
2(1H)-Quinolones are classified as aromatic heterocycles.
With regard to reactions of 2(1H)-quinolones, substitution
reactions1) have been amply reported, but little attention has
been focussed on addition reactions. Recently, Nakagawa et
al. have reported the first example, a Diels–Alder (DA) reac-
tion of 1-methoxylcarbonyl-3-phenylthio-2(1H)-quinolone
with 2-silyloxy-1,3-butadiene in the presence of Lewis acid
to give the intermediate (cis-phenanthridone derivative) for
the Dynemisine A core (a marine alkaloid) in good yield, but
the above thermal reaction with 2-silyloxy-1,3-butadiene or
Danishefsky’s diene was unsuccessful,2) and this is the only
report for a DA reaction of 2(1H)-quinolones. As a phenan-
thridine skeleton is commonly found in many alkaloids3) of
Amarylidaceae, phenanthridones richly functionalized would
be expected to be potentially valuable synthetic intermediates
for them, and to possess interesting pharmacological activi-
ties.3) Herein, we wish to report the synthesis of phenanthri-
dones by DA reaction of 1-methyl-2(1H)-quinolones having
an electron-withdrawing group at the 4-position acting as a
dienophlie under the conditions of atmospheric and high
pressure (AP and HP) and the examination of the reactivities
of the 2(1H)-quinolones using MO calculation. It is known
that the HP strategy has proven extremely useful to surmount
the energy barrier imposed by the steric and electronic ef-
fects in cycloaddition reaction, such as DA reaction.4)

DA Reactions DA reactions of 1-methyl-2(1H)-qui-
nolones (1a—e) having a methoxycarbonyl,5) a cyano,6) an
acetyl, a benzoyl,7) and a formyl8) group, respectively, at the
4-position with Danishefsky’s diene (2a) and 2-trimethyl-
silyloxy-1,3-butadiene (2b) were examined under the condi-
tions of AP as shown in Table 1 and Chart 1. First, DA reac-
tion of 1a with 2a was carried out at 180 °C for 3 d and the
reaction mixture was treated with trifluoroacetic acid (TFA)
to give regio- and stereoselectively the cis-enone adduct [3a
(94%), Entry 1]. On the other hand, the same reaction mix-
ture was treated with H2O to give 3a (7%), and the methoxy
adducts [4 (44%) and 5 (42%), Entry 2], both of which were
quantitatively converted to 3a by demethanolation with TFA.
Consequently, 4 and 5 were isomeric with each other relating
to the stereochemistry of the methoxy group. Next, DA reac-
tions of 1b—d with 2a were carried out at 180 °C for 3 d and
the reaction mixtures were treated with TFA, respectively, to

give the corresponding cis-enone adducts [3b (86%), 3c
(96%), and 3d (61%), Entries 3—5], whereas in the reaction
of 1e with 2a, hetero DA reaction proceeded to afford the
2(1H)-quinolone [3e (54%), Entry 6] having a pyran ring, re-
sulting from 1,4-addition of the formyl group to 2a.9) Fur-
thermore, DA reactions of 1a—d with the diene (2b) at
180 °C for 3 d afforded regio- and stereoselectively the corre-
sponding cis-ketone adducts [6a (35%), 6b (48%), 6c (44%),
and 6d (5%), Entries 7—10] (Table 1 and Chart 1). But, the
reaction of 1e and 2b did not give either the DA adduct or
the hetero DA adduct. 

Moreover, DA reactions of 1a—e with symmetric 2,3-di-
methyl- and 2,3-dimethoxy-1,3-butadienes (2c, d) were in-
vestigated under the conditions of AP (Table 1 and Chart 2).
The reactions of 1a—e with 2c at 180 °C for 3 or 5 d af-
forded stereoselectively the corresponding cis-dimethyl
adducts [7a (98%), 7b (98%), 7c (80%), 7d (25%), and 7e
(93%), Entries 11—15]. Further, the same reactions with 2d
at 200 °C for 3 or 5 d gave stereoselectively the correspond-
ing cis-dimethoxy adducts [8a (55%), 8b (43%), 8c (41%),
8d (18%), and 8e (86%), Entries 16—20].

DA reactions of 1a, c, d with 2a, c were performed under
the conditions of HP (10 kbar) at 80 or 90 °C (Table 1). The
reaction mixtures of 1a, c, d with 2a were worked up by TFA
to give 3a (73%), 3c (78%), and 3d (36%), respectively, (En-
tries 21—23) and the same reactions with 2c afforded 7a
(62%), 7c (52%), and 7d (10%) (Entries 24—26). Unfortu-
nately, the comparison of the yields of the adducts produced
under the conditions of AP with those of the corresponding
adducts formed under the conditions of HP showed that
HPDA reactions did not give fruitful results (Table 1).

The stereochemistries of the adducts were investigated as
follows. Previously, we have reported that in the DA reaction
of 2(1H)-pyridones having an electron-withdrawing group at
the 4-position with dienes, the 1(2H)-isoquinolone deriva-
tives (A) produced were a cis-form according to the Alder–
Stein rule (cis-principle) and a trans-A form as a mixture
with the corresponding cis-A, and in addition, the signal due
to H-8a in the cis-A appeared at a lower magnetic field than
that in the corresponding trans-A in 1H-NMR spectra (Fig.
1).10) Considering that the compounds (A) are contained as a
main moiety in the adducts, all the adducts obtained as only
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one product may be deduced as a cis-form, but the formation
of the trans-adducts is not completely negligible. The cis-
stereochemistries of the ring juncture in 3a, c and 7c, e were
confirmed by the nuclear Overhauser effect (NOE) measure-

ment of 1H-NMR spectra. Thus, when H-6a was irradiated in
these adducts, NOE enhancement was observed between H-
6a and the corresponding methoxycarbonyl, acetyl, or formyl
group at the 10a-position. Further, 7b having a cyano group
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Table 1. Diels–Alder Reactions of 1a—e with 2a—d in o-Xylene

