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ABSTRACT: Chloropestolides B—G (1—6), six new metab-
olites featuring the chlorinated spiro[benzo[d][1,3]dioxine-
2,7'-bicyclo[2.2.2]octane]-4,8'-dione (1—3) and spiro[benzo-
[d][1,3]dioxine-2,1"-naphthalene]-2’,4-dione (4—6) skeletons,
and their putative biosynthetic precursor dechloromaldoxin
(7) were isolated from the scale-up fermentation cultures of
the plant endophytic fungus Pestalotiopsis fici. The structures of
1-7 were determined mainly by NMR experiments. The
absolute configurations of 1—3 were deduced by analogy to
the previously isolated metabolites from the same fungus (9
and 13—18), whereas those of 4, 5, and 7 were assigned by
electronic circular dichroism (ECD) calculations. Structurally,
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the spiroketal skeletons found in 1—3 and 4—6 could be derived from 2,6-dihydroxy-4-methylbenzoic acid with chlorinated
bicyclo[2.2.2]oct-2-en-S-one and 4a,5,8,8a-tetrahydronaphthalen-2(1H)-one, respectively. Biogenetically, compounds 1—6 were
derived from the same Diels—Alder precursors as the previously isolated 9 and 12—18. In addition, compounds 2 and 3 were
proposed as the biosynthetic intermediates of 17 and 16, respectively. Compound 1 was cytotoxic to three human tumor cell

lines.

B INTRODUCTION

Endophytic fungi inhabiting the normal tissues of host plants
are well-known producers of bioactive natural products.'~* The
species of the Pestalotiopsis genus have attracted much attention
due to the discovery of structurally diverse and biologically
active secondary metabolites.” Our chemical studies of this
genus also afforded a variety of bioactive compounds.® During
the course of the investigations, a strain of P. fici (W106-1),
isolated from the branches of Camellia sinensis (Theaceae) in a
suburb of Hangzhou, People’s Republic of China, was grown in
different solid—substrate fermentation cultures.” ' Fractiona-
tion of the resulting crude extracts afforded unique natural
products, including chloropupukeananin (9; Scheme 1), the
first chlorinated tricyclo[4.3.1.0%"]decane (pupukeanane) skel-
eton, and its putative biosynthetic precursors, pestheic acid (10;
Scheme 1) and iso-A82775C (11; Scheme 1).” Subsequent
studies of the same extracts led to the isolation of additional
seven novel metabolites, named chloropestolide A (12; Scheme
1),"" chloropupukeanolides A and B and chloropupukeanone A
(13—15; Scheme 1),"* and chloropupukeanolides C—E (16—
18; Scheme 1), originating from the same Diels—Alder
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precursors as 9. Recently, the Kobayashi group proposed that
the putative biosynthetic precursor 10 was first oxidized to
maldoxin (10a),'* which possesses a reactive diene known as
masked O-benzoquinone,'® and then subjected to a reverse
electron demand Diels—Alder (REDDA) reaction'® with the
terminal alkene in 11 to form the core structure of this class of
metabolites.'” Specifically, reaction of the diene from the ether
face (the side of the ether oxygen attached to the ketal carbon)
of 10a with the allene in 11 afforded 12 and 16 as the endo and
exo REDDA cycloadducts, respectively, whereas compounds 9,
13—15, 17, and 18 were the exo REDDA products resulting
from reaction of the diene from the carboxylate face (the side of
the carboxyl group attached to the ketal carbon) of 10a with
the allene in 11 (Scheme 1). Subsequently, the Snider group
synthesized 10a from chloroisosulochrin via 10 using a
biomimetic route to explore facial selectivity for the Diels—
Alder reaction of 10a with an isopropenylallene,"®'® and the
major products were found to be the endo and exo REDDA
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adducts reacting from the carboxylate face of 10a with 11."" In
addition, the normal electron demand Diels—Alder
(NEDDA)'® adducts in which 10a reacted as a dienophile
and 11 as a diene were also obtained."®

To better understand the naturally occurring Diels—Alder
reactions leading to the formation of these novel metabolites
and provide useful information for synthetic chemists in their
future endeavors to synthesize related natural products, the
EtOAc extract prepared from a scale-up fermentation were
separated exhaustively. Six new Diels—Alder cycloadducts from
10a and 11 were obtained, including three REDDA and three
NEDDA products, which we named chloropestolides B—D (1—
3) and chloropestolides E—G (4—6), respectively. In addition,
dechloromaldoxin (7), a new congener of maldoxin (10a), was
also isolated from the same extract. Details of the isolation,
structure elucidation, cytotoxicity, and plausible biogenesis of
1-7 are reported herein.

