00 (C-12), 64.63 (OCH2CH2O),
65.19 (OCH2CH2O), 104.67 (C-2), 113.70 (C-10)*, 115.73
(C-4), 118.45 (C-17), 120.13 (C-8)*, 121.45 (C-6), 126.97
(C-1), 130.01 (C-7), 135.60 (C-5), 148.80 (C-9), 158.37 (C-3),
167.97 (CO2R); m/z 397 (M, 100%), 366 (7), 296 (25), 264 (8),
125 (11), 111 (19); C23H27NO5 requires: 397.1889 found:
397.1887 (MS).

The second fraction gave 240 mg (52%) of compound 22 as a
colorless oil; νmax/cm21 3700–3100 (s, br, O–H), 2948 (m, C–H),
2882 (m, C–H), 2834 (w, OCH3), 1734 (s, C]]O), 1608 (s, C]]C),
1566 (w), 1492 (s, CH2/CH3), 1466, 1432 (m, CH2/CH3), 1380
(w), 1298 (s), 1264 (s), 1238 (s), 1156 (m), 1128 (m), 1100 (m),
1034 (m), 948 (m), 828 (w); λmax (CH3CN)/nm (log ε) 207
(4.509), 249 (4.147), 295 (3.895), 362 (sh, 3.095); δH (300 MHz;
CDCl3) 0.89 (d, J1 0.6, 3H, 18-H), 1.33 (dddd, J1 6.8, J2 11.4,
J3 12.0, J4 12.3, 1H, 15β-H), 1.80 (dddd, J1 2.9, J2 7.1, J3 9.3,
J4 12.0, 1H, 15α-H), 1.96 (ddd, J1 6.8, J2 9.3, J3 14.4, 1H,
16α-H), 2.14 (ddd, J1 2.9, J2 11.4, J3 14.4, 1H, 16β-H), 2.51 (d,
J 18.8, 1H, 7β-H), 2.77 (s, 3H, NCH3), 2.88 (dd, br, J1 3.0,
J2 18.8, 1H, 7α-H), 2.85–2.94 (m, br, 1H, 14-H), 3.05 (dd, J1 1.2,
J2 10.7, 1H, 12α-H), 3.16 (d, br, J 10.7, 1H, 12β-H), 3.25–
3.42 (m, br, 1H, OH), 3.79 (s, 3H, CO2CH3)*, 3.84 (s, 3H,
ArOCH3)*, 3.84–4.00 (m, 4H, OCH2CH2O), 6.64 (d, J 2.7, 1H,
4-H), 6.85 (dd, J1 2.7, J2 8.6, 1H, 2-H), 7.33 (d, J 8.6 Hz, 1H,
1-H); δC (75 MHz; CDCl3) 14.06 (C-18), 21.39 (C-15), 35.62
(C-7), 36.84 (C-16), 43.41 (C-14), 44.29 (NCH3), 45.85 (C-13),
52.90 (CO2CH3), 55.39 (ArOCH3), 59.28 (C-12), 64.62 (OCH2-
CH2O), 65.21 (OCH2CH2O), 74.87 (C-6), 109.27 (C-8), 111.18
(C-4)*, 112.89 (C-2)*, 118.44 (C-17), 125.18 (C-10), 125.89 (C-
1), 136.58 (C-5)**, 137.10 (C-9)**, 158.01 (C-3), 175.91
(CO2CH3); m/z 415 (M, 100%), 397 (46), 370 (8), 355 (25), 340
(22), 326 (22), 314 (18), 296 (12), 282 (11), 254 (21), 240 (9), 208
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(6), 99 (15); C23H29NO6 requires: 415.1995 found: 415.1992
(MS).

Spiro[6-hydroxy-3-methoxy-6-methoxycarbonyl-11-methyl-11-
azaestra-1,3,5(10)-triene-17,29-dioxolane] 23

Palladium on charcoal (6 mg, 5% Pd) was added to a solution
of 60 mg (0.14 mmol) of 22 in 2 ml methanol, hydrogenated
until one equivalent of hydrogen was taken up, filtered and
evaporated. The residue was purified by radial chromatography
(silica gel, pentane–diethyl ether–diethylamine (8 :4 :1)). Yield:
46 mg (76%) colorless oil; νmax/cm21 3700–3100 (s, br, O–H),
2948 (s, C–H), 2884 (m, C–H), 2802 (w, N–CH3), 1734 (s, C]]O),
1612 (m, C]]C), 1582 (w), 1498 (m, CH2/CH3), 1464 (m, CH2/
CH3), 1382 (w), 1254 (s), 1240 (s), 1214 (m), 1172 (m), 1098 (m),
1032 (m), 950 (w), 890 (w), 749 (w); λmax (CH3CN)/nm (log ε)
199 (4.839), 222 (sh, 4.222), 266 (sh, 3.372), 277 (3.536), 286
(sh, 3.483); δH (200 MHz; CDCl3) 0.97 (d, J 0.6, 3H, 18-H),
1.17–1.32 (m, 1H, 15-H), 1.60–1.85 (m, 3H, 14α-H, 15-H, 16-
H), 1.69 (dd, J1 12.1, J2 13.4, 1H, 7α-H), 1.86–2.06 (m, 2H,
8-H, 16-H), 2.34 (dd, J1 4.2, J2 13.4, 1H, 7β-H), 2.42 (s, 3H,
NCH3), 2.90 (d, J 12.1, 1H, 12β-H), 2.99 (qd, J1 0.6, J2 12.1,
1H, 12α-H), 3.35 (dd, J1 1.1, J2 9.9, 1H, 9-H), 3.70–3.89 (s,
br, 1H, OH), 3.71 (s, 3H, CO2CH3)*, 3.73 (s, 3H, ArOCH3)*,
3.76–3.89 (m, 4H, OCH2CH2O), 6.72 (d, J 2.7, 1H, 4-H), 6.86
(dd, J1 2.7, J2 8.6, 1H, 2-H), 7.42 (dd, J1 8.6, J2 1.1, 1H, 1-H); δC