Entry Compd. Diene
Pressure Temp. Time Work up

Product
Yield

(kbar) ( °C) (d) (r.t.) (%)

1 1a 2a Atmospheric 180 3 TFA 3a 94
2 1a 2a Atmospheric 180 3 H2O 3a 7

4 44
5 42

3 1b 2a Atmospheric 160 3 TFA 3b 86
4 1c 2a Atmospheric 180 3 TFA 3c 96
5 1d 2a Atmospheric 180 3 TFA 3d 61
6 1e 2a Atmospheric 180 2 TFA 3e 54
7 1a 2b Atmospheric 180 3 TFA 6a 35
8 1b 2b Atmospheric 180 3 TFA 6b 48
9 1c 2b Atmospheric 180 3 TFA 6c 44

10 1d 2b Atmospheric 180 3 TFA 6d 5
11 1a 2c Atmospheric 180 5 — 7a 98
12 1b 2c Atmospheric 180 3 — 7b 98
13 1c 2c Atmospheric 180 3 — 7c 80
14 1d 2c Atmospheric 180 3 — 7d 25
15 1e 2c Atmospheric 180 3 — 7e 93
16 1a 2d Atmospheric 200 5 — 8a 55
17 1b 2d Atmospheric 200 5 — 8b 43
18 1c 2d Atmospheric 200 5 — 8c 41
19 1d 2d Atmospheric 200 5 — 8d 18
20 1e 2d Atmospheric 200 3 — 8e 86
21 1a 2a 10 90 2 TFA 3a 73
22 1c 2a 10 80 2 TFA 3c 78
23 1d 2a 10 90 2 TFA 3d 36
24 1a 2c 10 80 2 — 7a 19
25 1c 2c 10 80 3 — 7c 52
26 1d 2c 10 90 2 — 7d 10

Chart 1



at the 10a-position was determined to be a cis-form by X-ray
crystallographic analysis (Fig. 2). In addition, the isomer (9)
of 7d bearing a benzoyl group at the 10a-position was ob-
tained as shown in Chart 2, and the signal due to H-6a in 7d
and 9 appeared at d 3.86 and d 2.56—2.69 in 1H-NMR spec-
tra. Considering the 1H-NMR spectral data of A, 7d and 9
were deduced as a cis- and a trans-form. Next, the cis-stereo-
chemistries of the ring juncture in 3b, d, 6a—d, 7a, and 8a—
e were deduced by comparing the 1H-NMR spectral data of
these adducts with those of the above cis- and trans-adducts,
respectively, and by considering that these adducts were ob-
tained as only one product, similarly to the case of A. More-
over, the stereochemistries of methoxy groups (C-10) in 4
and 5 were determined by NOE in the nuclear and exchange
spectroscopy (NOESY) measurement of 1H-NMR spectra.
The spectrum of 4 indicated a correlation between the
methoxy group and H-6a, but that of 5 did not show a corre-
lation. Consequently, the stereochemistry between the
methoxy and methoxycarbonyl group at the 10a-position was
confirmed as cis in 4 and trans in 5.

Stabilization Energy and Activation Energy We con-
sidered the reactivity of the 4-substituted 2(1H)-quinolones
(1a—e) acting as a dienophile using the semi-empirical mol-
ecular orbital PM 3 method.11) We optimized 1a—e and 2c
and calculated the stabilization energy as a reaction index.
The stabilization energy (DE) considering only HOMO-
LUMO interaction is written as follows:

(1)

Here, EH and EL are the HOMO energy of diene and the
LUMO energy of dienophile, respectively. Cr and Cs are
HOMO amplitudes of atom r and s of the diene, respectively
and Ct and Cu are LUMO amplitudes of atom t and u of the
dienophile, respectively. g rt and g su are the integrals denoting
the amplitudes of interaction between atoms (r–t and s–u, re-
spectively) generating a new bond. We assume that they have
equal values and write them simply as g . If the experiments
are performed under the same temperature and reaction time,
the experimental yields of adducts will reflect the reactivity
of the reactions and can be compared with the values of DE
expressed by Eq. (1). As is shown in Table 2, we can see that
the calculated values of DE are well correlated with the ex-
perimental yields of adducts. 

It is very interesting that the DA reaction of 1e with 2a
produced 3e having a pyran ring but did not form the
phenanthridone. Whereas, the DA reaction of 1e with 2c

gave the phenanthridone (7e) but did not afford the adduct
bearing a pyran ring. To study these differences theoretically,
we searched and optimized the structures of transition states
(TS) of the reactions using the restricted Hartree–Fock
(RHF) method with 6-31G (d) basis set in the Gaussian 
98 program package.12) We assumed that the diene and
dienophile were far apart in the initial state. We regarded the
difference in energy between TS and the initial state as the
activation energy (Ea). In Table 3, we summarize the calcu-
lated activation energies of these four reactions together with
the experimental yields of the adducts (3e, 7e). We can see
that Ea of the 3,4-addition for the reaction with 2c is smaller
than that of the HC5O addition. On the other hand, Ea of the
HC5O addition for the reaction with 2a is smaller than that
of the 3,4-addition. These results are consistent with the ex-
perimental yields of the adducts (3e, 7e).

In conclusion, we have prepared the desired phenanthri-
dones richly functionalized using DA reactions of 2(1H)-
quinolones having an electron-withdrawing group at the 4-
position with symmetric dimethyl- and dimethoxy-1,3-buta-
dienes or unsymmetric silyloxy-1,3-butadienes, and have de-
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Chart 2

Fig. 1. Chemical Shifts (d) of A

Fig. 2. ORTEP Drawing of 7b

Table 2. Experimental Yields of Adducts and Calculated Stabilization En-
ergies in Diels–Alder Reactions of 1a—e with 2c

4-Position
Stabilization 

Adduct
R

energy
yield (%)DE/g2

CN (1a) 0.0767 98 High
COOMe (1b) 0.0689 98 ↑
CHO (1e) 0.0655 93 Reaction
COMe (1c) 0.0641 80 index
COPh (1d) 0.0631 25 |
H [2(1H)-quinolone] 0.0552 0 Low



veloped a synthetic methodology for phenanthridones. Fur-
thermore, on the reactivities of the 4-substituted 2(1H)-
quinolones using MO calculation, the calculated stabilization
energies (DE) are well correlated with the experimental
yields of adducts. 

