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ABSTRACT: Matsutakone (1), a novel sterol with an
unprecedented polycyclic ring system, together with a new
norsteroid matsutoic acid (2) were isolated from the fruiting
bodies of Tricholoma matsutake. Their structures and absolute
configurations were assigned by extensive spectroscopic
analyses and computational methods. Bioassay results showed
that compounds 1 and 2 exhibited inhibitory activities against
acetylcholinesterase (IC50 20.9 μM for 1).

■ INTRODUCTION

Mushrooms are a rich source of natural products (NPs)
featured by sophisticated skeletons and/or promising bio-
activities.1 Vibralactone and vibralactoximes were pancreatic
lipase inhibitors with β-lactone group isolated from the
fermentation broth of the fungus Boreostereum vibrans.2

Hexacyclinol and panepophenanthrin were two meroterpenoids
with intriguing complicated structures, remarkable cyctoxicities,
and enzyme inhibitory activities derived from cultures of
basidiomycete Panus rudis.3 Relatively speaking, due to the high
prevalence and abundance of sterols from mushroom fruiting
bodies and submerged fermentations, mushroom-derived
sterols have been overlooked compared to the terpenoids,
meroterpenoids, and alkaloids. Whereas, mushroom originated
steroids also displayed pronounced bioactivities. Strophasterols
A−D were four sterols with unprecedented skeletons isolated
from the mushroom Stropharia rugosoannulata.4 Biological
evaluation revealed that strophasterol A could protect neuronal
cells by attenuating the ER stress caused by thapsigargin (TG),
a Ca2+-ATPase inhibitor.
The mycorrhizal fungus Tricholoma matsutake is a kind of

incredibly delicious and nutritious wild mushroom which forms
a symbiotic relationship with the roots of pine and oak trees. In
summertime, the dishes of matsutake were extremely popular
among Chinese dining tables. The geographical distribution of
T. matsutake in China mainly involved in Jilin, Heilongjiang,
Yunnan Provinces and Tibet Autonomous Region. Previous
studies showed that the major contents of T. matsutake were
crude fat, protein, and polysaccharides.5 T. matsutake extracts
displayed certain antioxidant effects on aging mice induced by

D-galaction,6 and the polysaccharides could promote the growth
of lactic acid bacteria and thus improve yogurt quality.7

However, few of the secondary metabolites have been
reported from T. matsutake. We herein report a chemical
investigation on NPs of T. mastutake aiming at discovering
potential drug leads led to the isolation of two novel steroids
(1−2, Figure 1) and one known steroid (3). It was noteworthy

that compound 1 represented a new class of steroid harboring
an unprecedented polycyclic system. Bioassay results indicated
that compounds 1−2 exhibited inhibitory activities against
acetylcholinesterase (AChE), an important target in the
treatment of neurodegenerative diseases.
The ethyl acetate layer of T. matsutake (2.0 kg) was

fractionated and purified by repeated chromatographic methods
to yield 1 (1.4 mg), 2 (2.5 mg), and 3 (5.5 mg).
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Figure 1. Structure of matsutakone (1) and matsutoic acid (2).
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■ RESULTS AND DISCUSSION

The white powder matsutakone (1) was assigned the chemical
formula C28H44O4 (seven degrees of unsaturation) by a positive
HRMS (ESI-TOF) experiment m/z: [M + Na]+ calcd for
C28H44O4Na 467.3132; found 467.3121. The 1H NMR as well
as HSQC spectra of 1 recorded in CDCl3 displayed high-field
signals for two methyl singlets at δH 0.68 (Me-18) and 1.51
(Me-19); four methyl doublets at δH 0.99 (Me-21), 0.82 (Me-
26), 0.83 (Me-27), 0.91 (Me-28), two typical E double bond
protons at δH 5.14 (dd, J = 15.0, 8.5 Hz, H-22), and δH 5.22
(dd, J = 15.0, 8.0 Hz, H-23), two oxygenated methines at δH
3.98 (m, H-3) and δH 3.21 (d, J = 4.0 Hz, H-6). The 13C and
DEPT spectra showed 28 carbon resonances, which were
ascribed to six methyls, seven methylenes, 10 methines (two
oxygenated), and five quaternary carbons (two oxygenated, one
keto-carbonyl) (Table 1). Preliminary analyses of these
spectroscopic features implied that 1 was a steroid, especially
based on the methyl multiplicity and the typical sterol olefinic
protons for E-form double bond of the side chain.
The 1H−1H COSY correlations of 1 readily delineated three