(75 MHz; CDCl3) 16.19 (C-18), 22.31 (C-15), 34.31 (C16), 35.24
(C-8), 39.37 (C-7), 42.23 (NCH3), 46.69 (C-13), 49.58 (C-14),
53.14 (CO2CH3), 55.30 (ArOCH3), 61.41 (C-12), 64.53 (OCH2-
CH2O), 65.18 (OCH2CH2O), 65.70 (C-9), 74.92 (C-6), 111.34
(C-4), 113.83 (C-2), 119.10 (C-17), 127.73 (C-1), 131.98 (C-10),
138.30 (C-5), 158.07 (C-3), 176.51 (CO2CH3); m/z 417 (M,
48%), 399 (60), 372 (6), 358 (11), 340 (41), 315 (32), 298 (7), 251
(13), 234 (13), 216 (66), 191 (18), 175 (100), 162 (10), 99 (17);
C23H31NO6 requires: 417.2152 found: 417.2124 (MS).

Methyl 6-hydroxy-3-methoxy-11-methyl-17-oxo-11-azaestra-
1,3,5(10)-triene-6-carboxylate  24

13.0 mg (0.075 mmol) toluene-p-sulfonic acid monohydrate was
added to a solution of 28.3 mg (0.068 mmol) dioxolane 23 in 10
ml acetone. After standing in the dark for 7 d, 15 mg (0.18
mmol) sodium hydrogen carbonate was added, the mixture
stirred for 5 h at room temperature, filtered through a short
column of sodium sulfate with diethyl ether–diethylamine
(1 :1), the solution evaporated and the residue purified by radial
chromatography (silica gel, pentane–diethyl ether–diethyl-
amine (8 :4 :1). Yield: 21.0 mg (83%) colorless foam. δH (300
MHz; CDCl3) 1.05–1.26 (m, 1H), 1.08 (s, 3H), 1.53–1.68 (m,
1H), 1.83 (dd, 1H, J1 13.5, J2 11.8, H-7), 1.95–2.30 (m, 4H, H-
16, H-8), 2.45 (s, 3H, NCH3), 2.50 (dd, 1H, J1 13.5, J2 4.8, H-7),
2.58 (dd, 1H, J1 12.3, J2 1.0, H-12), 3.22 (d, 1H, J 12.3, H-12),
3.30 (dd, 1H, J1 10.0, J2 1.1, H-9), 3.78 (s, 3H, OCH3), 3.84 (s,
3H, OCH3), 6.67 (d, 1H, J 2.7, H-4), 6.88 (dd, 1H, J1 8.6, J2 2.7,
H-2), 7.45 (dd, 1H, J1 8.6, J2 1.1, H-1); δC (75 MHz; CDCl3)
15.19 (C-18), 21.55 (C-15), 35.57 (C-16), 35.81 (C-8), 38.84
(C-7), 42.91 (NCH3), 48.18 (C-13), 50.40 (C-14), 53.35
(CO2CH3), 55.33 (ArOCH3), 61.48 (C-12), 65.69 (C-9), 74.90
(C-6), 111.51 (C-4), 113.54 (C-2), 127.32 (C-1), 131.84 (C-10),
138.08 (C-5), 158.10 (C-3), 176.29 (CO2CH3), 217.97 (C-17).

Methyl 3-methoxy-11-methyl-17-oxo-11-azaestra-1,3,5(10),6,8-
pentaene-6-carboxylate 26

22.0 mg (0.06 mmol) of ketal 25 was added to a mixture of 1.25
g silica gel (0.04–0.063 mm), 2.3 ml dichloromethane and 0.12
ml of an aqueous solution of oxalic acid (10%), stirred for 14 d,
washed with cyclohexane–ethyl acetate (2 :1), dried and purified
by radial chromatography on aluminium oxide with pentane–
ethyl acetate (6 :1). Yield 17.5 mg (89%) colorless needles, mp
148–150 8C (diethyl ether); νmax/cm21 2942 cm (m, C–H), 1736

