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Abstract—The synthesis of a new enantiomerically pure diene, (S)-(+)-1 is reported. The absolute configuration of 1 was
determined by non-empirical analysis of its CD spectrum. The synthesis and resolution of the racemic �-diketone 4 into its
constituent enantiomers by the SAMP–hydrazone method is described. The enantiopure �-diketone (S)-(+)-4 was then converted
to diene (S)-(+)-1 by a two-stage reaction sequence. Structural analysis of the products by 1H and 13C NMR spectroscopy is also
presented. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Helicenes1 and helicenophanes1e,2 are interesting com-
pounds due to their extraordinary optical properties
and their potential applications as new materials and
chiral ligands for asymmetric catalysis. Recently, we
have developed a short, flexible approach,3 based on
the Diels–Alder cycloaddition reaction of arylethenes,
for synthesizing racemic and optically active helicenes4

and helicenophanes.5 We also described the synthesis of
(S)-(+)- and (R)-(−)-4-ethenyl[2.2]paracyclophane6 and
their application in the stereoselective synthesis of enan-
tiopure condensed[2.2]paracyclophanes.5a

We report herein the resolution of the �-diketone 4,
which exists predominantly in the enol form, its use for
synthesizing the new optically active [2.2]paracyclo-
phane diene 1, a detailed structural characterization of
diene 1 by NMR spectroscopy and the assignment of its
absolute configuration as determined by non-empirical
analysis of its CD spectrum. The application of diene 1,
which incorporates a five-membered ring element, can
open the route to enantiopure non-benzenoid con-
densed[2.2]paracyclophanes.

2. Results and discussion

2.1. Synthesis of racemic �-diketone 4

Racemic ketone 4 was prepared as follows:3b,4b acetyla-
tion of ketone 2 with boron trifluoride diethyl etherate
in acetic anhydride7 gave a BF2–diketone complex 3
(84% yield), which was then hydrolyzed by treatment
with sodium acetate in acetone–water solution to afford
(±)-4 in 84% yield (Fig. 1).

Figure 1.* Corresponding authors. E-mail: taticchi@unipg.it
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The assignment of the structure of compounds 3 and 4
was based on the known outcome of the acetylation
reaction4b,c and on the analysis of their NMR spectra. The
full assignment of the proton and carbon spectra of
�-diketone 4 followed from an examination of the 1H–1H
and 1H–13C connectivities. Further support for the struc-
tural assignment of 4 was given by the strong NOE effect
observed between the methyl group protons (�=2.22
ppm) and 1-H (�=3.28 ppm).

Furthermore, in the 1H NMR spectrum of �-diketone 4,
the presence of sharp singlets of the methyl (�=2.22 ppm)
and 3-OH (�=14.1 ppm) protons, together with a
significant downfield shift of the latter, unambiguously
indicated that in solution 4 exists predominantly in the
enolic form, with a strong intramolecular hydrogen bond.

2.2. Resolution of �-diketone 4

To resolve ketone (±)-4 into enantiomers, we applied the
SAMP/hydrazone method which we had previously used
to resolve 4-acetyl[2.2]paracyclophane.6 We also tried to
directly resolve ketone 2 by the same method but,
unfortunately, all of our attempts were unsuccessful.

When a cyclohexane solution of (S)-1-amino-2-
(methoxymethyl)pyrrolidine (SAMP) 5, (±)-4 (in equimo-
lar ratio) and p-TsOH (a few crystals) was heated under
reflux for 6 h, a mixture of the two diastereomeric
SAMP-derivatives 6 was obtained in high yield (81%)
(Scheme 1). Diastereoisomers 6 were separated by frac-
tional crystallization from methanol, producing8 (S,S)-6
in good chemical yield (39%) with a d.e. greater than
98% as determined by 1H NMR.

The filtrates obtained from the fractional crystallization
of (S,S)-6 were combined and concentrated to afford a
residue, from which (R,S)-6 was obtained with a d.e.
greater than 70% after three crystallizations from
methanol at −60°C (23% yield). Diastereomerically pure
(R,S)-6 could not be obtained.