isolated proton spin systems: H-1 to H-4, H-6/H-7/H-11/H-
12, and H-15/H-16/H-17/H-20 (H-20/H3-21)/H-22/H-23/
H-24 (H-24/H3-28)/H-25 (H-25/H3-27)/H3-26 (Figure 2).
The HMBC correlations from H-6 to C-4 (δC 38.1), C-5 (δC
68.8), C-8 (δC 76.0), and C-10 (δC 46.3) and from Me-19 to C-
1 (δC 29.3), C-5, C-9 (δC 211.1), and C-10 suggested that rings
A and B were fused by sharing the C5−C10 carbon bond
(Figure 2). Likewise, the HMBC correlations from angular
methyl group Me-18 to C-12 (δC 39.2), C-13 (δC 43.4), C-14
(δC 59.0), and C-17 (δC 56.8), from H-15 (δH 2.12; 1.46) to C-
14, C-8, and from H-11 (δH 1.75; 1.75) to C-8 allowed the
formation of rings B, C, and D and also indicated that the fused
manner by sharing the C7−C8 and C13−C14 carbon bonds for
rings B/C and C/D, respectively. This was further supported by
the key HMBC correlations from 8-OH (δH 1.87, s) to C-7, C-
8, C-9, and C-14 (Figures S10 and S11, Supporting
Information). The aforementioned assignments accounted for
six double-bond equivalences. Thus, the remaining one degree
of unsaturation suggested the presence of an epoxy group,
which should be assigned between C-5 and C-6 in consequence
of the remarkable upfield-shifted chemical shifts of C-5 (δC
68.8) and C-6 (δC 62.8) compared to corresponding oxy-
genated quaternary carbons and methines. Therefore, the
planar structure of 1 was deduced as shown in Figure 1 and
designated the name matsutakone.
The relative configuration of compound 1 was determined

via ROESY experiment. The ROESY cross peaks of H-6/H-7/
H-12α, H-7/H-14/H-17, and H-12β/Me-18/H-20 indicated
that H-6, H-7, H-14, and H-17 were α-oriented, while Me-18
was β-oriented. Besides, the α-orientations of 3-OH, Me-19,
and 8-OH were established by correlations of H-6/H-4β/H-3/
H-2β/H-1β, and Me-19/H-2α, Me-19/H-4α, and Me-19/8-
OH (Figure S13, Supporting Information).
To the best of our knowledge, natural ergosteroids

characterized as 20R, 24R were quite common.8 Hence, by
comparing the chemical shifts of the side chain with those of
ergosta-7,22-dien-5α,6α-epoxy-3β-ol (3),9 a known coisolate
from this species, both the absolute configurations of C-20 and
C-24 were assigned as R.
Finally, the absolute configuration of 1 was determined by

means of ECD and optical rotation calculations on two possible
structures: (3S,5R,6S,7R,8S,10S,13R,14R,17R,20R,24R)-1 (1a)

and (3R,5S,6R,7S,8R,10R,13S,14S,17S,20R,24R)-1 (1b) (Sup-
porting Information).10 Overall, conformation searches on 1a
and 1b by the MMFF94s force field give 18 and 16 conformers

Table 1. 1H NMR (500 MHz) and 13C NMR (125 MHz)
Spectroscopic Data of Matsutakone (1) (δ in ppm)

no. δH
a δC

a δH
b δC

b

1β 1.79, ddd (13.5, 4.8,
2.5)