(s, C]]O), 1702 (s, C]]O), 1618 (s, C]]C), 1557 (m), 1508 (w),
1476, 1436, 1410 (m, CH2/CH3), 1318 (m), 1284 (m), 1257 (s,
Ar–O–C), 1213 (s), 1152 (s), 1032 (m), 1000 (m), 924 (w), 896
(w), 871 (w), 821 (w), 784 (w), 718 (w), 700 (w); λmax (CH3CN)/
nm (log ε) 205 (4.588), 210 (sh, 4.583), 227 (4.354), 247 (4.543),
278 (4.423), 286 (sh, 4.361), 309 (sh, 3.481), 325 (sh, 3.793), 339
(3.993), 374 (4.324); δH (300 MHz; CDCl3) 0.81 (d, J 0.5, 3H,
18-H), 2.01 (dddd, J1 8.8, J2 9.3, J3 11.8, J4 12.4, 1H, 15β-H),
2.43 (ddd, J1 8.7, J2 8.8, J3 19.3, 1H, 16α-H), 2.66 (dddd, J1 1.2,
J2 6.0, J3 8.7, J4 11.8, 1H, 15α-H), 2.71 (ddd, J1 1.2, J2 9.3,
J3 19.1, 1H, 16β-H), 3.14 (dddd, J1 1.1, J2 1.5, J3 6.0, J4 12.4,
1H, 14-H), 3.23 (dd, J1 0.5, J2 11.2, 1H, 12β-H), 3.33 (s, 3H,
NCH3), 3.55 (dd, J1 1.5, J2 11.2, 1H, 12α-H), 3.95 (s, 3H,
CO2CH3)*, 3.97 (s, 3H, ArOCH3)*, 7.05 (dd, J1 2.7, J2 9.4, 1H,
2-H), 7.88 (d, J 9.4, 1H, 1-H), 7.94 (d, J 1.1, 1H, 7-H), 8.64 (d,
J 2.7, 1H, 4-H); δC (75 MHz; CDCl3) 14.22 (C-18), 21.37 (C-15),
36.55 (C-16), 44.31 (C-14), 46.49 (NCH3), 48.93 (C-13), 51.49
(CO2CH3), 55.27 (ArOCH3), 60.57 (C-12), 104.80 (C-2), 114.76
(C-10)*, 116.32 (C-4), 119.55 (C-8)*, 120.43 (C-6), 126.85
(C-1), 129.22 (C-7), 135.90 (C-5), 148.87 (C-9), 158.67 (C-3),
167.83 (CO2CH3), 217.37 (C-17); m/z 353 (M, 100%), 338
(7), 322 (13), 310 (9), 296 (25), 282 (14), 278 (8); C21H23NO4

requires: 353.1627 found: 353.1626 (MS).

Acknowledgements
The continuous support of this work by the Deutsche
Forschungsgemeinschaft and the Fonds der Chemischen
Industrie is gratefully acknowledged.

References
1 (a) J. Mulzer, H.-J. Altenbach, M. Braun, K. Krohn and H.-U.

Reissig, in Organic Synthesis Highlights, VCH Verlagsgesellschaft,
Weinheim, 1991; (b) Organic Synthesis Highlights, ed. H.
Waldmann, VCH Verlagsgesellschaft, Weinheim, 1995; (c) E. J.
Corey and X. M. Cheng, The Logic of Chemical Synthesis, Wiley,
New York, 1989; (d ) T. L. Ho, Tandem Organic Reactions, Wiley,
New York, 1992.

2 See, e.g. Comprehensive Organic Synthesis, ed. B. M. Trost and
I. Fleming, Pergamon Press, Oxford, 1991, vol. 5, and references
cited therein.

3 (a) R. C. Elderfield, in Heterocyclic Compounds, ed. R. C. Elderfield,
Wiley, New York, 1951, vol. 2, p. 68; (b) M. J. Haddadin,
Heterocycles, 1978, 9, 865; (c) W. Friedrichsen, Adv. Heterocycl.
Chem., 1980, 26, 135; (d ) U. E. Wiersum, Aldrichimica Acta, 1981,
14, 53; (e) R. Rodrigo, Tetrahedron, 1988, 44, 2093; ( f ) B. Rickborn,
in Advances in Theoretically Interesting Molecules, ed. R. P.
Thummel, JAI Press, Greenwich, Connecticut, 1989, vol. 1, p.1;
(g) W. Friedrichsen, Methoden Org. Chem. (Houben-Weyl), ed.
R. Kreher, Thieme Verlag, Stuttgart, 1994, vol. E6b1, p.163; (h)
O. Peters and W. Friedrichsen, in Trends in Heterocyclic Chemistry,
Trivandrum, 1995, vol. 4, p. 217; (i) W. Friedrichsen, Adv.
Heterocycl. Chem., in press.

