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ABSTRACT: The enantiomeric lactams (−)-8, (+)-8, (+)-9,
and (−)-9 were formed by the reaction of the dimeric
phthalide rac-tokinolide B (rac-3) with (R)-(+)-α-methyl-
benzylamine and (S)-(−)-α-methylbenzylamine. The absolute
configurations of compounds 8 and 9 were assigned by
experimental and theoretically calculated electronic circular
dichroism methods for (+)-8 and (−)-9. Compounds 3, 5,
(−)-8, (+)-8, (+)-9, and (−)-9 displayed cytotoxic activity
toward several human tumor cell lines, with (−)-8 and (−)-9
being the most potent.

Natural phthalides are found in plants of the Umbelliferae
family. The monomeric (Z)-ligustilide (1) and (Z)-butylide-
nephthalide (2), as well as the dimeric tokinolide B (3),
diligustilide (4), and riligustilide (5), have been isolated from
Ligusticum porteri,1 the dimers being racemic mixtures 1−4
formed from 1 via [4πs + 2πs] and [2πs + 2πs] cycloadditions.

2,3

These natural phthalides are interesting for their chemical
behavior such as the photochemical reaction of 1 to give 5,4 the
relay synthesis of 3−5,5,6 and the formation of linear dimers
from 1.7 Addition of methyl thioglycolate and benzylamine to
(Z)-ligustilide (1) has established the electrophilic character of
this monomer.8 Under basic conditions 3 produced the
pentacyclic compound cyclotokinolide B,9 whereas base-
catalyzed treatment of 4 afforded products from intramolecular
reactions.3 In Northern Mexico, the rhizomes of L. porteri are
used by the Raramuri community for treating gastrointestinal
disorders and for ritual curing ceremonies.10,11 (Z)-Ligustilide
(1) and (Z)-butylidenephthalide (2) exhibit several bioactiv-
ities, e.g., antiplatelet aggregation, antithrombosis, cardiac
function modulation, and smooth muscle relaxation.12−14 The
biological activities of dimeric phthalides have been well
recognized.15,16 Considering the particular chemistry of the
dimeric phthalides as well as their pharmacological activities,
including the cytotoxic activities toward human cancer cell lines
reported here, we were interested in preparing enantiomeric
derivatives of rac-tokinolide B (rac-3) of known configuration
that could be evaluated as cytotoxic agents.

■ RESULTS AND DISCUSSION
Bearing in mind that rac-3 possesses different electrophilic sites
of varying reactivity, i.e., the carbonyl carbon as a hard acid via
1,2-addition and the β position of an α,β-unsaturated lactone as
softer acid, it was envisaged that treatment with an

enantiomerically pure amine such as (R)-(+)-α-methylbenzyl-
amine would afford a pair of diastereomeric addition products
[(−)-8 + (+)-9] that could be separated by conventional
methods. Treatment of rac-3 with (S)-(−)-α-methylbenzyl-
amine would produce another pair of diastereomers [(+)-8 +
(−)-9]. The expected stereochemical relationships between the
two pairs of products are shown in Scheme 1. The absolute
configuration of the products could be determined by the
application of chiroptical and theoretical methods, as previously
reported for several natural compounds.17

Treatment of rac-3 in toluene under pressure (50 psi) with
(R)-(+)-α-methylbenzylamine afforded a pair of diastereomeric
compounds, (−)-8 and (+)-9, as major and minor products,
respectively. As anticipated, when (S)-(−)-α-methylbenzyl-
amine was used as nucleophile under the same conditions,
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Figure 1. Representative monomeric and dimeric phthalides from
Ligusticum porteri.
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(+)-8 and (−)-9 were obtained as minor and major products,
respectively. These stereochemical relationships were con-
firmed by the identity of the spectroscopic properties of (−)-8
and (+)-8, and those of (+)-9 and (−)-9, by the specific
rotations and CD curves (see below and Experimental Section).
The products (−)-8, (+)-8, (+)-9, and (−)-9 (Scheme 1)