Experimental 
The following instruments were used to obtain physical data: Melting

points, Yanaco micromelting point apparatus (values are uncorrected); IR
spectra, Perkin Elmer ET-IR 1725X spectrometer; MS, JEOL JMN-DX
303/JMA-DA5000 spectrometer; NMR spectra, JNM-GSX 400 (1H-NMR;
400 MHz, 13C-NMR; 100 Hz), JNM-EX270 (1H-NMR; 270 MHz, 13C-NMR;
67.5 MHz), JEOL JNM-PMX 60SI spectrometer with tetramethylsilane
(TMS) as an internal standard; elemental analyses, PERKINELMER2400
CHN Elemental Analyzer. The following experimental conditions were used
for chromatography; column chromatography, Merk Kieselgel silica gel 60
(230—400 mesh); TLC, pre-coated TLC plates with 60F254 (2 mm, Merck).

Synthesis of 4-Acetyl-1-methyl-2(1H)-quinolone (1c) After a solution
of 4-methoxycarbonyl-1-methyl-2(1H)-quinolone (1a, 2.17 g, 10 mmol) and
sodium methoxide (801 mg, 15 mmol) in ethyl acetate 20 ml was stirred for
7 h while refluxing in an oil bath, conc-HCl (30 ml) and water (60 ml) were
added. The acidic solution was refluxed for 3 h, neutralized with K2CO3 and
extracted with chloroform. The chloroform extract was dried over Na2SO4,
and evaporated to give 1c (2.0 g, quantitative).

1c: Colorless columns (benzene), mp 95 °C. IR (KBr) cm21: 1689, 1651,
1587. 1H-NMR (CDCl3) d : 2.63 (3H, s), 3.37 (3H, s), 7.00 (1H, s), 7.10—
7.83 (3H, m), 8.07 (1H, d, J58.0 Hz). 13C-NMR (CDCl3) d : 29.8, 29.9,
114.4, 116.5, 121.4, 122.6, 126.9, 131.1, 140.3, 145.8, 161.2, 200.2. MS
m/z: 201 (M1), 186. HRMS m/z: Calcd for C12H11NO2, 201.0790. Found:
201.0789.

General Procedure for DA Reactions of 1a,5) 4-Cyano-1-methyl-
2(1H)-quinolone (1b),6) 1c, 4-Benzoyl-1-methyl-2(1H)-quinolone (1d),7)

and 4-Formyl-1-methyl-2(1H)-quinolone (1e)8) with 2a, b (a) A solution
of 1a (217 mg, 1 mmol) and 2a (860 mg, 5 mmol) in o-xylene (3 ml) was
heated at 180 °C for 3 d in a sealed tube. The reaction mixture was concen-
trated in vacuo and diluted with chloroform. To the reaction mixture, TFA (1
ml) was added with stirring at room temperature for 20 min and concen-
trated in vacuo. The residue was chromatographed on a column of silica gel.
The solvent of fraction eluted with acetone–hexane (1 : 2) was evaporated.
The crude product was purified by a preparative TLC over silica gel with
ether–hexane (4 : 1) to give cis-5,6,6a,7,8,10a-hexahydro-10a-methoxycar-
bonyl-5-methyl-6,8-dioxo-phenanthridine (3a).

(b) To the same reaction mixture, water (2 ml) was added with stirring at
room temperature for 20 min and extracted with chloroform. The chloroform
layer was dried over MgSO4 and concentrated in vacuo. The residue was
chromatographed on a column of silica gel. The solvent of the fraction
eluted with acetone–hexane (1 : 2) was evaporated. The crude product was
rechromatographed on a column of silica gel. The solvent of first fraction
eluted with ether–hexane (4 : 1) was evaporated to give 3a and cis-
5,6,6a,7,8,9,10,10a-octahydro-r-10-methoxy-c-10a-methoxy-carbonyl-5-
methylphenanthridin-6,8-dione (4). The second fraction gave cis-5,6,6a,7,8,
9,10,10a-octahydro-r-10-methoxy-t-10a-methoxycarbonyl-5-methylphenan-
thridin-6,8-dione (5).

(c) The reactions of 1b—e (1 mmol) with 2a (5 mmol) were carried out
under the conditions listed in Table 1 and the crude products were purifi-
ed using the same manner as described above to give cis-10a-cyano-
5,6,6a,7,8,10a-hexahydro-5-methylphenanthridin-6,8-dione (3b), cis-10a-

acetyl-5,6,6a,7,8,10a-hexahydro-5-methylphenanthridin-6,8-dione (3c), cis-
10a-benzoyl-5,6,6a,7,8,10a-hexahydro-5-methylphenanthridin-6,8-dione
(3d), 4-(2,3-dihydro-4H-pyran-4-one-2-yl)-1-methyl-2(1H)-quinolone (3e),
respectively. 

(d) The reactions of 1a—d (1 mmol) with 2b (710 mg, 5 mmol) were car-
ried out using the same procedure as described above to give cis-
5,6,6a,7,8,9,10,10a-octahydro-10a-methoxy-carbonyl-5-methylphenan-
thridin-6,8-dione (6a), cis-10a-cyano-5,6,6a,7,8,9,10,10a-octahydro-5-
methylphenanthridin-6,8-dione (6b), cis-10a-acetyl-5,6,6a,7,8,9,10,10a-oc-
tahydro-5-methylphenanthridin-6,8-dione (6c), and cis-10a-benzoyl-5,6,
6a,7,8,9,10,10a-octahydro-5-methylphenanthridin-6,8-dione (6d), respec-
tively. The yields of 3a—e, 4, 5, and 6a—d are summarized in Table 1.