4 (a) W. Eberbach, H. Fritz and N. Labert, Angew. Chem., 1988, 100,
599; Angew. Chem., Int. Ed. Engl., 1988, 27, 568; (b) W. Eberbach,
N. Labert, J. Bussenius, H. Fritz and G. Ribs, Chem. Ber., 1993, 126,
975; (c) W. Friedrichsen and A. Schöning, Heterocycles, 1986, 24,
307; (d ) A. Schöning and W. Friedrichsen, Tetrahedron Lett., 1988,
29, 1137; (e) A. Schöning and W. Friedrichsen, Liebigs Ann. Chem.,
1989, 405; ( f ) A. Schöning, T. Debaerdemaeker, M. Zander and
W. Friedrichsen, Chem. Ber., 1989, 122, 1119; (g) A. Schöning and
W. Friedrichsen, Z. Naturforsch., 1989, 44B, 825; (h) T. Kuroda,
M. Takahashi, T. Ogiku, H. Ohmizu, K. Kondo and T. Iwasaki,
J. Chem. Soc., Chem. Comm., 1991, 1635; (i) C. O. Kappe and
A. Padwa, J. Org. Chem., 1996, 61, 6166; ( j) L. Aßmann and
W. Friedrichsen, Heterocycles, 1989, 29, 1003; (k) L. Aßmann,
T. Debaerdemaeker and W. Friedrichsen, Tetrahedron Lett., 1991,
32, 1161; (l) S. Reck, K. Bluhm, T. Debaerdemaeker, J. P. Declercq,
B. Klenke and W. Friedrichsen, Heterocycles, 1996, 43, 1165; (m)
J. Nagel, W. Friedrichsen and T. Debaerdemaeker, Z. Naturforsch.,
1993, 48B, 219; (n) O. Peters and W. Friedrichsen, Heterocycl.
Commun., 1996, 2, 203; (o) S. Reck, C. Näther and W. Friedrichsen,
Heterocycles, 1998, 48, 853; (p) S. Reck and W. Friedrichsen, J. Org.
Chem., 1998, 63, 7680.



68 J. Chem. Soc., Perkin Trans. 1, 1999,  59–69

5 The literature of intramolecular Diels–Alder reactions is extensive.
For reviews and examples see ref. 6.

6 (a) W. Oppolzer, Angew. Chem., 1977, 89, 10; Angew. Chem., Int. Ed.
Engl., 1977, 16, 10; (b) G. Brieger and J. N. Bennett, Chem. Rev.,
1980, 80, 63; (c) G. Desimoni, G. Tacconi, A. Barco and G. P.
Pollini, Natural Products Synthesis Through Pericyclic Reactions,
American Chemical Society, ACS Monograph 180, Washington,
1983; (d ) E. Ciganek, Org. React., 1984, 32, 1; (e) A. G. Fallis, Can.
J. Chem., 1984, 62, 183; ( f ) D. F. Taber, Intramolecular Diels–Alder
and Alder Ene Reactions, Reactivity and Structure, Concepts in
Organic Chemistry, Springer-Verlag, Berlin, 1984, vol. 18; ( g) L. A.
Paquette, in Asymmetric Synthesis, ed. J. D. Morrison, Academic
Press, New York, 1984, vol. 3, p. 478; (h) S. M. Weinreb, Acc. Chem.
Res., 1985, 18, 16; (i) W. Oppolzer, Synthesis, 1978, 793; ( j)
W. Oppolzer, Heterocycles, 1980, 14, 1615; (k) T. Kametani, Pure
Appl. Chem., 1979, 51, 747; (l) E. Ciganik and E. M. Schubert,
J. Org. Chem., 1995, 60, 4629; (m) L. A. White, P. M. O’Neill, B. K.
Park and R. C. Storr, Tetrahedron Lett., 1995, 36, 5983; (n) P. R.
Carly, Tetrahedron Lett., 1995, 36, 2113; (o) N. E. Alexandrou,
Tetrahedron Lett., 1995, 36, 6777; (p) M. V. B. Rao, Tetrahedron
Lett., 1995, 36, 3385; (q) M. Ishikura, J. Chem. Soc., Chem. Comm.,
1995, 409; (r) C.-H. Chou and W. S. Trahanovsky, J. Org. Chem.,
1995, 60, 5449; (s) F. R. Leusink, J. Chem. Soc., Chem. Commun.,
1992, 1401; (t) M. N. Greco, J. Org. Chem., 1992, 57, 5532; (u) S. B.
Bedford, Synlett, 1991, 627; (v) K. Ando, N. Akadegawa and
H. Takayama, J. Chem. Soc., Perkin Trans. 1, 1993, 2263; (w) W. S.
Trahanovsky, J. Org. Chem., 1994, 59, 2594; (x) F. Diederich,
U. Jones, V. Gramlich, A. Herrmann, H. Ringsdorf and C.Thilgen,
Helv. Chim. Acta, 1993, 76, 2445; (y) M. Al Hariri, F. Pautet
and H. Fillion, Synthesis, 1994, 459; (z) G. Kanai, N. Miyaura and
A. Suzuki, Chem. Lett., 1993, 845; (aa) J. L. Charlton and
S. Maddaford, Can. J. Chem., 1993, 71, 827; (bb) H. Sano,
K. Kawata and M. Kosugi, Synlett, 1993, 831; (cc) J. D. Winkler,
Chem. Rev., 1996, 96, 167; (dd) D. Craig, in Houben-Weyl, Methods
of Organic Synthesis, ed. G. Helmchen, R. W. Hoffmann, J. Mulzer
and E. Schaumann, Thieme Verlag, Stuttgart, 1995, vol. E21c,
p. 2872; (ee) W. R. Roush, in Comprehensive Organic Synthesis,
ed. B. M. Trost and I. Fleming, Pergamon Press, Oxford, 1991,
vol. 5, p. 513. For the phrase “tandem” see also L. F. Tietze, Chem.
Rev., 1996, 36, 115, and footnote.

7 Benzo[c]furans have been used as synthons for the preparation
of a wide variety of products. For pertinent examples see refs. 3 and
8.