were stereoisomeric (C32H39O4N) and derived from the
addition of the amine (C8H11N) to the starting material
(C24H28O4), according to their molecular formulas established
by FAB-HR-MS. The presence of (a) a γ-lactam conjugated
with an endocyclic trisubstituted double bond [1685 cm−1 for
(−)-8 and (+)-8; 1689 cm−1 for (+)-9 and (−)-9]; (b) a
tetrahydrofuran ring [δC 85.2, C-3a (see Scheme 1 for
numbering) for (−)-8 and (+)-8; δC 84.9, C-3a for (+)-9 and
(−)-9]; (c) a quaternary carbon linked to an oxygen and a
nitrogen [δC 101.8, C-3′ for (−)-8 and (+)-8; δC 101.5, C-3′ for
(+)-9 and (−)-9]; and (d) a γ-lactone conjugated with an
exocyclic trisubstituted double bond [δC 168.2, C-1 and δH 6.9,
H-7 for (−)-8 and (+)-8; δC 168.0, C-1 and δH 6.98, H-7 for
(+)-9 and (−)-9] established the molecular connectivity of the
stereoisomeric structures.

The 32 carbon and 39 hydrogen signals were assigned in the
13C and 1H NMR spectra (by DEPT, HMQC, HMBC, and
NOESY experiments), confirming the proposed structures.18

Taking into account that rac-3 possesses different electro-
philic sites of varying reactivity toward nucleophiles, the
mechanism explaining the formation of the lactam (Scheme
2) starts with a nucleophilic attack by the chiral amine on the
carbonyl group of the enolic lactone (C-1′), formation of the
ketone, and subsequent attack of the amide to the C-3′ carbonyl
group via 5-exo-trigonal cyclization,19 followed by a 1,4-Michael
addition of the oxyanion to the C-3a/C-7a double bond,
producing an ether bridge via a second 5-exo-trigonal
cyclization. Subsequent tautomerization and protonation of
the resultant enolate afford the products (Schemes 1 and 2).
The absolute configurations of compounds (−)-8, (+)-8,

(+)-9, and (−)-9 were established by analysis of the electronic
CD curves using the exciton chirality method, which predicts
that when two (or more) chromophores exhibiting strong π →
π* transitions have a chiral orientation of their interacting
electric transition moments, the orientation between the
chromophores will determine the sign of the Cotton
effect.20−22 The ECD curve of (−)-8 (major product) exhibited

Scheme 1. Stereochemical Relationships of (−)-8, (+)-8, (+)-9, and (−)-9

Scheme 2. Proposed Mechanism for the Formation of (−)-8 and (+)-9 from rac-3
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a positive first Cotton effect at 246 nm (Δε +9.11) and a
negative Cotton effect at 224 nm (Δε −20.29) due to exciton
coupling between the α,β-unsaturated γ-lactone and the α,β-
unsaturated γ-lactam chromophores, indicating that the
transition dipole moments of the two chromophores were
oriented in a clockwise manner. For illustrative purposes the
Newman projection of the structure (Figure 2A) can be
considered through the C-8/C-6′ σ bond (Figure 2B), which
clearly shows the clockwise orientation of the two chromo-
phores defining a positive chirality (Figure 2C). This
representation can be simplified as shown in Figure 2D,
leading to assignment of the absolute configuration (3S, 3aS,
8S, 3′R, 3′aS, 6′R, 2″R) for compound 2A [structure (−)-8,
Scheme 2].
(+)-9 (shown in Figure 3A) displays a negative Cotton effect,

which can be explained considering the Newman projections
through the C-8/C-6′ σ bond (Figure 3B and C). The
arrangement of the chromophores determines a counter-
clockwise orientation of the electric transition moments [245
nm (Δε −7.89), 223 nm Δε +12.62] (Figures 3C and D),
allowing the assignment of (3R, 3aR, 8R, 3′S, 3′aR, 6′S, 2″R) as
its absolute configuration.
On the other hand, (+)-8 and (−)-9 showed Cotton effects