3a: Colorless columns, mp 134—136 °C (acetone–hexane). IR (KBr)
cm21: 1738, 1682, 1661, 1660. 1H-NMR (CDCl3) d : 2.55 (1H, dd, J54.3,
6.9 Hz), 2.77 (1H, dd, J56.9, 9.3 Hz), 3.38 (3H, s), 3.64 (1H, dd, J54.3, 9.3
Hz), 3.81 (3H, s), 6.15 (1H, d, J510.2 Hz), 7.03—7.42 (5H, m). 13C-NMR
(CDCl3) d : 29.9, 36.1, 43.7, 50.1, 53.5, 115.3, 123.6, 123.9, 127.7, 129.7,
130.3, 139.3, 146.9, 168.1, 171.4, 194.6. MS m/z: 285 (M1), 226. Anal.
Calcd for C16H15NO4: C, 67.36; H, 5.30; N, 4.91. Found: C, 67.36; H, 5.45;
N, 4.81.

3b: Colorless plates (chloroform–ether), mp 210—213 °C. IR (KBr)
cm21: 2241, 1697, 1675, 1600. 1H-NMR (CDCl3) d : 3.01 (1H, dd, J54.0,
17.0 Hz), 3.37 (3H, s), 3.42 (1H, ddd, J51.0, 4.0, 17.0 Hz), 3.53 (1H, ddd,
J52.0, 4.0, 4.0 Hz), 6.19 (1H, dd, J51.0, 10.0 Hz,), 6.55 (1H, dd, J52.0,
10.0 Hz), 7.10 (1H, dd, J51.0, 8.0 Hz), 7.27 (1H, ddd, J51.0, 8.0, 8.0 Hz),
7.50 (1H, ddd, J51.0, 8.0, 8.0 Hz), 7.71 (1H, dd, J51.0, 8.0 Hz). 13C-NMR
(CDCl3) d : 30.4, 36.2, 40.7, 44.0, 115.9, 117.6, 120.9, 124.6, 127.2, 131.0,
132.8, 138.8, 141.8, 165.7, 192.8. MS m/z: 252 (M1), 224, 184. Anal. Calcd
for C15H12N2O2: C, 71.41; H, 4.80; N, 11.11. Found: C, 71.10; H, 5.06; N,
10.85.

3c: Colorless columns (acetone–hexane), mp 142—144 °C. IR (KBr)
cm21: 1709, 1680, 1666, 1599. 1H-NMR (CDCl3) d : 2.26 (3H, s), 2.59—
2.63 (2H, m, J56.3 Hz), 3.36 (3H, s), 3.61 (1H, dd, J56.3, 8.6 Hz), 6.22
(1H, d, J510.2 Hz), 7.05—7.44 (5H, m, J510.2 Hz). 13C-NMR (CDCl3) d :
26.1, 29.9, 35.8, 42.9, 56.4, 115.5, 123.5, 124.1, 128.2, 129.8, 131.2, 139.6,
146.4, 168.2, 194.4, 204.0. MS m/z: 285 (M1), 226. Anal. Calcd for
C16H15NO3: C, 71.36; H, 5.61; N, 5.20. Found: C, 71.34; H, 5.67; N, 4.93.

3d: Colorless columns (acetone–hexane), mp 175—177 °C. IR (KBr)
cm21: 1683, 1667, 1597. 1H-NMR (CDCl3) d : 2.33 (1H, dd, J54.3, 16.8
Hz), 3.03 (1H, dd, J55.3, 16.8 Hz,), 3.40 (3H, s), 3.86 (1H, dd, J54.3, 5.3
Hz), 6.16 (1H, d, J510.2 Hz), 6.88 (1H, d, J510.2 Hz), 7.08 (9H, m). 13C-
NMR (CDCl3) d : 30.2, 35.5, 43.9, 55.8, 115.8, 124.0, 124.4, 128.0, 129.6,
130.0, 130.5, 133.1, 135.1, 139.3, 148.4, 167.8, 194.6, 199.7. MS m/z: 331
(M1), 105. Anal. Calcd for C21H17NO3: C, 76.12; H, 5.17; N, 4.23. Found:
C, 76.15; H, 5.33; N, 4.30.

3e: Yellow columns (acetone–hexane), mp 160—161 °C. IR (KBr) cm21:
1656, 1652, 1595. 1H-NMR (CDCl3) d : 2.86 (2H, dd, J59.4, 18.8 Hz), 3.75
(3H, s), 5.62 (1H, d, J56.1 Hz), 5.87 (1H, dd, J59.4, 9.4 Hz, 0.6 Hz), 6.97
(1H, d, J50.6 Hz), 7.28 (1H, ddd, J51.0, 8.0, 8.0 Hz), 7.47 (1H, dd, J51.0,
9.3 Hz), 7.57 (1H, d, J56.1 Hz), 7.60—7.66 (2H, m). 13C-NMR (CDCl3) d :
29.6, 42.2, 76.7, 108.0, 115.2, 117.6 119.1, 122.4, 123.8, 131.2, 140.4,
145.1, 161.7, 162.7, 190.8. MS m/z: 255 (M1), 266, 198. Anal. Calcd for
C15H13NO3: C, 70.58; H, 5.13; N, 5.49. Found: C, 70.35; H, 4.93; N, 5.23.