The structure and diastereomeric purities of both ketones
(S,S)-6 and (R,S)-6 were determined by extensive NMR
investigation. The (Z)-configuration of the aminoethyli-
dene carbon�carbon double bond for both diastereoiso-
mers 6 was based on the NOE effects observed on the
3-Hs and the O-CH2-group upon selective irradiation of
the methyl protons. The individual diastereoisomers
(S,S)-6 and (R,S)-6 were hydrolyzed with oxalic acid to
produce (S)-(+)-4 and (R)-(−)-4 in 75% yield. The
enantiomeric excess of (S)-4 and (R)-4 (>98% and >70%,
respectively) followed from the d.e. of (S,S)-6 and (S,R)-6
(Scheme 1).

2.3. Synthesis of enantiopure diene (S)-(+)-1

(S)-(+)-Diene 1 was prepared from the enantiomerically
pure (S)-(+)-ketone 4 according to a previously described
two-stage reaction sequence.4b Reduction of the
ketone with sodium borohydride gave a complex mix-
ture of diols; no component of the reaction mixture
could be isolated. When the mixture of alcohols
was submitted to dehydration by treating it with phos-
phorous oxychloride in pyridine, a 6:1 mixture of
the desired diene 1 (48%) and the unexpected product
7 (8%), was obtained. These compounds were separated
and purified by preparative HPLC (Scheme 2). The

Scheme 1.

Scheme 2.
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presence of product 7 in the reaction mixture may be
explained considering that the reduction of the side
chain carbonyl function to a methylene group partially
occurred during the NaBH4 reduction step. The struc-
tures of diene 1 and hydrocarbon 7 were assigned by 1H
and 13C NMR spectroscopy. Proton spectra, 13C multi-
plicities and interproton coupling constants of 1 and 7
unambiguously revealed the presence of the
C(2�)�C(1�)�C(2)�C(3) diene moiety and the C(2�)�C(1�)
ethyl group, respectively. Furthermore, the NOE effect
observed between 1-Hs and 2�-Hs indicated a preferred
transoid conformation of the diene moiety of 1.

2.4. Determination of the absolute configuration of
diene (S)-(+)-1

The absolute configuration (AC) of [2.2]paracyclophane
1 was assigned by an empirical correlation of its optical
rotation and by a non-empirical analysis of its CD
spectrum.

The specific rotation of the mono-substituted 4-
X[2.2]paracyclophanes was empirically correlated9 to
the group polarizability (PX) of the X group. These
authors also showed that in the case of 4,7-disubsti-
tuted 4-X-7-methyl[2.2]paracyclophanes, the contribu-
tion of the X and the methyl groups to the specific
rotation value is roughly additive. Therefore, the spe-
cific rotation value of a generic (S)-4-X-7-methyl-
[2.2]paracyclophane can be calculated by summing the
specific rotations of (S)-4-X[2.2]paracyclophane and
(S)-4-methyl[2.2]paracyclophane, respectively.10 In our
case, the [2.2]paracyclophane diene 1 can be approxi-
mated to the simpler 4-butadienyl-5-methyl[2.2]para-
cyclophane 8 (Fig. 2), thus tentatively allowing the
same type of treatment. Therefore, the specific rotation
of (S)-1 should be the sum of the specific rotations of
(S)-4-butadienyl[2.2]paracyclophane and (R)-4-methyl-
[2.2]paracyclophane11 ([� ]D=−75, c 4.0, CHCl3).12

Moreover, since (S)-4-butadienyl-[2.2]paracyclophane
is not reported in the literature, it can be reasonably
approximated to (S)-4-vinyl[2.2]paracyclophane ([� ]D=
+440, c 0.14, CHCl3),6 assuming similar group polariz-
ability for the vinyl and butadienyl groups. Therefore,
taking into account the previous considerations and
assumptions, for (S)-8, a [� ]D value of ca. +365 is to be
expected. Our sample of 1 shows [� ]D=+223 (c 0.19,
CHCl3), a value with the same sign and the same order
of magnitude as the calculated one. A simpler and even
more direct comparison could be done between (+)-1
and the structurally similar 4,7-disubstituted[2.2]-
paracyclophane 9, whose (S)-enantiomer has [� ]D=+
320 (CHCl3).13 Both of these empirical comparisons
may indicate an (S)-absolute configuration for (+)-1.