of opposite signs compared with (−)-8 and (+)-9: 245 nm (Δε
−39.65), 224 nm (Δε +90.08) for the negative chirality,
establishing the absolute configuration (3R, 3aR, 8R, 3′S, 3′aR,
6′S, 2″S) for (+)-8, and 245 nm (Δε +34.43), 223 nm (Δε
−57.65) for the positive chirality, establishing the absolute
configuration (3S, 3aS, 8S, 3′R, 3′aS, 6′R, 2″S) for (−)-9.
The absolute configurations proposed by the experimental

data were confirmed by the calculated ECD curves of the
optimized structures of (+)-8 and (−)-9 (see Supporting
Information).
Following the computational details described in the

Experimental Section, rotatory strengths were calculated for
the velocity and length formalism,23−25 and the computed data
were used to reproduce the experimental ECD spectra. The
two Cotton effects for both compounds (+)-8 and (−)-9 were
in agreement with the experimental data (Figure 4). The
computed ECD spectra of (+)-8 and (−)-9 exhibited the
characteristic exciton-split CD curves due to the interaction of
the electric transition moments of the α,β-unsaturated γ-lactone
and the α,β-unsaturated γ-lactam chromophores. This exciton
splitting could be attributed to the π → π* transitions of the

interacting electric transition moments of the chromophores of
both molecules. The first positive Cotton effect and the
negative Cotton effect of the theoretically computed ECD

Figure 2.

Figure 3.

Figure 4. Comparison between the experimental (a, black --- line) and
the theoretical ECD curves (b, blue ··· line) of (a) (+)-8 and (b)
(−)-9, respectively.
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spectra of (+)-8 and (−)-9, respectively, were consequently in
complete agreement with the experimental CD curves.
Encouraged by the previously reported biological activities of

the natural phthalides, and taking into consideration their
pharmacological importance,16 it was decided to investigate the
cytotoxic activity of these enantiomerically pure compounds
toward three human cancer cell lines, following standard
protocols.26 The IC50 values determined are shown in Table 1.

The two pairs of enantiomers (−)-8/(+)-8 and (+)-9/(−)-9
were more potent compared with rac-3 and rac-5, although less
potent compared to the positive control (helenalin). Moreover,
it was observed that compounds (−)-8 and (−)-9 were
significantly more active than their enantiomers (+)-8 and
(+)-9 in the cell lines K562 and HCT-15. This suggested that
the compounds might have exerted their cytotoxic effect by
interacting with a chiral target, and other derivatives of 8 and 9
would possibly shed light on this. For the SKLU-1 cell line only
small differences between the enantiomers are noted.
The reaction between the racemic mixture of rac-3 and (R)-

(+)-α-methylbenzylamine, as well as (S)-(−)-α-methylbenzyl-
amine, yielded two pairs of enantiomers, (±)-8 and (±)-9,
derived from the intramolecular cyclizations of the dimeric
phthalides. The circular dichroism method and its rules
together with the exciton chirality method were used to
determine the absolute configuration of (−)-8, (+)-8, (−)-9,
and (+)-9. The theoretical ECD curves of (+)-8 and (−)-9
were in agreement with the experimental spectra. The four
enantiomers prepared were more potent toward the three
human cancer cell lines compared to the natural products rac-3
and rac-5, and (−)-8 and (−)-9 were, in general, more potent
compared to their antipodes.

■ EXPERIMENTAL SECTION
General Experimental Procedures. rac-Tokinolide B (rac-3)

and rac-5 were isolated from the acetone extract of the rhizomes of L.
porteri by repeated column chromatography,2 carried out on silica gel
(230−400 mesh, Merck). Thin-layer chromatography analyses were
done on aluminum-backed silica gel 60 F254 plates (0.20 mm
thickness, Merck), and visualization of chromatograms was first done
under a UV lamp and then with a solution of ammonium cerium
sulfate, followed by drying and gentle heating. Infrared spectra were
recorded with an FTIR Bruker TENSOR 27 instrument. Ultraviolet
spectra were determined on a Shimadzu UV160U instrument. The
optical rotation was measured in MeOH using a Perkin-Elmer 341
polarimeter. The 1H and 13C NMR experiments were performed at 25
°C using a Varian UnityPlus 500 spectrometer (at 500/125 MHz) and
a Varian XR-300 (at 300/75 MHz); the spectra were recorded in
CDCl3, and the solvent residual signals (7.26 and 77.0 ppm for 1H and
13C NMR, respectively) were used as reference. The chemical shifts