4: Colorless columns (ether), mp 140—142 °C. IR (KBr) cm21: 1727,
1678, 1600. 1H-NMR (CDCl3) d : 2.37 (1H, dd, J515.5, 6.3 Hz), 2.78 (1H,
d, J54.3 Hz), 3.03 (3H, s), 3.16 (1H, dd, J515.5, 4.3 Hz), 3.35 (3H, s), 3.75
(1H, dd, J56.3, 4.3 Hz), 3.84 (3H, s), 4.19 (1H, dd, J54.3 Hz), 7.03—7.11
(2H, m), 7.34—7.40 (2H, m). 13C-NMR (CDCl3) d : 30.1, 38.2, 41.9, 43.1,
53.2, 54.0, 58.3, 84.0, 115.4, 123.0, 123.3, 126.3, 129.1, 141.3, 168.1, 172.5,
204.9. MS m/z: 317 (M1), 218. Anal. Calcd for C17H19NO5: C, 64.34; H,
6.04; N, 4.41. Found: C, 64.09; H, 6.11; N, 4.18. 

5: Colorless columns (acetone–hexane), mp 195—197 °C. IR (KBr) cm21:
1735, 1678, 1600. 1H-NMR (CDCl3) d : 2.11 (1H, dd, J514.2, 13.9 Hz),
2.57 (1H, dd, J55.1, 14.2 Hz), 2.63 (1H, dd, J53.0, 15.4 Hz), 2.77 (1H, dd,
J53.0, 15.4 Hz), 3.36 (3H, s), 3.39 (3H, s), 3.67 (3H, s), 3.75 (1H, dd,
J55.1, 13.9 Hz), 4.78 (1H, dd, J53.0, 3.0 Hz), 7.06—7.42 (4H, m). 13C-
NMR (CDCl3) d : 29.7, 39.2, 39.5, 41.6, 52.1, 52.9, 57.4, 80.8, 115.7, 120.8,
123.8, 127.3, 129.7, 140.2, 168.8, 171.4, 204.8. MS m/z: 317 (M1), 226.
Anal. Calcd for C17H19NO5: C, 64.34; H, 6.04; N, 4.41. Found: C, 64.09; H,
6.11; N, 4.18. 

6a: Colorless columns (ether), mp 120—122 °C. IR (KBr) cm21: 1729,
1676, 1600. 1H-NMR (CDCl3) d : 2.40—2.53 (5H, m), 2.74 (1H, dd, J57.9,
15.2 Hz), 3.39 (3H, s), 3.58 (1H, dd, J55.6, 7.9 Hz), 3.79 (3H, s), 7.04—
7.42 (4H, m). 13C-NMR (CDCl3) d : 30.0, 30.1, 37.4, 38.9, 45.0, 48.6, 53.1,
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Table 3. Experimental Yields of Adducts and Calculated Activation Ener-
gies for Diels–Alder Reactions of 1e with 2a and 2c

1e

Diene
3,4-Addition HC5O addition

Eaa) Adduct
Eaa) Adduct

yield (%) yield (%)

2a 34.60 — 32.81 54
2c 43.03 93 45.36 —

a) Calculated activation energy [RHF/6-31G (d)] in unit of kcal/mol.



115.7, 123.8, 124.3, 126.4, 129.3, 139.4, 168.4, 162.8, 206.3. MS m/z: 287
(M1), 228. Anal. Calcd for C16H17NO4: C, 66.88; H, 5.96; N, 4.88. Found:
C, 66.64; H, 5.94; N, 4.59.

6b: Colorless powder (ether), mp 184—186 °C. IR (KBr) cm21: 2239,
1728, 1670, 1601. 1H-NMR (CDCl3) d : 2.21—2.26 (2H, m), 2.56 (1H,
dddd, J52.5, 2.5, 5.0, 16.0 Hz), 2.80 (1H, dddd, J51.0, 6.0, 12.0, 16.0 Hz),
2.88 (1H, ddd, J51.0, 6.0, 16.0 Hz), 3.35 (1H, ddd, J52.5, 2.5, 16.0 Hz),
3.41 (3H, s), 3.45 (1H, m), 7.09 (1H, dd, J51.0, 7.0 Hz), 7.24 (1H, ddd,
J51.0, 7.0, 8.0 Hz), 7.46 (1H, ddd, J52.0, 7.0, 8.0 Hz), 7.70 (1H, dd, J52.0,
8.0 Hz). 13C-NMR (CDCl3) d : 30.3, 32.5, 37.9, 38.3, 41.1, 45.0, 116.0,
119.9, 122.8, 124.4, 126.7, 130.3, 138.0, 165.8, 203.8. MS m/z: 254 (M1),
184, 156. Anal. Calcd for C15H14N2O2: C, 70.85; H, 5.55; N, 11.02. Found:
C, 70.80; H, 5.84; N, 11.03.

6c: Colorless columns (acetone–hexane), mp 163—164 °C. IR (KBr)
cm21: 1703, 1669, 1598. 1H-NMR (CDCl3) d : 2.07 (3H, s), 2.10—2.19 (1H,
m), 2.33 (1H, dd, J511.6, 14.6 Hz), 2.46—2.57 (3H, m), 2.68 (1H, dd,
J55.0, 14.2 Hz), 3.35 (3H, s), 3.48 (1H, dd, J55.0, 11.6 Hz), 7.09—7.47
(4H, m). 13C-NMR (CDCl3) d : 25.1, 29.9, 29.8, 36.7, 38.9, 45.0, 53.7,
115.9, 122.4, 124.0, 127.0, 129.6, 140.4, 168.6, 206.0, 206.1. MS m/z: 271
(M1), 228 (M12COMe). HRMS m/z: Calcd for C16H17NO3, 271.1208.
Found: 271.1227. Anal. Calcd for C16H17NO3: C, 70.83; H, 6.32; N, 5.16.
Found: C, 70.92; H, 6.36; N, 4.78.

6d: Colorless columns (acetone–hexane), mp 163—164 °C. IR (KBr)
cm21: 1712, 1674, 1598. 1H-NMR (CDCl3) d : 2.00—2.17 (2H, m, J515.5,
1.9 Hz), 2.45 (1H, ddd, J51.9, 6.8, 13.7 Hz), 2.56—2.77 (2H, m), 2.90 (1H,
ddd, J51.9, 4.3, 15.5 Hz), 3.43 (3H, s), 3.77 (1H, br d, J54.3 Hz), 7.04—
7.50 (9H, m). 13C-NMR (CDCl3) d : 30.2, 31.0, 37.9, 38.0, 38.9, 45.1, 53.0,
116.0, 123.7, 125.8, 127.3, 128.5, 129.3, 129.4, 132.5, 135.5, 139.0, 168.1,
201.5, 206.7. MS m/z: 333 (M1), 228, 105. Anal. Calcd for C21H19NO3: C,
75.65; H, 5.74; N, 4.20. Found: C, 75.44; H, 5.99; N, 4.12. 