8 Recent work: (a) D. M. Shair, T. Yoon, T.-C. Chou and S. J.
Danishefsky, Angew. Chem., 1994, 106, 2578; Angew. Chem., Int. Ed.
Engl., 1994, 33, 2477; (b) B. Hauschel, D. Ruff and M. Hanack,
J. Chem. Soc., Chem. Commun., 1995, 2449; (c) B. Schlicke,
H. Schirmer and A.-D. Schlüter, Adv. Mater., 1995, 7, 544; (d )
A. Padwa, J. E. Cochran and C. O. Kappe, J. Org. Chem., 1996, 61,
3706; (e) W. Ng and D. Wege, Tetrahedron Lett., 1996, 37, 6797;
( f ) D. B. Berkowitz, J.-H. Maeng, A. H. Dantzig, R. L. Shephard
and B. H. Norman, J. Am. Chem. Soc., 1996, 118, 9426; (g)
O. Kintzel, W. Münch, A.-D. Schlüter and A. Godt, J. Org. Chem.,
1996, 61, 7304; (h) R. N. Warrener, S. Wang, R. A. Russell and M. J.
Gunter, Synlett, 1997, 47; (i) P. Stihler, B. Hauschel and M. Hanack,
Chem. Ber./Recueil, 1997, 130, 801; ( j) R. Carhini, K. Higgs,
C. Older, S. Randhawa and R. Rodrigo, J. Org. Chem., 1997, 62,
2330; (k) P. Magnus, S. A. Eisenbeis, R. A. Fairhurst, T. Iliadis,
N. A. Magnus and D. Parry, J. Am. Chem. Soc., 1997, 119, 5591;
(l) R. N. Warrener, S. Wang, D. N. Butler and R. A. Russell, Synlett,
1997, 44; (m) R. N. Warrener, S. Wang and R. A. Russell,
Tetrahedron, 1997, 53, 3975; (n) A. G. Y. Myers, N. J. Tom, M. E.
Fraley, S. B. Cohen and D. J. Madar, J. Am. Chem. Soc., 1997, 119,
6072; (o) Y. Tobe, S. Saiki, H. Minami and K. Naemura, Bull. Chem.
Soc. Jpn., 1997, 70, 1935.

9 (a) W. Friedrichsen, B.-M. König, K. Hildebrandt and T.
Debaerdemaeker, Heterocycles, 1986, 24, 297; (b) K. Hildebrandt,
T. Debaerdemaeker and W. Friedrichsen, Tetrahedron Lett., 1989,
29, 2045; (c) K. Hildebrandt and W. Friedrichsen, Heterocycles,
1989, 29, 1243.

10 (a) P. Beak and C. W. Chen, Tetrahedron Lett., 1983, 24, 2945;
(b) C. W. Chen and P. Beak, J. Org. Chem., 1986, 51, 3325.

11 Preliminary communication: O. Peters and W. Friedrichsen,
Tetrahedron Lett., 1995, 36, 8581.

12 (a) C. O. Kappe, J. E. Cochran and A. Padwa, Tetrahedron Lett.,
1995, 36, 9285; (b) A. Padwa, C. O. Kappe, J. E. Cochran and J. P.
Snyder, J. Org. Chem., 1997, 62, 2786.

13 An ingenious route towards erythrinanes using aminoisobenzo-
furanes as intermediates was reported by A. Padwa and co-workers:
A. Padwa, C. O. Kappe and T. S. Reger, J. Org. Chem., 1996,
61, 4888; see also: A. Padwa, C. O. Kappe and T. S. Reger,
16th International Congress on Heterocyclic Chemistry, Montana

State University, Bozeman, August 10–15, 1997, Abstr. Paper OP-I-
1.

14 (a) O. Buchardt, Tetrahedron Lett., 1968, 1911; (b) K. B. Tomer,
N. Harrit, I. Rosenthal, O. Buchardt, P. L. Kumler and D. Creed,
J. Am. Chem. Soc., 1973, 95, 7402; (c) W. Friedrichsen, I. Kallweit
and R. Schmidt, Liebigs Ann. Chem., 1977, 116.

15 M. Hamaguchi and T. Ibata, Chem. Lett., 1976, 287.
16 G. A. Swan, J. Chem. Soc., 1950, 1538.
17 For a similar reaction in the furan series see: R. W. Carling and

P. D. Leeson, Synlett, 1993, 40; but see also W. V. Murray and
S. K. Hadden, J. Chem. Res., 1991, 279 for an unregioselective ring
opening reaction of homophthalic anhydride.

18 A convenient synthesis of 1 starting with p-anisic acid has been
worked out by K. Hildebrandt: K. Hildebrandt, Diploma thesis,
University of Kiel, Germany, 1985.

19 N. K. Bose and D. N. Chaudhury, J. Indian Chem. Soc., 1969, 66,
854.

20 Method: L. A. Paquette, J. Am. Chem. Soc., 1965, 87, 5186.
21 J. von Braun and Z. Köhler, Ber. Dtsch. Chem. Ges., 1918, 51, 79.
22 Treatment of 5-bromopent-1-ene with aqueous methylamine (40%,

1 h, 80 8C) is more convenient than the method described by von
Braun and Köhler.23

23 A. Schöning, Dissertation, University of Kiel, Germany, 1989.
24 (a) M. Regitz, Chem. Ber., 1965, 98, 1210; (b) M. Regitz and

G. Maas, Diazo Compounds, Properties and Synthesis, Academic
Press, New York, 1986.

25 (a) A. Saba, Synthesis, 1984, 268; (b) J. A. Bertrand and R. I.
Kaplan, Inorg. Chem., 1966, 5, 489; (c) M. Schildberg, Dissertation,
University of Kiel, Germany, 1987; (d ) G. Maas, Topics in Current
Chemistry, Springer Verlag, Heidelberg, 1987, vol. 137, p. 77.