(δ) are expressed in ppm relative to TMS, and the coupling constants
(J) in Hz. EIMS and HRMS (FAB+) spectra were recorded on a JEOL
SX102A mass spectrometer, and the accurate mass was calculated
using polyethylene glycol 400 as standard. The (R)-(+)- and (S)-
(−)-α-methylbenzylamine Chiraselect ≥99.0% (sum of enantiomers,
GC) were purchased from Fluka Sigma-Aldrich.

Derivatization of rac-Tokinolide B (rac-3) with (R)-(+)-α-
Methylbenzylamine. To a solution of rac-tokinolide B (rac-3, 100.8
mg, 0.26 mmol) in anhydrous toluene (5 mL) placed in a stainless
steel reactor (100 mL) was added (R)-(+)-α-methylbenzylamine (0.06
mL, 57.12 mg, 0.47 mmol) under a nitrogen atmosphere. The reactor
was sealed and heated (130 °C) for 20 h (pressure: 50 psi). After
cooling to room temperature, the reaction mixture was concentrated at
reduced pressure. EtOAc (10 mL) was added, and the organic phase
was washed with HCl (10%), which subsequently was extracted with
EtOAc (3 × 10 mL). The combined organic layer was washed with
brine, dried with Na2SO4, and concentrated under reduced pressure.
The residue was purified by column chromatography (n-hexane/
EtOAc, gradient) to afford two products (76.6 mg, 70.2%):

(−)-8 (44.6 mg, 40.9%) as a pale oil; Rf 0.47 (n-hexane/EtOAc,
65:35); [α]25D −54.8 (c 1.35 × 10−3, MeOH); UV (MeOH) λmax (log
ε) 211 (4.4) nm; CD (c 9.6 × 10−6, MeOH) 246 nm (Δε +9.11), 224
nm (Δε −20.29); IR (CHCl3) νmax 3349, 3061, 2959, 2872, 1766,
1689, 1494, 1454, 1351, 1214, 1166, 1037, 924, 752 cm−1; 1H NMR
(CDC13, 500 MHz; assignments by COSY, NOESY, and HMQC) δ
7.58 (2 H, dd, J = 8.5, 1.5 Hz, H -4″, H-8″), 7.27 (2H, ddd, J = 8.5, 7.5,
1.5 Hz, H-5″, H-7″), 7.20 (1H, dddd, J = 8.5, 7.5, 1.5, 1.5, H-6″), 7.15
(1H, d, J = 6.5 Hz, H-7′), 6.87 (1H, dd, J = 7.0, 4.0 Hz, H-7), 4.85
(1H, q, J = 7.0 Hz, H-2″), 2.90 (1H, dddd, J = 10.5, 6.5, 4.0, 4.0 Hz, H-
6′), 2.42 (1H, ddd, J = 9.5, 7.0, 2.0 Hz, H-4′a), 2.20 (1H, dt, J = 10.5,
4.5 Hz, H-6a), 1.98−1.92 (3H, m, H-6b, H-5′a, H-8′a), 1.90 (1H, d, J =
7.5 Hz, H-9″), 1.76 (1H, ddd, J = 9.5, 6.0, 6.0 Hz, H-8′b), 1.59 (1H,
dd, J = 10.5, 4.0, Hz, H-8), 1.45 (1H, dd, J = 10.5, 4.0 Hz, H-4a),
1.35−1.32 (3H, m, H-5a, H-10a, H-5′b), 1.30−1.28 (1H, m, H-9a),
1.28−1.25 (4H, m, H-9′a, H-9′b, H-10′a, H-10′b), 1.19 (1H, ddd, J =
11.5, 6.0, 6.0 Hz, H-4′b), 1.12−1.05 (2H, m, H-5b, H-10b), 0.99 (1H,
dd, J = 10.0, 4.0 Hz, H-9b), 0.90 (1H, ddd, J = 10.0, 6.0, 6.0 Hz, H-4b),
0.86 (3H, t, J = 7.0 Hz, CH3-11), 0.83 (3 H, t, J = 7.5 Hz, CH3-11′);
13C NMR (CDCl3, 125 MHz, assignments by DEPT, HSQC, and
HMBC) δ 168.2 (CO, C-1), 165.2 (CO, C-1′), 143.4 (C, C-3″), 140.2
(CH, C-7), 139.2 (C, C-7′a), 137.4 (CH, C-7′), 130.8 (C, C-7a), 128.2
(CH, C-5″, C-7″), 128.0 (CH, C-4″, C-8″), 127.1 (CH, C-6″), 101.8
(C, C-3′), 95.3 (C, C-3), 85.2 (C, C-3a), 57.0 (C, C-3′a), 52.7 (CH, C-
2″), 45.5 (CH, C-8), 36.2 (CH, C-6′), 35.0 (CH2, C-8′), 29.0 (CH2, C-
4), 28.8 (CH2, C-9), 25.7 (CH2, C-9′), 25.0 (CH2, C-6), 23.9 (CH2,
C-4′), 23.0 (CH2, C-10′), 20.9 (CH2, C-10), 19.5 (CH3, C-9″), 17.4
(CH2, C-5′), 16.8 (CH2, C-5), 14.1 (CH3, C-11), 13.7 (CH3, C-11′);
EIMS m/z 501 [M]+ (15), 378 (17), 310 (8), 274 (33), 191 (100),
149 (10), 120 (32), 105 (28), 55 (5); HRMS (FAB+) m/z 502.2959
(calcd for C32H39O4N+H