29.3, CH2 2.15, overlapped 30.8

1α 1.76, dd (13.5, 3.9) 2.10, overlapped
2β 1.64, overlapped 30.1, CH2 2.26, m 31.5
2α 2.00, overlapped 2.00, m
3 3.97, m 68.6, CH 4.47, m 68.3
3-OH 6.44, br. s
4β 1.49, dd (12.5, 7.0) 38.1, CH2 1.84, overlapped 39.5
4α 2.12, dd (12.5, 11.0) 2.48, dd (12.5, 11.0)
5 68.8, C 69.8
6 3.21, d (4.0) 62.8, CH 3.39, d (4.0) 63.7
7 2.20, m 48.0, CH 2.58, m 49.5
8 76.0, C 75.9
8-OH 1.87, s
9 211.1, C 213.0
10 46.3, C 47.2
11β 1.75, overlapped 24.6, CH2 2.10, overlapped 25.7
11α 1.75, overlapped 1.83, overlapped
12β 1.91, ddd (12.6, 3.6,

3.6)
39.2, CH2 1.94, ddd (12.8, 3.6,

3.6)
40.1

12α 1.22, ddd (12.6, 12.6,
6.0)

1.28, ddd (13.0, 13.0,
4.0)

13 43.4, C 43.9
14 1.46, overlapped 59.0, CH 1.87, overlapped 60.3
15β 2.12, overlapped 19.3, CH2 2.66, m 20.9
15α 1.46, overlapped 1.99, m
16β 1.37, m 28.3, CH2 1.46, m 29.1
16α 1.69, m 1.74, m
17 1.15, dd (19.5, 9.5) 56.8, CH 1.20, dd (19.5, 9.5) 57.2
18 0.68, s 14.0, CH3 0.99, s 14.9
19 1.51, s 22.4, CH3 1.77, s 23.4
20 2.01, m 40.0, CH 2.06, m 40.8
21 0.99, d (6.5) 21.0, CH3 1.05, d (6.5) 21.5
22 5.14, dd (15.0, 8.5) 135.5,

CH
5.20, dd (15.0, 7.9) 136.5

23 5.22, dd (15.0, 8.0) 132.3,
CH

5.26, dd (15.0, 7.0) 132.4

24 1.84, m 43.0, CH 1.87, m 43.4
25 1.46, m 33.2, CH 1.47, m 33.7
26 0.82, d (7.0) 19.8, CH3 0.85, d (6.7) 20.2
27 0.83, d (7.0) 20.1, CH3 0.86, d (6.7) 20.5
28 0.91, d (7.0) 17.8, CH3 0.94, d (6.8) 18.2
aRecorded in CDCl3.

bRecorded in C5D5N.

Figure 2. Key 2D NMR correlations of 1.
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with population higher than 1%, respectively. All of these
conformers were optimized at the B3LYP/6-31G(d,p) of
theory to give eight and seven conformers within a 3 kcal/
mol energy threshold from global minimum, respectively.
These predominant conformers were subjected to theoretical
calculation of ECD using time-dependent density functional
theory (TDDFT) at B3LYP/6-31G(d,p) level in gas phase with
PCM model. As shown in Figure 3, the calculated ECD
spectrum of 1a matched well with the experimental one,
suggesting the absolute configuration of 1 to be
3S,5R,6S,7R,8S,10S,13R,14R,17R,20R,24R (Figure 3).