Bl RESULTS AND DISCUSSION

The fungus P. fici was refermented on rice (3 kg) for 40 days
and extracted repeatedly with EtOAc. The resulting crude
extract was fractionated by silica gel vacuum liquid chromatog-
raphy (VLC), followed by Sephadex LH-20 column chroma-
tography and reversed-phase (RP) HPLC to afford the new
metabolites chloropestolides B—G (1—6) and dechloromaldox-
in (7).

The molecular formula of chloropestolide B (1) was
determined to be C;3H3sClO;; (16 degrees of unsaturation)
by HRESIMS. Analysis of the NMR data of 1 (Table 1)
revealed the presence of three exchangeable protons (5y 3.94,
4.17, and 9.80, respectively), six methyl groups including two
methoxys, three methylenes, three oxymethines, 13 sp* carbons
including five methines, five sp® quaternary carbons including
three bonded to heteroatoms, two carboxylic carbons (5 163.1
and 169.4, respectively), and one ketone carbon (5; 191.5).
These data revealed structural similarity to chloropestolide A
(12)."" Analysis of the "H—'"H COSY and HMBC data of 1
defined the same S-hydroxy-7-methyl-4H-benzo[d][1,3]dioxin-
4-one and isoprenylated 2,3-epoxyvinylidenecyclohexan-1,4-
diol moieties as found in 12. Further interpretation of the 2D
NMR data established a polysubstituted bicyclo[2.2.2]oct-2-en-
S-one unit joined to the benzo[d][1,3]dioxin-4-one through a
spiro carbon at C-10 and linked to the isoprenylated 2,3-

Table 1. NMR Data for 1 (Acetone-d)

position 5 ip,? mult (], Hz) HMBC* NOESY*
1 516, qC 1,3,4,7,9 10, 11,
12
2a 400, CH, 228, d (13) 1,3,4,7,9 10,11, 49
12
2b 2.56,d (13) 12
3 449, qC 2,5, 12, 13, 14, 18
4 973, CH  5.18,d (3.5) 2, 12
5 203.1, C
6 1915, qC
7 817, qC
8 1512, qC 1,278 10, 11
9 970,CH 562, s 2
10 984, qC
11 169.4, qC 2,3, 4,7
12 240,CH, 121, s 2b, 4
13 1059, qC 5, 13, 15, 16, 18
14a 312, CH, 2.5 dd (16 55) S, 13,15, 16, 18
14b 2.35, ddd (16, 10,
3.5)
15 68.5, CH 398 ddd (10,7.0, 14, 15,17, 18, 19
5.5)

16 632, CH 325 brs 19, 20
17 65.6, C 5, 13, 14, 16, 19
18 687, CH 421,d (9.0) 16, 17, 18, 20, 21 19, 20
19a 335, CH, 209 dd (16 70) 16, 17, 18, 20, 21 16, 18
19b 2.81,dd (16,7.0) 17,19, 22, 23 16, 18
20 119.3, 5.16, t (7.0) 16, 18

CH
21 135.6, qC 20, 21, 23
2 18.1, CH, 165, s 20,21, 22
23 260,CH, 175, s 11
2 53.4,CH, 375, s 8
25 §7.1,CH, 378, s
26 163.1, qC
27 968, qC
28 161.5, qC 26, 27, 28, 31, 33
29 1126, 652, s

CH
30 1518, qC 26,27, 29, 32, 33
31 108.3, 630, s

CH
32 155.8, qC 29, 30, 31
33 223,CH, 2.30,s 14, 16
OH-15 417,d (7.0) 17, 18
OH-18 3.94, d (9.0) 27, 28, 29
OH-28 9.80, s

“Recorded at 125 MHz. "Recorded at 500 MHz. “Recorded at 500
MHz.

epoxyvinylidenecyclohexan-1,4-diol at C-3. These data permit-
ted assignment of the planar structure of 1, which is the same as
that of 12.

The epoxyvinylidenecyclohexanediol in 1 was assigned the
same relative configuration as in 9 and 12—18 by comparison
of the 'H-'H coupling constants and NOESY data.”''""
NOESY correlations (Figure 1) of H-2a with H-4 and H-9 and
of H;-12 with H-2b and H-4 indicated that C-1, C-3, and C-7 in
1 adopt the same relative configurations as in 12, which were
secured by X-ray crystallography.'* Since compounds 1 and 12
are both the endo REDDA adducts of 10a and 11 (Scheme 1),
the absolute configuration of C-10 in 1 was deduced to be the
same as that in 12 on the basis of biosynthetic considerations. A
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Figure 1. Key NOESY correlations for 1-3.