Demethanolation of 4 and 5 A solution of 4 (51 mg, 0.16 mmol), TFA
(1 ml), and benzene (5 ml) was stirred at room temperature for 23 h and con-
centrated in vacuo. The residue was purified by preparative TLC over silica
gel with ether–hexane (5 : 1) to give 3a (44 mg, 96%). Demethanolation of 5
(44 mg, 0.14 mmol) was carried out using the same manner as described
above to give 3a (35 mg, 87%). 

General Procedure for DA Reactions of 1a—e with 2c, d The solution
of 1a (217mg, 1 mmol) and 2c (410 mg, 5 mmol) in o-xylene (3 ml) was
heated at 180 °C for 5 d in a sealed tube and the reaction mixture was con-
centrated in vacuo. The residue was chromatographed on a column of silica
gel. The solvent of the fraction eluted with acetone–hexane (1 : 2) was evap-
orated. The crude product was purified by preparative TLC over silica gel
with acetone–hexane (1 : 3) to give cis-5,6,6a,7,10,10a-hexahydro-10a-
methoxycarbonyl-5,8,9-trimethylphenanthridin-6-one (7a). The reactions of
1b—e (1 mmol) with 2c (5 mmol) were carried out under the conditions
listed in Table 1 and the reaction mixtures were treated in the same man-
ner as described above to give cis-10a-cyano-5,6,6a,7,10,10a-hexahydro-
5,8,9-trimethylphenanthridin-6-one (7b), cis-10a-acetyl-5,6,6a,7,10,10a-hex-
ahydro-5,8,9-trimethylphenanthridin-6-one (7c), cis-10a-benzoyl-
5,6,6a,7,10,10a-hexahydro-5,8,9-trimethylphenanthridin-6-one (7d), cis-
10a-formyl-5,6,6a,7,10,10a-hexahydro-5,8,9-trimethylphenanthridin-6-one
(7e), respectively. The reactions of 1a—e (1 mmol) with 2d (570 mg, 5
mmol) were carried out under the conditions listed in Table 1 and the reac-
tion mixtures were treated in the same manner as described above to give
cis-5,6,6a,7,10,10a-hexahydro-8,9-dimethoxy-10a-methoxycarbonyl-5-
methylphenanthridin-6-one (8a), cis-10a-cyano-5,6,6a,7,10,10a-hexahydro-
8,9-dimethoxy-5-methylphenan-thridin-6-one (8b), cis-10a-acetyl-
5,6,6a,7,10,10a-hexahydro-8,9-dimethoxy-5-methylphenanthridin-6-one
(8c), cis-10a-benzoyl-5,6,6a,7,10,10a-hexahydro-8,9-dimethoxy-5-
methylphenanthridin-6-one (8d), cis-10a-formyl-5,6,6a,7,10,10a-hexahydro-
8,9-dimethoxy-5-methylphenanthridin-6-one (8e), respectively. The yields of
7a—e and 8a—e are summarized in Table 1.

7a: Colorless oil. IR (film) cm21: 1732, 1676, 1601. 1H-NMR (CDCl3) d :
1.61 (3H, s), 1.63 (3H, s), 2.14 (1H, d, J515.5 Hz), 2.31 (1H, d, J518.0 Hz),
2.47—2.57 (2H, m), 3.28 (1H, dd, J55.3, 5.3 Hz), 3.37 (3H, s), 3.74 (3H, s),
7.00—7.05 (2H, m), 7.26—7.36 (2H, m). 13C-NMR (CDCl3) d : 18.7, 18.9,
29.5, 29.9, 35.9, 41.6, 48.8, 52.7, 115.1, 122.8, 123.2, 124.0, 125.5, 127.5,
128.4, 139.2, 170.6, 173.9. MS m/z: 299 (M1), 240, 217. HR MS m/z: Calcd
for C18H21NO3: 299.1522. Found: 299.1500.

7b: Colorless needles (ether), mp 136—138 °C. IR (KBr) cm21: 2240,
1676, 1602. 1H-NMR (CDCl3) d : 1.61 (3H, s), 1.75 (3H, s), 2.25 (1H, d,
J517.8 Hz), 2.37 (1H, d, J517.8 Hz), 2.57 (1H, d, J517.8 Hz), 2.94 (1H, d,
J517.8 Hz), 3.04 (1H, d, J56.0 Hz), 3.38 (3H, s), 7.05 (1H, d, J58.0 Hz),
7.17 (1H, dd, J57.6, 8.0 Hz), 7.39 (1H, dd, J57.6, 8.0 Hz), 7.63 (1H, d,

J57.6 Hz). 13C-NMR (CDCl3) d : 18.7, 18.8, 28.9, 30.2, 38.5, 39.7, 41.7,
115.5, 120.9, 121.2, 123.7, 124.8, 125.4, 126.1, 129.5, 138.1, 167.5. MS
m/z: 266 (M1), 223, 185. Anal. Calcd for C17H18N2O: C, 76.66; H, 6.81; N,
10.52. Found: C, 76.73; H, 7.13; N, 10.45. X-Ray analytical data (Fig. 1): 2q
range (20.0—30.7°), crystal system: monoclinic, temperature: 23 °C, space
group: P21/n, Dcalc (g/cm): 1.235, lattice parameters (Å): a512.16(1),
b59.49(8), c512.66(7), V51433(2) Å3, b5101.30(5)°. Z54. m(CuKa):
5.77 cm21. Further details have been deposited with the Cambridge Crystal-
lographic Data Center, University Chemical Laboratory, Lensfield Road,
Cambrige CB2 1EW, U.K. 