26 (a) C. O. Kappe, K. Peters and E.-M. Peters, J. Org. Chem., 1997,
62, 3109; (b) A. Padwa and D. L. Hertzog, Tetrahedron, 1993, 49,
2589.

27 A primary cycloadduct of similar type could be isolated when
the quantity of transition metal catalyst was reduced to only a
minimal amount: K. Hildebrandt, Dissertation, University of Kiel,
Germany, 1988.

28 For more details consult the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen under number CSD-404892.

29 (a) C. R. Engel and S. Rakhit, Can. J. Chem., 1962, 40, 2153; (b)
M. Gumulka, I. H. Ibrahim, Z. Boncza-Tomaszewski and C. R.
Engel, Can. J. Chem., 1985, 63, 766; (c) D. Nasipuri and S. K. Gosh,
J. Chem. Soc., Perkin Trans. 1, 1976, 1889; (d ) Y. P. Badanova and
K. K. Pivnitskii, Zh. Obshch. Khim, 1971, 41, 242; J. Gen. Chem.
USSR (Engl. Transl.), 1971, 41, 242; (e) J. R. Hanson, Nat. Prod.
Rep., 1997, 14, 373 and references cited therein.

30 (a) R. L. Funk and K. P. C. Vollhardt, Synthesis, 1980, 118; (b) A. B.
Smith III, S. R. Show, J. D. Bloom, A. S. Thomson and K. N.
Winzenberg, J. Am. Chem. Soc., 1982, 104, 4015; (c) T.-L. Ho and
S.-H. Liu, Chem. Ind. (London), 1982, 371; (d ) B. W. Disayanaka
and A. C. Weedon, Synthesis, 1983, 952; (e) V. Rautenstrauch,
J. Org. Chem., 1984, 49, 950; ( f ) J. Tsuji, M. Nisar, I. Shimizu and
I. Minami, Synthesis, 1984, 1009.

31 B.-M. König, Dissertation, University of Kiel, Germany, 1987.
32 G. Schroeter, Ber. Dtsch. Chem. Ges., 1909, 42, 3356.
33 See e.g. S. W. Homans, A Dictionary of Concepts in NMR,

Clarendon Press, Oxford, 1992.
34 (a) F. Huet, A. Lechvallier, N. Pellet and J. M. Conia, Synthesis,

1978, 63; (b) F. Huet, A. Lechvallier and J. M. Conia, Tetrahedron
Lett., 1977, 29, 2521; (c) R. Sterzycki, Synthesis, 1979, 724.

35 (a) O. Damm, K.-W. Hagedorn and H. Homann, Chem. Ber., 1971,
104, 3313; (b) L. F. Fieser and M. Fieser, Steroide, Verlag Chemie,
Weinheim, 1961, p. 505.

36 (a) J. J. P. Stewart, in Reviews in Computational Chemistry, ed. K. B.
Libkowitz and D. B. Boyd, VCH, New York, 1990, p. 45; (b) M. C.
Zerner, in Reviews in Computational Chemistry, ed. K. B. Libkowitz
and D. B. Boyd, VCH, New York, 1991, vol. 2, p. 313.

37 MOPAC, Ver. 6.0 and Ver. 6.12 were used.38

38 QCMP 113, QCPE Bull., 1992, 12, 72.
39 (a) J. Hehre, L. Radom, P. v. R. Schleyer and J. A. Pople, Ab initio

Molecular Orbital Theory, Wiley, New York, 1986; (b) M. Frisch,
J. Foresman and Æ. Frisch, Gaussian 92 User’s Guide, Gaussian
Inc., Carnegie Mellon University, Pittsburgh, PA, 1993; (c) J. B.
Foresman and Æ. Frisch, Exploring Chemistry with Electronic
Structure Methods, Gaussian, Inc., 2nd edn., Pittsburgh, PA, 1996;
(d ) W. J. Hehre, Practical Strategies for Electronic Structure
Calculations, Wavefunction, Inc., Irvine 1995; (e) W. J. Hehre,
L. D. Burke, A. J. Shusterman and W. J. Pietro, Experiments in
Computational Organic Chemistry, Wavefunction Inc., Irvine 1993.