Table 2. NMR Data for 2 and 3 (Acetone-d,)

2 3

position 8 8yp,” mult (J, Hz) HMBC“ ¢ 81, mult (J, Hz) HMBC*
1 518, qC 515, qC

2a 39.6, CH, 1.92, d (14) 1,3,4,7,9 10, 11, 12 42.7, CH, 2.06, d (14) 1,3,4,7,9 10, 11, 12
2b 2.89,d (14) 1,3,4,7,9 10, 11, 12 295, d (14) 1,3,4,7,9 10, 11, 12
3 45.6, qC 44.9, qC

4 95.5, CH 5.18, d (3.0) 2,5,12,13, 14, 18 96.2, CH 521, d (3.5) 2,12, 13

S 202.9, qC 203.7, qC

6 191.2, qC 190.0, qC

7 81.5, qC 81.6, qC

8 151.3, qC 151.0, qC

9 97.4, CH 5.71,s 1,2,7 8 10, 11 98.0, CH 5.66, s 1,2,7,8 10, 11
10 982, qC 97.3, qC

11 1694, qC 169.1, qC

12 26.3, CH, 1.17, s 2,3,4,7 25.8, CH, 1.17, s 2,3,4,7

13 105.6, qC 105.0, qC

14a 30.3, CH, 227, dd (16, 5.5) 5,13, 15, 16, 18 30.7, CH, 2.11, dd (16, 5.5) 5,13, 15, 16, 18
14b 2.32, ddd (16, 10, 3.0) S, 13,15, 16, 18 2.25, ddd (16, 10, 3.5) S, 13,15, 16, 18
15 68.5, CH 4.13, ddd (10, 6.0, 5.5) 68.0, CH 4.01, ddd (10, 6.0, 5.5)

16 63.3, CH 324, brs 14, 15, 17, 18, 19 63.5, CH 324,brs 14, 15, 17, 18, 19
17 65.7, qC 65.8, qC

18 68.5, CH 4.26,d (8.5) 5, 13, 14, 19 682, CH 4.32,d (9.0) 5,13, 14

19a 33.7, CH, 2.00, dd (15, 6.0) 16, 17, 18, 20, 21 33.5, CH, 2.04, dd (16, 7.0) 16, 17, 18, 20, 21
19b 2.78, dd (15, 6.0) 16, 17, 18, 20, 21 2.78, dd (16, 7.0) 16, 17, 18, 20, 21
20 119.3, CH 5.13, t (6.0) 22,23 119.2, CH 5.14, t (7.0) 19, 22, 23

21 135.6, qC 135.6, qC

22 18.0, CH, 1.63, s 20, 21, 23 18.0, CH, 1.63, s 20, 21, 23

23 26.0, CH, 1.69, s 20, 21, 22 25.9, CH, 1.68, s 20, 21, 22

24 53.4, CH, 372, s 11 53.4, CH, 3.77, s 11

25 572, CH, 381, s 8 572, CH, 3.80, s 8

26 1632, qC 163.8, qC

27 96.8, qC 96.4, qC

28 1614, qC 1614, qC

29 112.6, CH 6.51, s 27, 28, 31, 33 113.0, CH 6.55, s 27, 28, 31, 33

30 151.8, qC 151.8, qC

31 108.3, CH 6.30, s 26, 27, 29, 32, 33 108.5, CH 6.57, s 26, 27, 29, 32, 33
32 155.8, qC 1544, qC

33 22.3, CH, 229, s 29, 30, 31 22.3, CH, 2.32,s 29, 30, 31
OH-15 3.99, d (6.0) 14, 15, 16 4.14, d (6.0) 14, 16

OH-18 3.87,d (8.5) 13, 17, 18 3.89,d (9.0) 17, 18

OH-28 9.78, br s 27, 28, 29 9.80, br s

“Recorded at 125 MHz. “Recorded at 500 MHz. “Recorded at 150 MHz. “Recorded at 600 MHz.