7c: Colorless columns (hexane), mp 139—140 °C. IR (KBr) cm21: 1702,
1672, 1602. 1H-NMR (CDCl3) d : 1.54 (3H, s), 1.65 (3H, s), 2.05 (3H, s),
2.10 (2H, br d, J518.1 Hz), 2.33 (1H, d, J517.5 Hz), 2.49 (1H, d, J517.5
Hz), 3.18 (1H, dd, J56.6, 7.9 Hz), 3.32 (3H, s), 6.69—7.35 (4H, m). 13C-
NMR (CDCl3) d : 18.6, 19.0, 25.2, 29.6, 30.1, 34.6, 41.5, 53.6, 115.1, 121.9,
123.4, 124.5, 125.7, 126.0, 128.0, 140.1, 171.4, 207.4. MS m/z: 283 (M1),
240. HRMS m/z: Calcd for C18H21NO2, 283.1572. Found: 283.1593. Anal.
Calcd for C18H21NO2: C, 76.29; H, 7.47; N, 4.29. Found: C, 76.26; H, 7.65;
N, 4.79. 

7d: Colorless columns (hexane), mp 126—127 °C. IR (KBr) cm21: 1676,
1658, 1597. 1H-NMR (CDCl3) d : 1.59 (3H, s), 1.66 (3H, s), 1.75 (1H, br d,
J517.2 Hz), 2.17 (1H, d, J517.5 Hz), 2.47 (1H, br d, J517.2 Hz), 2.70 (1H,
d, J517.5 Hz), 3.41 (4H, br s), 6.90—7.52 (9H, m). 13C-NMR (CDCl3) d :
18.6, 18.8, 28.4, 30.0, 36.6, 42.2, 52.8, 115.5, 122.7, 123.1, 123.1, 126.7,
127.9, 128.1,128.6, 129.3, 131.9, 135.9, 139.1, 170.2, 201.1. MS m/z: 345
(M1), 240, 105. Anal. Calcd for C23H23NO2: C, 79.97; H, 6.71; N, 4.06.
Found: C, 80.20; H, 6.90; N, 3.85. 

7e: Pale yellow powder (acetone–ether), mp 93—96 °C. IR (KBr) cm21:
1720, 1665, 1599, 1665, 1422. 1H-NMR (CDCl3) d : 1.66 (3H, s), 1.662 (3H,
s), 2.06 (1H, br d, J517.0 Hz), 2.22 (1H, d, J517.0 Hz), 2.40 (1H, d, J517.0
Hz), 2.55 (1H, br d, J517.0 Hz), 3.07 (1H, dd, J55.5, 5.5 Hz), 3.38 (3H, s),
6.96 (1H, dd, J51.0, 7.6 Hz), 6.98—7.11 (2H, m), 7.34 (1H, dd, J57.6, 8.0
Hz), 9.56 (1H, s). 13C-NMR (CDCl3) d : 18.7, 19.0, 29.0, 29.9, 32.9, 39.2,
51.4, 115.5, 122.3, 123.3, 124.3, 124.5, 125.9, 128.9, 140.0, 169.8, 199.3.
MS m/z: 269 (M1), 240, 212, 187. Anal. Calcd for C17H19NO2: C, 75.81; H,
7.11; N, 5.20. Found: C, 75.59; H, 7.39; N, 5.09.

8a: Yellow oil. IR (film) cm21: 1735, 1679, 1600. 1H-NMR (CDCl3) d :
2.30—2.47 (2H, m, J516.0 Hz), 2.82 (1H, d, J516.0 Hz), 2.87 (1H, d,
J516.0 Hz), 3.34 (1H, dd, J54.3, 9.3 Hz), 3.40 (3H, s), 3.60 (6H, s), 3.80
(3H, s), 7.02—7.09 (3H, m), 7.30 (1H, m). 13C-NMR (CDCl3) d : 23.4, 30.1,
30.7, 41.4, 49.1, 52.9, 57.4, 57.5, 115.4, 123.4, 125.3, 126.7, 128.8, 135.0,
136.5, 139.0, 169.3, 173.0. MS m/z: 331 (M1), 217. HRMS m/z: Calcd for
C18H21NO5, 331.1420. Found: 331.1403. 

8b: Pale yellow columns (ether), mp 99—100 °C. IR (KBr) cm21: 2239,
1679, 1601. 1H-NMR (CDCl3) d : 2.51 (2H, m). 2.73 (1H, m), 3.07 (1H, d,
J56.1 Hz), 3.30 (1H, d, J518.0 Hz), 3.40 (3H, s), 3.60 (3H, s), 3.71 (3H, s),
7.07 (1H, d, J58.0 Hz), 7.19 (1H, dd, J57.6, 8.0 Hz), 7.42 (1H, dd, J57.6,
8.0 Hz), 7.65 (1H, d, J57.6 Hz). 13C-NMR (CDCl3) d : 23.4, 30.3, 33.9, 39.9,
41.9, 57.4, 58.1, 115.7, 120.3, 123.8, 123.9, 126.1, 123.0, 133.3, 137.3,
138.0, 166.3. MS m/z: 298 (M1), 269, 184. HRMS m/z: Calcd for
C17H18N2O2, 298.1317. Found: 293.1318. Anal. Calcd for C17H18N2O2: C,
68.44; H, 6.08; N, 9.39. Found: C, 68.59; H, 6.45; N, 9.13.