The specific optical rotations ([α]D) of the two possible
structures (3S,5R,6S,7R,8S,10S,13R,14R,17R,20R,24R)-1 and
(3R,5S,6R,7S,8R,10R,13S,14S,17S,20R,24R)-1 were calculated
at the B3LYP/6-311++g(2d,p) level with PCM model in
MeCN based on predominant B3LYP/6-311g(2d,p) optimized
geometries.11 The calculated specific rotation (+53.6°) of
(3S,5R,6S,7R,8S,10S,13R,14R,17R,20R,24R)-1 was close to the
experimental value ([α]D

21 +12.9, c 0.14, MeCN), while the
calculated data for (3R,5S,6R,7S,8R,10R,13S,14S,17S,20R,24R)-
1 ([α]D −35.5) had opposite sign to the experimental value
(pages S40, S41, Supporting Information). Therefore, the
results of specific optical rotation calculations suggest same
conclusion with the ECD calculation results.
Given that matsutakone (1) harbored an unprecedented

carbon skeleton, the calculations of 13C NMR chemical shifts of
(3S ,5R ,6S ,7R ,8S ,10S ,13R ,14R ,17R ,20R ,24R)-1 at the
mPW1PW91/6-311++g(2d,p) level with PCM model in
CHCl3 based on predominant B3LYP/6-311g(2d,p) optimized
geometries were performed (pages S41−S43, Supporting
Information).12 The results revealed that the correlation
coefficient (R2) between the calculated and experimental data
from linear regression analysis was 0.9989 with the largest
outlier Δδ = 3.3 ppm (C-10), and the root-mean-square
deviation (RMSD) was 1.45 ppm, which further provided solid
evidence for the structural rationality of 1 (Figure 4).
The colorless oil matsutoic acid (2) possessd the molecular

formula C18H30O3 with four degrees of unsaturation on the
basis of HRMS (ESI-TOF) data (m/z: [M + Na]+ calcd for
C18H30O3 317.2087; found 317.2092). The 1H NMR together
with HSQC and HMBC spectra of 2 displayed resonances
attributable to four methyl doublets (δH 0.82, 0.84, 0.93, 1.08)
and one methyl singlet (δH 0.95) as well as two coupling
olefinic protons [δH 5.21, dd (J = 15.0, 8.7 Hz); 5.31, dd (J =
15.0, 7.8 Hz)]. The 13C and DEPT spectra showed signals for

four methylene, six methine, and three quaternary carbons (a
keto group, a carboxy group) (Table 2). All the functional
groups accounted for three degrees of unsaturation, and the
remaining one degree of unsaturation suggested that 2
possessed only one ring.
The planar structure of 2 was deduced by extensive analyses

of the 2D NMR spectra and were described as follows. The
1H−1H COSY spectroscopic data between H-11/H-10/H-12/

Figure 3. Comparison of the calculated ECD spectra for 1a and 1b
with the experimental spectrum of 1 in MeCN.

Figure 4. (A) Regression analysis of experimental versus calculated
13C NMR chemical shifts of 1 at mPW1PW91/6-311++g(2d,p) level;
linear fitting was shown as a line. (B) Relative chemical shift errors
between scaled 13C NMR and experimental 13C NMR for 1 (δcorr
obtained by linear fit δexp versus δcalcd).

Table 2. 1H NMR (500 MHz) and 13C NMR (125 MHz)
Spectroscopic Data of Matsutoic Acid (2) (δ in ppm)

2 (CDCl3)

no. δH δC

1 178.6, C
2 2.41, m 29.6, CH2

2.16, m
3 2.06, m 32.0, CH2

1.81, m
4 51.2, C
5 223.4, C
6 2.32, dd (18.0, 8.7) 37.4, CH2

2.07, overlapped
7 2.00, overlapped 24.0, CH2

1.49, overlapped
8 1.78, m 47.9, CH
9 0.95, s 17.9, CH3

10 2.22, m 38.9, CH
11 1.08, d (6.5) 21.0, CH3

12 5.21, dd (15.0, 8.7) 133.3, CH
13 5.31, dd (15.0, 7.8) 134.4, CH
14 1.89, m 43.1, CH
15 1.49, m 33.2, CH
16 0.82, d (7.0) 19.8, CH3

17 0.84, d (7.0) 20.1, CH3

18 0.93, d (7.0) 17.7, CH3
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H-13/H-14/H-15/H-16 as well as H-14/H-18, H-15/H-17, H-
8/H-10 revealed the presence of a typical steroid side chain
(Figure 5). Futhermore, the obvious HMBC correlations from