NOESY correlation of H;-12 with H-31 in 12 revealed the
proximity of Hj;-12 to the ether oxygen of the spiroketal,
indicating that 12 is indeed an endo REDDA adduct, whereas

the lack of a NOESY correlation between H;-12 and H-31 in 1
implied that H;-12 was close to the carboxylate oxygen of the
spiroketal, suggesting that 1 was also an endo REDDA
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Table 3. NMR Data for 4—6 (Acetone-d)

4 S 6
position 5 5" mult (], Hz) HMBC* 5 8y,” mult (J, Hz) 5 5" mult (], Hz)
1 54.9, qC 55.0, qC 54.2, qC
2a 31.5,CH, 224,d (19) 1, 3,4, 10, 11 31.1, CH, 224,d(19) 302, CH,  2.11,d (19)
2b 2.98,d (19) 1,3,4,911, 12 3.02,d (19) 2.92,d (19)
3 135.7, qC 134.9, qC 131.6, qC
4 1220, CH 640, s 2,59 12,13 121.7, CH  6.52,s 1257,CH 532, brs
5 126.7, qC 126.1, qC 34.0, CH 3.56,br s
6 181.7, qC 181.8, qC 180.3, qC
7 109.2, qC 1102, qC 106.2, qC
8 174.6, qC 173.7, qC 173.0, qC
9 422, CH 5.11,s 1,2,456,7,8 10,11, 13 414, CH 487, s 36.0, CH 447,d (6.5)
10 102.9, qC 102.9, qC 103.4, qC
11 168.7, qC 168.7, qC 168.9, qC
12 234, CH; 182, 2,3, 4 23.5,CH;  1.83,s 229, CH; 168, s
13 136.6, qC 137.5, qC 1313, qC
14a 289, CH, 229,dd (13, 11) 5,13, 15, 16 299, CH,  2.39,dd (13, 11) 1268, CH  5.64,t (2.0)
14b 2.65, dd (13, 4.5) 5, 13, 15, 16, 18 2.65, dd (13, 4.5)
15 69.1, CH 3.63,ddd (11, 5.5, 4.5) 16 68.3, CH 3.93,ddd (11, 5.5,45) 659, CH 4.55, dd (6.5, 2.0)
16 63.4, CH 3.26,s 14, 15, 17, 19 62.9, CH 323,s 59.2, CH 341, s
17 65.5, qC 65.0, qC 59.6, qC
18 65.8, CH 4.82,d (9.0) 5, 13, 14, 19 65.3, CH 4.59, d (10) 76.9, CH 5.35,s
19a 339, CH, 2.17,dd (15, 6.5) 16, 17, 20, 21 33.5,CH, 2.17,dd (14, 7.5) 31.1, CH, 2.33,dd (14, 7.5)
19b 2.88, dd (15, 6.5) 16, 17, 20, 21 2.88, dd (14, 7.5) 297, dd (14, 7.5)
20 1194, CH 529t (6.5) 19, 22,23 1192, CH  5.07,t (7.5) 1182, CH 520, t (7.5)
21 135.8, qC 1354, qC 136.7, qC
22 26.1, CH; 174, s 20, 21, 23 259, CH;  1.72,s 179, CH;  1.67,s
23 183, CH;  1.78,s 20, 21, 22 18.0, CH; 170, s 260, CH;  1.72,s
24 534,CH;  3.66, s 11 53.5,CH;  3.61,s 539,CH;  3.79, s
25 63.3,CH; 416, s 8 63.1, CH;  4.13,s
26 1644, qC 162.7, qC 1644, qC
27 98.7, qC 97.0, qC 98.7, qC
28 161.1, qC 161.7, qC 161.0, qC
29 113.0,CH  6.52, s 27,28, 31, 33 1120, CH 649, s 1130, CH 649, s
30 151.1, qC 152.3, qC 151.0, qC
31 1082, CH 643, s 26, 27, 29, 32, 33 108.0, CH 649, s 1079, CH 627,
32 1539, qC 157.5, qC 154.0, qC
33 222,CH;  227,s 29, 30, 31 224, CH;  235,s 222,CH;  227,s
OH-15 4.18, d (5.5) 14, 15, 16 430, d (5.5) 441,d (6.5)
OH-18 3.52,d (9.0) 18 3.83,d (10)
OH-28 9.86, s 27, 28, 29 9.74, s 9.81, s

“Recorded at 150 MHz. “Recorded at 600 MHz.

cycloadduct. Collectively, compound 1 was deduced to have
the 15,3S,5aS,7R,10R,1585,165,17R,18R absolute configuration.