In order to put the previously described empirical
configurational assignment of (+)-1 on safer and more
rigorous grounds, we decided to carry out a non-empir-
ical analysis of the UV and CD spectra of (+)-1 (Fig. 3).
The optical activity of [2.2]paracyclophanes in the 1Lb

transition spectral range was interpreted by Nugent and
Weigang12 in terms of exciton coupling of two substi-
tuted benzene chromophores. We recently extended this

treatment to the 1La and 1B transitions showing that the
absolute configuration of a monosubstituted
[2.2]paracyclophane can be assigned from non-empiri-
cal analysis of its CD spectrum.14 The UV spectrum of
(+)-1 shows a maximum at 320 nm (� 14000), a shoulder
only at 270 nm (� 9100), and a second maximum at 258
nm (� 11000). At shorter wavelengths the UV increases
monotonically down to 200 nm (THF cut off) present-
ing a shoulder at 225 nm (� 15400). In the CD spectrum
Cotton effects are clearly observed at 320 nm (��
+17.5), 253 nm (�� −36.2), 230 nm (�� −17.7) and 215
nm (�� +30.7). It is reasonable to assume that the
lowest-energy absorption (at 320 nm) and the corre-
sponding CD band are due to the 1-phenylbutadiene
chromophore.15 Groups which can give rise to conjuga-
tion (vinyl, carbonyl, amines, etc.) strongly perturb the
benzene chromophore. As a result, the direction of
polarization for the 1La transition becomes parallel to
the axis that joins the aromatic ring to the substituent,
as assumed in our previous analysis14 of the CD spectra
of [2.2]paracyclophanes. The other absorptions
observed in the UV spectrum are due to allowed transi-
tions localized either on the same chromophore or on
the 1,4-dimethylbenzene (i.e. the two moieties which
constitute 1). As already shown,12,14 a coupled oscillator
mechanism16,17 is the main source of optical activity in
monosubstituted [2.2]paracyclophanes. Therefore it is
reasonable to assume that in the CD spectrum, the
positive band at 320 nm and the negative one at 253 nm
represent the two branches of a positive exciton cou-

Figure 2.

Figure 3. UV and CD spectra in THF of (S)-(+)-1 in the
400–200 nm range.
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plet. The origin of the above feature could then be in
the coupling of the 1La transition localized on the
1-phenylbutadiene moiety and polarized14 along the
CAr�C� bond and of the 1La transition of the 1,4-
dimethylbenzene chromophore, directed along the 1,4
axis (Fig. 4). In (S) configured 1, these transition dipole
moment vectors define a positive chirality (Fig. 4). A
positive couplet is therefore expected, and was experi-
mentally found. This non-empirical analysis therefore
shows a (S) AC for (+)-1, that is in agreement with the
proposed empirical configurational assignment based
on the OR.

A quantitative interpretation of the CD spectrum of
(+)-1 was also attempted by means of DeVoe coupled
oscillator calculations.14,18,19 In order to simplify the
treatment, the CD spectrum of (S)-1 was calculated in
terms of two interacting dipoles. The former dipole
(which describes the 1La transition of the 1,4-dimethyl-
benzene chromophore) placed at 225 nm and carrying a
polarizability of 10 D2 was polarized along the axis
joining the two methyl groups. The second dipole
(which describes the 1La transition of the 1-phenylbuta-
diene chromophore) was placed at 300 nm, polarized
along the CAr-�C� direction, and carrying a polarizabil-
ity of 20 D2. The UV and CD spectra calculated for
(S)-1 are reported in Fig. 5 along with the experimental
spectra recorded for (+)-1. A comparison between the
calculated and experimental spectra shows that the
Cotton effect at 320 nm is reproduced very well in both
sign and intensity, whilst between 280 and 200 nm we
succeeded in reproducing the sign of the observed opti-
cal activity but only part of the intensity. This is clearly
a consequence of the simplified approach chosen, where
only two transition dipoles were used to describe the
1-phenylbutadiene and the 1,4-dimethylbenzene chro-
mophores. However, for the present purposes, the
agreement between the experimental and calculated
spectra in Fig. 5 (at least for the lowest-energy Cotton
effect) is more than satisfactory, indicating again a
(+)/(S) configurational assignment for 1.