+ 502.2957).
(+)-9 (31.9 mg, 29.3%) as a pale oil; Rf 0.44 (n-hexane/EtOAc,

65:35); [α]25D +7.8 (c 1.15 × 10−3, MeOH); UV (MeOH) λmax (log ε)
210 (4.5) nm; CD (c 7.2 × 10−6, MeOH) 245 (Δε −7.89), 223 (Δε
+12.62); IR (CHCl3) νmax 3347, 3060, 2958, 2872, 1765, 1688, 1526,
1495, 1452, 1352, 1214, 1036, 1013, 924, 751 cm−1; 1H NMR
(CDC13, 500 MHz; assignments by COSY, NOESY, and HMQC) δ
7.47 (2H, dd, J = 7.5, 1.5 Hz, H-4″, H-8″), 7.29 (2H, ddd, J = 7.5, 7.5,
1.5 Hz, H-5″, H-7″), 7.22 (1H, dddd, J = 7.5, 7.5, 1.5, 1.5, H-6″), 7.22
(1H, d, J = 6.5 Hz, H-7′), 6.98 (1H, dd, J = 7.0, 4.0 Hz, H-7), 4.69
(1H, q, J = 7.0 Hz, H-2″), 2.93 (1H, dddd, J = 10.0, 6.5, 4.0, 4.0 Hz, H-
6′), 2.46−2.39 (2H, ddd, J = 11.0, 4.0, 4.0 Hz, H-6a, H-4′a), 2.19−2.16
(1H, m, H-6b), 1.99−1.89 (3H, m, H-5a, H-5′a, H-8′a), 1.85 (3H, d, J
= 7.0 Hz, H-9″), 1.63 (1H, ddd, J = 11.0, 4.5, 4.5 Hz, H-8′b), 1.65 (1H,
ddd, J = 10.0, 3.0, 3.0 Hz, H-8), 1.51 (1H, ddd, J = 10.0, 4.5, 4.5 Hz,
H-4a), 1.37−1.33 (3H, m, H-5b, H-10a, H-5′b), 1.73 (1H, dt, J = 6.5,
3.0, H-9a), 1.28−1.25 (1H, m, H-9b), 1.23−1.17 (2H, m, H-10b, H-
4′b), 1.15−1.09 (2H, m, H-9′a, H-10′a), 1.02−0.96 (3H, m, H-4b, H-
9′b, H-10′b), 0.87 (3H, t, J = 7.0 Hz, CH3-11), 0.66 (3H, t, J = 7.0 Hz,
CH3-11′);