8c: Pale yellow oil. IR (film) cm21: 1709, 1680, 1600. 1H-NMR (CDCl3)
d : 2.08 (3H, s), 2.31 (2H, d, J57.0 Hz), 2.62 (2H, dd, J51.9, 1.9 Hz), 3.22
(1H, dd, J57.0, 7.0 Hz), 3.34 (3H, s), 3.51 (6H, s), 3.66 (3H, s), 7.02—7.35
(4H, m). 13C-NMR (CDCl3) d : 24.1, 25.2, 29.7, 41.2, 53.6, 57.3, 58.0,
115.3, 123.7, 124.8, 125.8, 129.0, 134.4, 136.4, 140.0, 168.9, 206.0. MS
m/z: 315 (M1), 272, 201. HRMS m/z: Calcd for C18H21NO5, 315.1471.
Found: 315.1453. 

8d: Yellow oil. IR (film) cm21: 1720, 1680, 1599. 1H-NMR (CDCl3) d :
1.89 (1H, dd, J52.7, 15.5 Hz), 2.26 (1H, d, J512.5 Hz), 2.76 (1H, dd,
J51.5, 15.5 Hz), 3.08 (1H, d, J512.5 Hz), 3.39—3.43 (4H, br d, J52.5 Hz),
3.57 (3H, s), 3.65 (3H, s), 7.03—7.13 (3H, m), 7.36—7.50 (6H, m). 13C-
NMR (CDCl3) d : 22.7, 30.2, 31.3, 42.2, 52.9, 57.4, 57.6, 115.7, 123.4,
126.7, 126.9, 128.3 (C2), 129.0, 129.3 (C2), 132.2, 135.1, 135.3, 135.7,
139.0, 168.9, 200.0. MS m/z: 377 (M1), 272, 263, 240. HRMS m/z: Calcd
for C23H23NO4, 377.1627. Found: 377.1647. 

8e: Pale yellow oil. IR (CHCl3) cm21: 1728, 1674, 1601, 1213, 1053, 667.
1H-NMR (CDCl3) d : 2.22 (1H, ddd, J53.0, 6.0, 16.0 Hz), 2.37 (1H, d,
J516.0 Hz), 2.68 (1H, d, J516.0 Hz), 2.88 (1H, ddd, J52.0, 4.0, 16.0 Hz),
3.11 (1H, dd, J54.0, 6.0 Hz), 3.41 (3H, s), 3.59 (6H, s), 3.63 (3H, s), 6.98
(1H, dd, J51.4, 7.9 Hz), 7.09—7.13 (2H, m), 7.38 (1H, m), 9.60 (1H, s).
13C-NMR (CDCl3) d : 23.1, 28.2, 39.0, 57.4, 57.8, 115.8, 123.6, 123.8,
125.8, 129.2, 134.6, 136.4, 139.7, 168.5, 198.2. MS m/z: 301 (M1), 240,
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187. HRMS m/z: Calcd for C17H19NO4, 301.1314. Found: 301.1322. 
Isomerization of 7d A solution of 7d (86 mg, 0.287 mmol), aqueous

10% NaOH (3 ml), and EtOH (5 ml) was refluxed for 1.5 h and the reaction
mixture was extracted with chloroform. The chloroform extract was washed
with saturated aqueous NaCl (5 ml), dried over Na2SO4, and evaporated. The
residue was purified by preparative TLC (ether–hexane51 : 1) to give trans-
10a-benzoyl-5,6,6a,7,10,10a-hexahydro-5,8,9-trimethylphenanthridin-6-one
[9, Rf50.43, 11 mg, (13%)] and the recovery of 7d [Rf50.55, 52 mg (60%)]. 

9: Colorless needles (hexane), mp 137—138 °C. IR (KBr) cm21: 1683,
1669, 1597. 1H-NMR (CDCl3) d : 1.47 (3H, s), 1.70 (3H, s), 2.47 (1H, d,
J517.0 Hz), 2.56—2.69 (3H, m), 2.76 (1H, d, J517.0 Hz), 3.37 (3H, s),
6.87—7.39 (9H, m). 13C-NMR (CDCl3) d : 18.7, 19.1, 29.7, 31.2, 39.8, 42.5,
52.5, 115.5, 120.0, 122.5, 125.8, 126.4 (C2), 126.9, 127.7 (C2), 127.8,
129.2, 129.9, 139.3, 141.0, 171.4, 203.7. MS m/z: 345 (M1), 240, 105. Anal.
Calcd for C23H23NO2: C, 79.97; H, 6.71; N, 4.06. Found: C, 80.19; H, 6.63;
N, 3.83.

General Procedure for HPDA Reactions of 1a, c, d with 2a, c (a) A
mixture of 1a (108 mg, 0.5 mmole) and 2a (430 mg, 2.5 mmol) in
dichloromethane (3 ml) was placed in a Teflon tube. The tube was placed in
a high pressure reactor and pressurized to 10 kbar, followed by heating at
90 °C for 48 h. The pressure was released and the reaction mixture was
treated with TFA, concentrated in vacuo. The residue was purified by col-
umn chromatography and preparative TLC as described above to give 3a.
The reactions of 1c, d (0.5 mmol) with 2a (430 mg, 2.5 mmol) carried out
under the reaction conditions listed in Table 1 and the reaction mixtures
were treated in the same way as described above to give 3c, d. 

(b) A mixture of 1a, c, d (0.5 mmole) and 2c (205 mg, 2.5 mmol) in
dichloromethane (3 ml) was placed in a Teflon tube, and treated under the re-
action conditions listed in Table 1. The reaction mixture was concentrated in
vavuo and the residue was chromatographed on a column of silica gel to
give 7a, c, d. The yields of 3a, c, d and 7a, c, d are summarized in Table 1.

Calculation of Activation Energy We optimized the structures of the
initial and the transition states using RHF/6-31G (d) in Gaussian 98 program
package.12) The effect of a solvent was not considered. Assuming that the
diene and the dienophile were far apart at the initial state, we calculated the
activation energy (Ea) as a difference in energy between the TS and the ini-
tial state. After optimizing the TS structure, we performed the vibrational
calculation and confirmed that the TS had exactly one imaginary vibrational
frequency. We also carried out the intrinsic reaction coordinate (IRC) calcu-
lation to make sure that the TS connects the initial with the intended final
state. 
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