3. Conclusions

The resolution of the ketone 4 by the SAMP–hydra-
zone method has been successfully carried out allowing
the (S)-(+)-enantiomer to be obtained in pure form.
This was then converted to optically pure diene 1 which
is of interest since it can open the route to the synthesis
of optically active helicenophanes containing a
cyclopentane ring.

Figure 5. (a) Experimental (thin line) and calculated (bold
line) CD spectra of (S)-(+)-1. (b) Experimental (thin line) and
calculated (bold line) UV spectra of (S)-(+)-1.

Figure 4. Exciton chirality defined by the two 1La transition
dipole moments in (S)-(+)-1.

An (S) absolute configuration has been assigned to
(+)-1 by means of a non-empirical analysis of its CD
spectrum, carried out qualitatively on the basis of the
Harada–Nakanishi chirality rules and semi-quantita-
tively according the DeVoe polarizability model. This
study further demonstrates the efficiency and the ver-
satility of the exciton coupling approach for the
configurational assignment of organic molecules, even
those of considerable complexity, such as
[2.2]paracyclophanes.

4. Experimental

4.1. General

Melting points were determined on a Büchi melting
point apparatus and are uncorrected. Optical rotations
were measured with Jasco DIP-360 polarimeter in a
quartz cell at 23°C. Preparative HPLC was carried out
on a waters Prep LC 40 mm Assembly module
(column: Delta Pak C18, 100 A� , 40×100 mm) using a
Waters 590 Pump and a Waters Lambda-Max 481 LC
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spectrophotometer at 254 nm. Analytical HPLC was
done on a Hewlett–Packard 1100 instrument (column:
Supelcosil LC-PAH, 5 �m, 150×4.6 mm; mobile phase
CH3CN/H2O 6:4; flow rate 1 mL/min; detection: UV
at 254 nm). GC analyses were performed on a
Hewlett–Packard 6890 chromatograph. IR spectra
were recorded in CHCl3 solution at room temperature
on a Perkin–Elmer Paragon 500 FT IR. The NMR
spectra were run using a Varian Associates VXR-400
multinuclear instrument (internal Me4Si). Proton and
carbon shift assignments were based on COSY
1H{1H}NOE and HETCOR experiments. Absorption
and CD spectra were recorded in THF on a JASCO
J600 spectropolarimeter at room temperature, using
0.1 mm cell and concentrations of the order of 1×
10−3 M. During the measurement, the instrument was
thoroughly purged with nitrogen.

4.2. Synthesis of racemic 1-(3-hydroxy-5,6,11,12-tetra-
hydro-1H-4,13:7,10-diethenocyclopenta[12]annulen-2-yl)
ethanone, 4

BF3–Et2O (0.9 mL, 1.56 mmol) was added under
nitrogen to a stirred mixture of ketone 27 (1.2 g, 4.59
mmol) and dry acetic anhydride (1.8 mL). The reac-
tion mixture was heated at 65°C for 1.5 h and then
at reflux temperature for 2 h according to a previous
procedure.4b,c Usual work up gave a yellow crystalline
BF2–diketone complex 3 (1.35 g, 84%): mp 178–179°C
(diethyl ether); 1H NMR (CDCl3) � 2.45 (s, 3H, Me),
2.85–3.84 (m, 9H, Hs-1, H-5, Hs-6, Hs-11, Hs-12),
4.16 (m, 1H, H-5), 6.22 (d, 1H, J=7.2 Hz, H-8), 6.32
(d, 1H, J=6.9 Hz, H-16), 6.45 (d, 1H, J=7.2 Hz,
H-9), 6.61 (d, 1H, J=6.9 Hz, H-17), 6.77 (d, 1H,
J=7.9 Hz, H-14), 6.80 (d, 1H, J=7.9 Hz, H-15).
Anal. calcd for C21H19BF2O2: C, 71.62; H, 5.44.
Found: C, 71.7; H, 5.0%.