13C NMR (CDCl3, 125 MHz, assignments by DEPT,
HSQC, and HMBC) δ 168.0 (CO, C-1), 165.0 (CO, C-1′), 143.2 (C,

Table 1. Evaluation of the IC50 (μM) of the Natural Products
and Derivatives of L. porteri

compound K562a HCT-15b SKLU-1c

rac-3 26.6 ± 1.4 10.5 ± 0.9 7.1 ± 0.6
rac-5 46.1 ± 3.8 44.8 ± 1.3 13.2 ± 1.3
(−)-8 5.7 ± 0.9 5.4 ± 0.5 4.1 ± 0.1
(+)-9 21.7 ± 1.3 8.5 ± 0.6 5.9 ± 0.5
(+)-8 13.9 ± 1.6 7.5 ± 0.5 4.9 ± 0.3
(−)-9 5.2 ± 0.3 5.2 ± 0.2 4.3 ± 0.4
helenalind 0.28 ± 0.02 0.29 ± 0.02 0.21 ± 0.02

aLeukaemia. bColon. cLung. dPositive control. Results are means ±
SEM for three replicates.

Journal of Natural Products Article

dx.doi.org/10.1021/np200645p | J. Nat. Prod. 2012, 75, 859−864862



C-3″), 140.0 (CH, C-7), 139.6 (C, C-7′a), 137.4 (CH, C-7′), 130.8 (C,
C-7a), 128.4 (CH, C-5″, C-7″), 127.0 (CH, C-4″, C-8″), 126.9 (CH, C-
6″), 101.5 (C, C-3′), 95.7 (C, C-3), 84.9 (C, C-3a), 56.9 (C, C-3′a),
54.1 (CH, C-2″), 45.4 (CH, C-8), 36.3 (CH, C-6′), 34.8 (CH2, C-8′),
29.0 (CH2, C-4), 28.8 (CH2, C-9), 25.7 (CH2, C-9′), 25.1 (CH2, C-6),
24.0 (CH2, C-4′), 22.8 (CH2, C-10′), 21.0 (CH2, C-10), 20.3 (CH3, C-
9″), 17.6 (CH2, C-5′), 17.3 (CH2, C-5), 14.1 (CH3, C-11′), 13.6 (CH3,
C-11); EIMS m/z 501 [M]+ (24), 378 (60), 310 (16), 274 (86), 228
(10), 191 (100), 149 (18), 120 (38), 105 (58), 79 (8), 55 (7); HRMS
(FAB+) m/z 502.2961 (calcd for C32H39O4N+H

+ 502.2957).
Derivatization of rac-Tokinolide B (rac-3) with (S)-(−)-α-

Methylbenzylamine. To a solution of rac-tokinolide B (rac-3, 250
mg, 0.65 mmol) in dry toluene (5 mL) placed in a stainless steel
reactor (100 mL) was added (S)-(−)-α-methylbenzylamine (0.16 mL,
152.3 mg, 1.25 mmol) under a nitrogen atmosphere. The reactor was
sealed and heated (130 °C) for 20 h (pressure: 50 psi). After cooling
to room temperature, the reaction mixture was concentrated at
reduced pressure. EtOAc (10 mL) was added, and the organic phase
was washed with HCl (10%), which subsequently was extracted with
EtOAc (3 × 10 mL). The combined organic layer was washed with
brine, dried with Na2SO4, and concentrated under reduced pressure.
The residue was purified by column chromatography (n-hexane/
EtOAc, gradient), affording (234 mg, 71%) two pure products. The
NMR data were identical to their enantiomers.
(+)-8 (96.24 mg, 29.2%) as a pale oil; [α]25D +46.2 (c 1.30 × 10−3,