Me-9 (δH 0.95) to C-3 (δC 32.0), C-4 (δC 51.2), C-5 (δC
223.4), C-8 (δC 47.9), from H-6 (δH 2.32, 2.07) to C-5, along
with the 1H−1H COSY correlations between H-6/H-7/H-8
enabled the completion of the five-membered ring. Besides,
1H−1H COSY correlations between H-2/H-3 and HMBC
correlations from H-2 (δH 2.41, 2.16) to C-1 (δC 178.6)
suggested the presence of the other side chain (C1−C2−C3)
connected at C-4. All this evidence prompted the establishment
of the planar structure of 2.
The geometry of the Δ12 double bond was determined as E

form based on the large coupling constant between H-12 and
H-13 (J = 15.0 Hz), and the absolute configurations of C-20
and C-24 were assigned as R by comparing the chemical shifts
with 1. The relative configurations of C-4 and C-8 of 2 were
established as 4R*,8R* by ROESY correlations of H-3/H-8 and
Me-9/H-10. To establish the absolute configurations of 2, the
specific optical rotations ([α]D) of the two possible structures
(4R,8R)-2 and (4S,8S)-2 were calculated at the B3LYP/6-311+
+g(2d,p) level with PCM model in MeOH based on
predominant B3LYP/6-311g(2d,p) optimized geometries
(pages S43−S45, Supporting Information).11 The calculated
specific rotation (−79.3) of (4R,8R)-2 was close to the
experimental value ([α]D

22 −47.3, c 0.10, MeOH), while the
calculated data for (4S,8S)-2 ([α]D +40.7) had opposite sign to
the experimental value.

Matsutakone (1) and matsutoic acid (2) represented
(nor)steroids with unprecedented carbon skeletons, which
aroused our interest in their plausible biogenesis. Biosyntheti-
cally, compounds 1 and 2 might possibly be traced back to the
normal ergosterol since they possessed the common side chain.
The postulated biogenetic pathways for 1 and 2 were proposed
(Scheme 1). The co-isolated compound 5,6-epoxy-22-en-3-ol-
ergosterol (3)9 was oxygenated at C-7, C-8 double bond and C-
9 to give the key intermediate H which possessed an epoxy
group. The intermediate H followed by an oxidative cleavage
between C-9 and C-11 in basic condition to give I. The plane of
rings A and B of I underwent a 180° rotation, providing
advantageous conditions for a vital nucleophilic addition
reaction from C-11 carbanion to C7-C8-epoxy to yield
compound 1. On the other hand, compound 3 underwent an
oxidative cleavage between C-7 and C-8 to give intermediate J,
which further yielded the key intermediate K in basic condition.
Oxidative cleavage of intermediate K between the double bond
of enol group gave intermediate L, which further underwent a
decarboxylative reaction and an oxidation process to give
compound 2.
Since neurodegenerative diseases like Alzheimer’s disease

caused by decrease of acetylcholine (ACh) content threaten the
quality of life of the aged, we have evaluated the anti-AChE
activities of 1 and 2 by the method as previously reported.13 In
the experiment, tacrine (TA) was used as positive control. The
results showed that 1 and 2 exhibited inhibition rates of 62.8%
and 40.3% at the concentration 50 μM, respectively. The IC50
value of 1 was 20.9 μM (Table 3).

Figure 5. Key 2D NMR correlations of 2.