The complex 3 (1.3 g, 3.69 mmol) was then refluxed
for 24 h in 1:1 acetone-saturated aqueous sodium ace-
tate solution (10 mL). After usual work up,4b the
product was purified by column chromatography on
silica gel: elution with CH2Cl2 afforded pure ketone 4
(0.95 g, 84%); mp 127–128°C (CH2Cl2); IR 1656,
1600 cm−1; 1H NMR (CDCl3) � 2.22 (s, 3H, Me),
2.85 (m, 1H, H-5), 2.95 (m, 1H, H-12), 3.00–3.16 (m,
5H, H-1, Hs-6, Hs-11), 3.23 (m, 1H, H-12), 3.28 (m,
1H, H-1), 4.19 (m, 1H, H-5), 6.25 (dd, 1H, J=7.8,
1.9 Hz, H-8), 6.40 (dd, 1H, J=7.8, 2.0 Hz, H-9), 6.46
(dd, 1H, J=7.8, 2.0 Hz, H-16), 6.57 (dd, 1H, J=7.8,
1.9 Hz, H-17), 6.61 (d, 1H, J=7.7 Hz, H-15), 6.67
(dd, 1H, J=7.7 Hz, H-14), 14.10 (s, 1H, OH); 13C
NMR (CDCl3) � 21.2 (Me), 29.5 (C-1), 31.5 (C-5),
31.7 (C-12), 33.9, 34.2 (C-6, C-11), 110.1 (C-2), 126.4
(C-9), 130.0 (C-8), 133.0 ( C-3a), 133.27,133.33 (C-16,
C-17), 134.1 (C-14), 136.3 (C-13), 137.5 (C-15), 138.7,
139.2, 139.9, 140.0 (C-4, C-7, C-10, C-13a), 177.5 (C-
3), 192.6 (C�O); MS m/z (rel. int.) 51 (23), 77 (54),
104 (100), 128 (42), 157 (38), 304 (M+, 51). Anal.
calcd for C21H20O2: C, 82.86; H, 6.62. Found: C,
82.9; H, 6.6%.

4.3. Resolution of ketone (±)-4

SAMP 5 (0.41 mL, 3.1 mmol) and p-TsOH (40 mg)
were added to a solution of (±)-4 (0.95 g, 3.1 mmol) in
cyclohexane (5 mL) and the resulting mixture was
stirred under reflux for 6 h. Usual work up6 gave a
mixture of diasteroisomeric aminoethylidenes (S,S)-6
and (S,R)-6 (1.08 g, 81%) in equimolar ratio (according
to HPLC analysis). The mixture was crystallized from
4.5 mL of methanol at 4°C and the resulting orange
precipitate (0.4 g) was then recrystallized from
methanol (2 mL) at 4°C to yield partially enriched
(S,S)-6 (0.3 g). Diastereomerically pure (S,S)-6 (0.25 g,
39%) was obtained as yellow crystals by final recrystal-
lization from 2 mL of methanol: mp 137–138°C
(methanol); [� ]D=−95 (c 0.61, CHCl3); IR 1623, 1580
cm−1; 1H NMR (CDCl3) � 1.72–2.05 (m, 4H, Hs-3�,
Hs-4�), 2.26 (s, 3H, CH3), 2.81 (m, 1H, H-12), 2.84 (m,
1H, H-5�), 2.92 (m, 1H, H-5), 2.93 (dddd, 1H, J=8.4,
8.1, 5.4, 4.0 Hz, H-2�), 3.03-3.21 (m, 6H, Hs-3, Hs-6,
Hs-11), 3.30 (s, 3H, -OCH3), 3.33-3.34 (m, 3H, H-5,
-OCH2-, H-5�), 3.38 (dd, 1H, J=9.7, 4.0 Hz, -OCH2-),
4.36 (m, 1H, H-12), 6.26 (dd, 1H, J=7.8, 1.8 Hz, H-9),
6.43 (dd, 1H, J=7.8, 1.9, H-8), 6.46 (dd, 1H, J=7.9,
1.8 Hz, H-16) 6.53 (bs, 2H, H-14, H-15), 6.57 (dd, 1H,
J=7.9, 1.9 Hz, H-17), 11.05 (s, 1H,–NH); 13C NMR
(CDCl3) � 15.6 (-CH3), 21.1 (C-4�), 25.8 (C-3�), 30.5
(C-3), 31.2 (C-12), 31.6 (C-5), 34.1, 34.3 (C-6, C-11),
57.4 (C-5�), 59.0 (-OCH3), 66.4 (C-2�), 73.3 (-OCH2-),
102.5 (C-2), 126.5, 130.0 (C-8, C-9), 133.0, 133.1 ( C-16,
C-17), 133.6, 135.5 (C-14, C-15), 135.6 (C-4), 138.7,
140.2 (C-7, C-10), 138.8 (C-13a), 142.5 (C-13), 147.6
(C-3a), 160.4 (�CNH), 191.7 (C-1). Anal. calcd for
C27H32N2O2: C, 77.85; H, 7.74; N, 6.73. Found: C,
77.8; H, 7.8; N, 6.7%.