40 The ab initio calculations have been performed with the Gaussian 92
and Gaussian 94 suite of programs.41

41 (a) Gaussian 92, Revision E.2, M. J. Frisch, G. W. Trucks, M. Head-



J. Chem. Soc., Perkin Trans. 1, 1999, 59–69 69

Gordon, P. M. W. Gill, M. W. Wong, J. B. Foresman, B. G. Johnson,
H. B. Schlegel, M. A. Robb, E. S. Replogle, R. Gomperts, J. L.
Andres, K. Raghavachari, J. S. Binkley, C. Gonzalez, R. L. Martin,
J. J. Fox, D. J. Defrees, J. Baker, J. J. P. Stewart and J. A. Pople,
Gaussian Inc., Pittsburgh, PA, 1992; Gaussian 92/DFT, Revision
G. 3, M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G.
Johnson, M. W. Wong, J. B. Foresman, M. A. Robb, M. Head-
Gordon, E. S. Replogle, R. Gomperts, J. L. Andres, K. Raghava-
chari, J. S. Binkley, C. Gonzalez, R. L. Martin, J. J. Fox, D. J.
Defrees, J. Baker, J. J. P. Stewart and J. A. Pople, Gaussian Inc.,
Pittsburgh, PA, 1993; (b) Gaussian 94, Revision D.2, M. J. Frisch,
G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G. Johnson, M. A.
Robb, J. R. Cheeseman, T. Keith, G. A. Petersson, J. A. Mont-
gomery, K. Raghavachari, M. A. Al-Laham, V. G. Zakrzewski,
J. V. Ortiz, J. B. Foresman, J. Cioslowski, B. B. Stefanov,
A. Nanayakkara, M. Challacombe, C. Y. Peng, P. Y. Ayala,
W. Chen, M. W. Wong, J. L. Andres, E. S. Replogle, R. Gomperts,
R. L. Martin, D. J. Fox, J. S. Binkley, D. J. Defrees, J. Baker, J. P.
Stewart, M. Head-Gordon, C. Gonzalez and J. A. Pople, Gaussian
Inc., Pittsburgh PA, 1995.

42 (a) R. G. Parr and W. Yang, Density Functional Theory of Atoms and
Molecules, Oxford University Press, Oxford, 1989; (b) J. K.
Labanowski and J. W. Andzelm, Density Functional Methods in
Chemistry, Springer Verlag, New York, 1991; (c) T. Ziegler, Chem.
Rev., 1991, 91, 651; (d ) N. C. Handy, in Lecture Notes in Chemistry
II, European Summer School in Quantum Chemistry. Lecture Notes
in Chemistry, ed. B. O. Roos, Springer Verlag, New York, 1994,
vol. 64, p. 91.

43 Details of comparison between HF, post HF and DFT methods are
available 42,44 and will not be repeated here.

44 (a) J. Baker, M. Muir and J. W. Andzelm, J. Chem. Phys., 1995, 102,
2063; (b) B. Jursic and Z. Zdravkovski, J. Chem. Soc., Perkin Trans.
2, 1995, 2, 1223; (c) J. Hutter, H.-R. Lüthi and F. Diederich, J. Am.
Chem. Soc., 1994, 116, 750.

45 (a) J. S. Kwiatkowsky and B. Pullman, Adv. Heterocycl. Chem., 1975,
18, 199; (b) J. Elguero, C. Marzin, A. R. Katritzky and P. Linda, The
Tautomerism of Heterocycles, Academic Press, New York, 1976; (c)
P. Beak, Acc. Chem. Res., 1977, 10, 186; (d ) C. Reichardt, Solvent
and Solvent Effects in Organic Chemistry, VCH, New York, 1990.

46 (a) M. M. Karelson and M. C. Zerner, J. Phys. Chem., 1992, 96,
6949; (b) G. Rauhut, T. Clark and T. Steinke, J. Am. Chem. Soc.,
1993, 115, 9174; (c) A. Klamt and G. Schürmann, J. Chem. Soc.,
Perkin Trans. 2, 1993, 799; (d ) V. Dillet, D. Rinaldi and J. L. Rivail,
J. Phys. Chem., 1994, 98, 5034; (e) A. A. Rashin, M. A. Bukatin,
J. Andzelm and A. T. Hagler, Biophys. Chem., 1994, 51, 375; ( f )
D. A. Liotard, G. D. Hawkins, G. C. Lynch, C. J. Cramer and D. G.
Truhlar, J. Comput. Chem., 1995, 16, 422; ( g) D. J. Giesen, C. J.
Cramer and D. G. Truhlar, J. Phys. Chem., 1995, 99, 7137; (h) T. N.
Truong and E. V. Stefanovich, Chem. Phys. Lett., 1995, 240, 253; (i)
I. Tuñón, M. F. Ruiz-López, D. Rinaldi and J. Bertrán, J. Comput.
Chem., 1996, 17, 148; ( j) D. J. Giesen, M. Z. Gu, C. J. Cramer and
D. G. Truhlar, J. Org. Chem., 196, 61, 8720; (k) J. L. Rivail, D.
Rinaldi and V. Dillet, Mol. Phys., 1996, 89, 1521.

47 (a) F. J. Luque, J. M. López-Bes, J. Cemeli, M. Aroztegui and
M. Orozco, Theor. Chem. Acc., 1997, 96, 105; (b) K. K. Stavrev,
T. Tamm and M. C. Zerner, Int. J. Quant. Chem., 1996, 60, 373
(comparison of theoretical models of solvation).