Scheme 1. Proposed Biosynthetic Pathways for 1 and 2

Table 3. Inhibitory Activities Against AChE of 1 and 2

samples TA 1 2

concentration (μM) 0.333 50 50
inhibition rate (%) 58.0 ± 1.08 62.8 ± 0.38 40.3 ± 1.73
IC50 (μM) 0.20 20.9 −
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In summary, chemical investigations on the famous edible
mushroom of T. matsutake were carried out, which resulted in
the isolation of a sterol matsutakone (1) bearing a previously
undescribed scaffold and a new norsteroid matsutoic acid (2).
Their structures were unambiguously determined via extensive
spectroscopic analysis in combination with computational
approaches. Moreover, anti-AChE bioassay results suggested
that ingesting fruiting bodies of T. matsutake was beneficial to
human health.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Optical rotation was

obtained on a JASCO P-1020 digital polarimeter. UV spectrum was
recorded on a Shimadzu UV-2401PC. CD spectrum was measured on
an Applied Photophysics Chirascan Circular Dichroism Spectrometer.
IR spectrum was taken on a Bruker Tensor 27 FT-IR spectrometer.
1D and 2D NMR spectra were obtained on a Bruker Ascend 500 MHz
and a Bruker Avance III 600 MHz spectrometers. HRESIMS data were
measured on an Agilent 6200 Q-TOF MS system . Silica gel (Qingdao
Haiyang Chemical Co., Ltd.) was used for normal column
chromatography (CC). Medium-pressure liquid chromatography
(MPLC) was performed on a Büchi Sepacore System equipped with
pump manager C-615, pump modules C-605, and fraction collector C-
660, and columns packed with Chromatorex C-18 (40−75 μm).
Preparative high-performance liquid chromatography (prep-HPLC)
was performed on an Agilent 1260 liquid chromatography system
equipped with a Zorbax SB-C18 column (5 μm, 9.4 mm × 150 mm, 7
mL·min−1) and a DAD detector.
Fungal Material. The fruiting bodies Tricholoma matsutake were

purchased from Nyingchi, Tibetan Autonomous Region in June 2014
and identified by Prof. Yu-Cheng Dai (Beijing Forestry University),
who is an expert in the field of mushroom taxonomy. A voucher
specimen of T. matsutake was deposited in the Herbarium of Kunming
Institute of Botany, Chinese Academy of Sciences (no. HFC
20140626).
Extraction and Isolation. The air-dried and powdered fruiting

bodies of T. matsutake (2.0 kg) were soaked with 95% ethanol for
three times. The extract was evaporated under reduced pressure and
partitioned between ethyl acetate and water for four times to give a
crude extract (25 g). The crude extract was subject to normal CC with
a stepwise gradient of petroleum ether/acetone (v/v 10:1−1:1) to
afford four fractions (A−C).
Fraction B (6.0 g) was subjected to MPLC with a gradient solvent

system of MeOH/H2O (v/v 20:80−100:0, 25 mL·min−1) to obtain 17
subfractions (B1−B17). Subfraction B5 (30 mg), B10 (35 mg), and B4
(24 mg) was further purified by Sephadex LH-20 (eOH), followed by
prep-HPLC to yield compound 1 (1.4 mg, MeCN-H2O: 60%−75%,
20 min, 7 mL·min−1, tR = 16.2 min), 2 (2.5 mg, MeCN-H2O: 30%−
65%, 35 min, 7 mL·min−1, tR = 31.1 min), and 3 (5.5 mg, MeCN-H2O:
70%−90%, 25 min, 7 mL·min−1, tR = 8.5 min).
Matsutakone (1). Amorphous white powder; [α]D

21 +12.9 (c 0.14,
MeCN); UV (MeCN) λmax (log ε) 196 (4.03) nm; IR (KBr) νmax
3433, 2958, 2931, 2872, 1631, 1383 cm−1; HRMS (ESI-TOF) m/z:
[M + Na]+ calcd for C28H44O4Na 467.3132; found 467.3121.
Matsutoic Acid (2). Colorless oil; [α]D