The filtrates from the above crystallization were com-
bined and concentrated, the residue (0.7 g) was dis-
solved in methanol (4 mL) and cooled to −60°C.
Separation of the precipitate by decanting the superna-
tant solution from the solid afforded partially enriched
(S,R)-6 (0.3 g) which was then recrystallized twice from
methanol at −60°C to afford (S,R)-6 (0.15 g, 23%) with
d.e. of greater than 70%: [� ]D=−110 (c 0.42, CHCl3);
IR 1624, 1581 cm−1; 1H NMR10 (CDCl3) � 1.76–2.07
(m, 4H, Hs-3�, Hs-4�), 2.28 (s, 3H, -CH3), 2.80–3.29 (m,
11H, H-2�, Hs-3, Hs-5, H-5�, Hs-6, Hs-11, H-12), 3.35
(m, 1H, H-5�), 3.42 (s, 3H, -OCH3), 3.46 (dd, 1H,
J=9.6, 5.3 Hz, -OCH2), 3.54 (dd, 1H, J=9.6, 4.4 Hz,
O-CH2-), 4.37 (m, 1H, H-12), 6.29 (m, 1H, H-9), 6.46
(m, 2H, H-8, H-16), 6.55 (bs, 2H, H-14, H-15), 6.58
(dd, 1H, J=8.1, 2.0 Hz, H-17), 11.07 (s, 1H, -NH); 13C
NMR (CDCl3) � 15.6 (-CH3), 21.1 (C-4�), 25.8 (C-3�),
30.5 (C-3), 31.3 (C-12), 31.7 (C-5), 34.0 (C-11), 34.3
(C-6), 57.7 (C-5�), 59.1 (-OCH3), 66.0 (C-2�), 73.9
(-OCH2-), 102.7 (C-2), 126.4, 129.9 (C-8, C-9), 133.1,
133.2 (C-16, C-17), 133.6, 135.6 (C-14, C-15), 135.5
(C-4), 138.7, 140.2 (C-7, C-10), 138.8 (C-13a), 142.5
(C-13), 147.7 (C-3a), 160.5 (�CNH), 191.8 (C-1).

The diastereomeric purity of (S,S)-6 and (S,R)-6 was
monitored by HPLC and quantitatively determined by
1H NMR.
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A saturated aqueous solution of oxalic acid (1.2 mL)
was added to an ethereal solution (8 mL) of (S,S)-6 (0.2
g, 0.48 mmol). The resulting mixture was vigorously
stirred at 25°C for 20 h. Usual work up6 gave a residue
which was purified by flash column chromatography on
silica gel. Elution with a 97:3 hexane/EtOAc solution
gave an enantiomerically pure (e.e. >98%): (S)-(+)-4
(0.11 g, 75%) mp 149–150°C (hexane); [� ]D25=+155 (c
0.48, CHCl3).

The procedure described above was applied to (R,S)-6
(0.01 g, 0.024 mmol) to yield 5.5 mg (75%) of a
partially enriched sample of (R)-(−)-4 (e.e. >70%): mp
146–148°C, [� ]D25=−108 (c 0.55, CHCl3).

4.4. (S)-(+)-2-Vinyl-5,6,11,12-tetrahydro-1H-4,13:7,10-
diethenocyclopenta[12]annulene, 1

A solution of NaBH4 (0.1 g, 2.7 mmol) in H2O (1.6
mL) was added to a refluxing solution of ketone (S)-
(+)-4 (0.12 g, 0.39 mmol) in ethanol (50 mL) and
refluxing was continued for 3 h. Usual work up4b,c gave
0.11 g (0.36 mmol) of a mixture of diols which was used
directly in the next step, without purification.