48 For scope and limitations of this model see ref. 39 (c).
49 (a) V. Branchadell, Int. J. Quant. Chem., 1997, 61, 381; (b) Q. Deng,

B. E. Thomas IV, K. N. Houk and P. Dowd, J. Am. Chem. Soc.,
1997, 119, 6902.

50 A. D. Becke, J. Chem. Phys., 1993, 98, 1372.

51 Kinetic and thermochemical data for the reaction of 1,3-
diphenylisobenzofuran with various olefins (with and without
Lewis-acid catalysis) have been reported.52

52 (a) V. D. Kiselev, A. N. Ustyogov, I. P. Breus and A. I. Konovalov,
Dokl. Akad. Nauk USSR, 1977, 234, 1089 (Chem. Abstr., 1977, 87,
117252); (b) V. D. Kiselev, A. N. Ustyogov and I. P. Breus, in VSES.
Nauchn. Konf. Khim. Tekhnol. Furanovyky Soedin. (Tezisy Dokl.),
Y. P. Stradyn, Zinatne, Riga, USSR, 1978, 3rd edn., p. 153 (Chem.
Abstr., 1980, 92, 180285); (c) V. D. Kiselev, G. V. Marvin and A. I.
Konovalov, Deposited Doc., 1980, SPSTL 10, Khp-D80; (Chem.
Abstr., 1980, 96, 141976); (d ) A. I. Konovalov, Zh. Org. Khim., 1982,
18, 2253; (e) V. D. Kiselev, D. Khuzyasheva, I. M. Shakirov and A. I.
Konovalov, Zh. Org. Khim., 1983, 19, 2064 (Chem. Abstr., 1984,
100, 51726); ( f ) A. I. Konovalov, Zh. Org. Khim., 1983, 19, 1431;
(g) A. I. Konovalov, Zh. Org. Khim., 1984, 20, 2492; (h) V. D.
Kiselev, I. M. Shakirov and A. I. Konovalov, Zh. Org. Khim., 1985,
21, 1215 (Chem. Abstr., 1986, 104, 5318); (i) V. D. Kiselev, I. M.
Shakirov and A. I. Konovalov, Zh. Org. Khim, 1986, 22, 1034
(Chem. Abstr., 1987, 106, 17670); ( j) V. D. Kiselev, V. B. Malkov,
G. V. Akhmet-Zyanova and A. I. Konovalov, J. Org. Chem. USSR,
1988, 26, 200; (k) V. D. Kiselev and A. I. Konovalov, Russ. Chem.
Rev., 1989, 58, 230; (l) N. R. Adigezakov, V. D. Kiselev and A. I.
Konovalov, J. Org. Chem. USSR, 1989, 25, 486; (m) V. D. Kiselev,
N. R. Adigezalov and A. I. Konovalov, Zh. Org. Khim., 1989, 25,
539  (Chem. Abstr., 1989, 111, 231660); (n) N. R. Adigezakov, V. D.
Kiselev and A. I. Konovalov, J. Org. Chem. USSR, 1989, 25, 1033;
(o) V. D. Kiselev, V. B. Malkov, G. V. Akhmetz-Yanova and V. I.
Konovalov, Zh. Org. Khim., 1990, 26, 240; (p) V. D. Kiselev, A. G.
Sakhabutdinov, I. M. Shakirov and A. I. Konovalov, Zh. Org.
Khim., 1991, 27, 1641; (q) N. R. Adigezakov, V. D. Kiselev and A. I.
Konovalov, Zh. Org. Khim., 1991, 27, 1774; (r) K. Kiselev, A. G.
Sakhabutidinov, I. M. Shakirov and A. I. Konovalov, J. Org. Chem.
USSR, 1991, 26, 2276.

53 Thermochemical data: A. Husseini and T. S. Akasheh, Dirasat-
University, Jordan, 1985, 12, 65 (Chem. Abstr., 1986, 105, 13160).

54 For some earlier theoretical studies see ref. 3 (c), 3 (g) and 55.
55 (a) T. A. Mikhailova, R. A. Alimova, N. I. Nesterova, A.

Shakhnovich and M. V. Gorelik, Khim. Geterotsikl. Soedin., 1985,
486 (furanthrones) (Chem. Abstr., 1985, 103, 104398); (b) P. Yang
and W. Duan, Youji Huaxue, 1991, 11, 620; (c) L. Yangfu, S.
Heming, T. S. Pivina, L. V. Batog, O. Lebedev and L. I.
Khmel’nitski, Izv. Akad. Nauk., Ser. Khim., 1993, 987.

56 DFT studies of intramolecular Diels–Alder reactions of amine- and
amide-substituted isobenzofurans have been reported recently.12b

57 V. M. Lynch, R. A. Fairhurst, P. Magnus and E. Brian, Acta
Crystallogr., Sect. C: Cryst. Struct. Commun., 1995, C51, 780.

58 Transition state calculations for reaction (1) have already been
published.59 Our results (see also ref. 4 (p)) differ in some respects
from these data.

59 B. S. Jursic, Tetrahedron, 1997, 53, 13285.
60 B. S. Jursic, J. Org. Chem., 1997, 62, 3046.
61 e.g., D. D. Perrin and W. L. F. Armarego, Purification of Laboratory

Chemicals, Pergamon, Oxford, 1989, 3rd edn.
62 R. J. Moss and B. Rickborn, J. Org. Chem., 1982, 47, 5391.
63 (a) Ch. K. Ingold and H. A. Piggott, J. Chem. Soc., 1923, 123, 1469;

(b) S. Charkarvarti, J. Indian Chem. Soc., 1934, 11, 101.
64 V. M. Miçoviç and M. L. J. Mihailoviç, J. Org. Chem., 1953, 18,

1190.

Paper 8/06916F