22 −47.3 (c 0.10, MeOH); UV
(MeOH) λmax (log ε) 230 (2.29) nm; IR (KBr) νmax 3434, 2964, 2927,
2878, 1732, 1628, 1384 cm−1; HRMS (ESI-TOF) m/z: [M + Na]+

calcd for C18H30O3Na 317.2087; found 317.2092.
Acetylcholinesterase Inhibitory Activity Assay. Acetylcholi-

nesterase (AChE) inhibitory activity of compounds 1 and 2 was
assayed by the spectrophotometric method developed by Ellman et
al.13 with slightly modification. S-Acetylthiocholine iodide, S-
butyrylthiocholine iodide, 5,5′-dithio-bis(2-nitrobenzoic) acid
(DTNB, Ellman’s reagent), acetylcholinesterase derived from human
erythrocytes were purchased from a chemical supplier. Compound 1
was dissolved in DMSO. The reaction mixture (totally 200 μL)
containing phosphate buffer (pH 8.0), test compound (50 μM), and
acetyl cholinesterase (0.02 U/mL) was incubated for 20 min (37 °C).

Then, the reaction was initiated by the addition of 40 μL of solution
containing DTNB (0.625 mM) and acetylthiocholine iodide (0.625
mM) for AChE inhibitory activity assay, respectively. The hydrolysis of
acetylthiocholine was monitored at 405 nm every 30 s for 1 h. Tacrine
was used as positive control with final concentration of 0.333 μM. All
of the reactions were performed in triplicate. The percentage
inhibition was calculated as follows: inhibition rate (%) = (E − S)/
E × 100 (E is the activity of the enzyme without test compound and S
is the activity of enzyme with test compound).

ECD Calculation. The ECD calculations for compounds
(3S ,5R ,6S ,7R ,8S ,10S ,13R ,14R ,17R ,20R ,24R)-1 (1a) and
(3R,5S,6R,7S,8R,10R,13S,14S,17S,20R,24R)-1 (1b) were performed
using Gaussian 09. Conformation searches based on molecular
mechanics with MMFF94s force field were performed for 1a and 1b
and gave 18 and 16 conformers with populations higher than 1%.10 All
of these conformers were further optimized by the density functional
theory (DFT) method at the B3LYP/6-31G(d,p) level in Gaussian 09
program package10c and led to eight (1aA-1aH) and seven (1bA-1bG)
conformers for 1a and 1b within a 3 kcal/mol energy threshold from
global minimum, respectively (Supporting Information). These
predominant conformers were subjected to theoretical calculation of
ECD using time-dependent density functional theory (TDDFT) at
B3LYP/6-31G(d,p) level in air with PCM model. The calculated ECD
curves for 1a and 1b and weighted ECD were all generated using
SpecDis 1.60 with σ = 0.15 eV and UV shift −10 nm, respectively.14

Specific Optical Rotation Calculation. The specific optical
rotation calculations for compounds (3S,5R,6S,7R,8S,10S,13R,-
1 4 R , 1 7 R , 2 0 R , 2 4 R ) - 1 ( 1 a ) a n d
(3R,5S,6R,7S,8R,10R,13S,14S,17S,20R,24R)-1 (1b) were performed
using Gaussian 09 (Supporting Information). The conformers 1aA-
1aH and 1bA-1bG were further optimized at the B3LYP/6-
311G(2d,p) level in gas phase to give the respective conformers
1aAA-1aHA and 1bAA-1bGA, all of which were subjected to specific
optical rotation calculations at the B3LYP/6-311+G(2d,p) level in
MeCN with PCM model. The calculated specific optical rotation data
of these conformers were averaged according to the Boltzmann
distribution theory and their relative Gibbs free energy.

13C NMR Calculation. Gauge-independent atomic orbital (GIAO)
calculations of 13C NMR of conformers 1aAA-1aHA were
accomplished by DFT at the mPW1PW91/6-311++g(2d,p) level in
CHCl3 with PCM model in Gaussian 09 software package (Supporting
Information). The 13C NMR chemical shift was calculated in the same
level and used as references. The calculated NMR data of these
conformers were averaged according to the Boltzmann distribution
theory and their relative Gibbs free energy. Compared to the
experimental data, linear correlation coefficients (R2) and root-mean-
square deviation (RMSD) were calculated for evaluation of the results.
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