Anhydrous pyridine (0.45 mL) and POCl3 (0.05 mL,
0.58 mmol) were added to a stirred solution of the
above mixture of diols (0.11 g, 0.36 mmol) in anhy-
drous toluene (4 mL). The reaction mixture was heated
under reflux for 2 h under nitrogen, allowed to cool to
room temperature, and poured into ice-water. After
thorough extraction with toluene, the combined
extracts were washed with brine and dried (Na2SO4).
The solvent was evaporated in vacuo and the residue
was purified by preparative HPLC (mobile phase:
CH3CN/H2O 3:2; flow rate 82 mL/min) to give pure
(S)-(+)-1 (53 mg, 48%) and (S)-(+)-7 (9 mg, 8%).

(S)-(+)-1: mp 132–133°C (n-hexane); [� ]D25=+225 (c
0.19, CHCl3) 1H NMR (CDCl3) � 2.86 (m, 1H, H-5),
2.88 (m, 1H, H-12), 2.98-3.11 (m, 5H, H-1, Hs-6, Hs-
11), 3.17 (m, 1H, H-5), 3.27 (m, 1H, H-1), 3.28 (m, 1H,
H-12), 5.17 (dd, 1H, J=0.6, 1.3 Hz, H-2�), 5.44 (dd,
1H, J=17.4, 0.5 Hz, H-2�), 6.30 (m, 2H, H-8, H-9), 6.37
(d, 1H, J=7.7 Hz, H-15), 6.46 (d, 1H, J=7.7 Hz,
H-14), 6.52 (m, 2H, H-16, H-17), 6.60 (bs, 1H, H-3),
6.80 (dd, 1H, J=17.4, 10.6 Hz, H-1�); 13C NMR
(CDCl3) � 32.3, 32.4 (C-5, C-12), 34.1, 34.6 (C-6, C-11),
36.7 (C-1), 113.8 (C-2�), 125.6 (C-3), 128.4, 130.9 (C-8,
C-9), 131.0, 132.5 (C-14, C-15), 132.8, 133.0 (C-16,
C-17), 132.9, 134.9 (C-2, C-3a), 133.5 (C-1�), 138.7,
138.9 (C-7, C-10), 143.1, 145.4, 146.7 (C-4, C-13, C-
13a); MS, m/z (rel. int.) 142 (10), 153 (46), 168 (100),
272 (M+,49). Anal. calcd for C21H20: C, 92.60; H, 7.40.
Found: C, 92.5; H, 7.5%.

(S)-(+)-7: mp 151–152°C (n-hexane); [� ]D25=+235 (c
0.39, CHCl3); 1H NMR (CDCl3) � 1.29 (t, 3H, J=7.5
Hz, Hs-2�), 2.55 (q, 2H, J=7.5 Hz, H-1�), 2.76 (d, 1H,
J=22.4 Hz, H-1), 2.83–2.91 (m, 3H, H-1, H-5, H-12),
2.99-3.06 (m, 4H, Hs-6, Hs-11), 3.13 (m, 1H, H-5), 3.29
(m, 1H, H-12), 6.26 (d, 1H, J=7.9 Hz, H-15), 6.35 (m,
2H, H-8, H-4), 6.38 (m, 1H, H-3), 6.45 (d, 1H, J=7.9

Hz, H-14), 6.52 (m, 2H, H-14, H-17), 13C NMR
(CDCl3) � 13.8 (C-2�), 24.5 (C-1�), 32.3 (C-5, C-12),
34.1, 34.5 ( C-6, C-14), 40.6 (C-1), 125.1, 125.4 (C-3,
C-15), 127.6, 124.3 (C-8, C-9), 131.6 (C-2), 132.1, 132.7,
133.0 (C-14, C-16, C-17), 134.6 (C-3a), 138.5, 138.9
(C-7, C-10), 143.3, 147.3 151.3 (C-4, C-13, C-13a); MS,
m/z (rel. int.) 115 (15), 128 (11), 142 (20), 155 (62), 170
(100), 274 (M+,73). Anal. calcd for C21H22: C, 91.92; H,
8.08. Found: C, 91.9; H, 8.0%.
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