MeOH); UV (MeOH) λmax (log ε) 217 nm (4.3); CD (c 4.0 × 10−6,
MeOH) 245.5 nm (Δε −39.65), 224.5 nm (Δε +90.08); HRMS
(FAB+) m/z 502.2964 (calcd for C32H39O4N+H

+ 502.2959).
(−)-9 (137.8 mg, 41.8%) as a pale oil; [α]25D −8.12 (c 1.60 × 10−3,

MeOH); UV (MeOH) λmax 216 nm (4.3); CD (c 4.4 × 10−6, MeOH)
245 nm (Δε +34.43), 223 nm (Δε −57.65); HRMS (FAB+) m/z
502.2964 (calcd for C32H39O4N+H

+ 502.2957).
Cytotoxicity Assay. Colon (HCT-15), leukemia (K-562), and

lung (SKLU-1) human tumor cell lines were supplied by National
Cancer Institute (NCI), USA. The cytotoxicity of the test compounds
was determined using the protein-binding dye sulforhodamine B
(SRB) in microculture assay to measure cell growth.26 The cell lines
were cultured in RPMI-1640 (Sigma Chemical Co., Ltd., St. Louis,
MO, USA), supplemented with 10% fetal bovine serum, 2 μM L-
glutamine, 100 IU/mL penicillin G, 100 μg/mL streptomycin sulfate,
and 0.25 μg/mL amphotericin B (Gibco). They were maintained at 37
°C in a 5% CO2 atmosphere with 95% humidity. For the assay, 5 × 104

cell/mL (K562), 10 × 104 cell/well (HCT-15), 7500 cell/mL (SKLU-
1), and 100 μL/well of these cell suspensions were seeded in 96-well
microtiter plates and incubated to allow the cell attachment. After 24
h, 100 μL of each test compound and positive control was added to
the wells. After 48 h, adherent cell cultures were fixed in situ by adding
50 μL of cold 50% (w/v) trichloroacetic acid (TCA) and incubated for
60 min at 4 °C. The supernatant was discarded, and the plates were
washed three times with H2O and air-dried. Cultures fixed with TCA
were stained for 30 min with 100 μL of 0.4% SRB solution. Protein-
bound dye was extracted with 10 μM unbuffered Tris base, and the
optical densities were read on an Ultra microplate reader (Elx 808,
BIO-TEK Instruments, Inc.), with a test wavelength of 515 nm.
Results were expressed as inhibitory concentration 50 values, they
were calculated according to the protocol of Monks,26 where a dose−
response curve was plotted for each compound, and the concentration
giving 50% inhibition (IC50) was estimated from linear regression
equations. The IC50 values (mean ± standard error for three
replicates) are shown in Table 1.
Computational Details. To obtain minimum energy conforma-

tions for structures (+)-8 and (−)-9, we followed a geometry
optimization (GO) by consecutive addition of a molecular fragment at
the time. For this purpose a basic central molecular fragment was
modeled. This fragment was submitted to a geometry optimization
computation with AM124 followed by a subsequent density functional
GO, with the hybrid functional B3LYP using the 6-311G** basis set.24

A new molecular fragment was modeled on the previously optimized
one, and a new GO with AM1 and B3LYP was carried out. This
paradigm was followed until the full molecular structure was

completed. Once (+)-8 and (−)-9 were completed and optimized,
an ECD calculation was carried out within the time-dependent density
functional theory formalism, using the B3LYP functional with the 6-
311G** basis set previously employed. All the described molecular
modeling was done with GaussView,23 whereas the described quantum
mechanical computations were carried out with the suite of programs
in Gaussian 03.24

The ECD spectrum was simulated by overlapping Gaussian
functions for each transition according to
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πσ
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where σ is the width of the band at 1/e height and ΔE0a and R0a are the
excitation energies and rotatory strengths. A σ value of 0.2 eV was
used.25
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