Chloropestolide C (2) was obtained as a mixture with 17 in a
ratio of 25:1, which slowly changed to 20:1 over a period of 72
h, as determined by integration of some well-resolved '"H NMR
resonances (e.g, H-4 and H-9; Figure S4 (Supporting
Information)) for each compound. Efforts to obtain pure 2
were unsuccessful due to repeated cyclization from 2 to 17.
Therefore, the structure elucidation of 2 was performed on the
mixture. HRESIMS analysis of 2 gave the same elemental
composition, C33H;sClO;;, as 1. The 'H and *C NMR spectra
of 2 showed resonances similar to those of 1, except that the
resonances for C-2, C-4, and C-12 were slightly different.
Interpretation of the 'H—'"H COSY and HMBC data for 2
established the same gross structure as 1 and 12, indicating that
2 was a stereoisomer of 1 and 12.

The epoxyvinylidenecyclohexanediol moiety in 2 was also
assigned the same relative configuration as in 1, 9, and 12—18

by comparison of the '"H—'H couplin§ constants and NOESY
data for relevant protons (Figure 1).”''~'* NOESY correlations
of H-2a with H-9 and H;-12 and of H-4 with H-2b and H;-12
defined the relative configurations for C-1, C-3, and C-7,
indicating that 2 is an exo REDDA adduct of 10a and 11
(Scheme 1). The relative configuration of C-10 was deduced to
be the same as that in 17 due to the aforementioned cyclization
from 2 to 17. Since the absolute configuration of 17, the
cyclization product of 2, was already assigned by quantum
chemical CD calculations,"® the absolute configuration of 2 was
proposed to be 15,3R,5aS,7R,10R,15S,16S,17R,18R.
Chloropestolide D (3) was also isolated as a mixture with 16
in a ratio of 9:1 which gradually changed to 5:1 over 120 h
(Figure S7 (Supporting Information)). Its structure determi-
nation was also performed on the mixture due to repeated
cyclization from 3 to 16. Compound 3 was assigned the same
molecular formula, C;3H;,ClO;;, as 1 and 2 on the basis of
HRESIMS analysis. Interpretation of its "H and '*C NMR data
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(Table 2) revealed the same planar structure as 1 and 2,
suggesting that 3 is a stereoisomer of 1 and 2. The
epoxyvinylidenecyclohexan-diol and C-10 in 3 were deduced
to have the same relative configurations as in 1, 2, 9, and 12—
18 based on biosynthetic considerations, and were supported
by NOESY data (Figure 1). NOESY correlations of H-2a with
H-9 and H;-12, and of H-4 with H-2b and H;-12 were found in
2 and 3 (Figure 1), suggesting the same relative configurations
for C-1, C-3, and C-7 for both compounds. Since the absolute
configuration of 16 was already established by X-ray
crystallography," the cyclization precursor 3 was deduced to
have the 1R,3S,5aS,7S,10R,15S,168,17R,18R absolute config-
uration.

Chloropestolide E (4) was assigned the same molecular
formula, C;3H35ClO,; (16 degrees of unsaturation), as 1-3 by
HRESIMS. Its 'H and "*C NMR spectra showed resonances for
three exchangeable protons (5y 3.52, 4.18, and 9.86), six
methyl groups including two O-methyls, three methylenes,
three oxymethines, 15 sp’ carbons including five methines,
three sp® quaternary carbons including two heteroatom-
bonded, two carboxylic carbons (6: 164.4 and 168.7,
respectively), and one ketone carbon (§: 181.7). These data
accounted for all the NMR resonances except for one chlorine
atom. Analysis of its NMR data (Table 3) revealed the presence
of the same S-hydroxy-7-methyl-4H-benzo[d][1,3]dioxin-4-one
moiety as found in 1-3, but the remaining portion was
significantly different, warranting detailed 2D NMR analysis.
Interpretation of the HMBC data of 4 established the same C-
17 isoprenylated 2,3-epoxycyclohexane-1,4-diol as that appear-
ing in 1-3. HMBC correlations from H,-2 to C-3, C-4, and C-
12 and from H;-12 to C-2, C-3, and C-4 connected both C-2
and C-12 to the C-3/C-4 olefin at C-3. Cross-peaks from H-4
to C-5, C-9, and C-13, from H-9 to C-4, C-5, and C-13, and
from H,-14 and H-18 to C-$ located C-4 and C-9 at the allylic
positions of the C-5/C-13 olefin. Correlations from H,-2 and
H-9 to the C-1 quaternary carbon, C-10 ketal carbon, and C-11
carboxylic carbon indicated that C-1 is attached to C-2, C-9, C-
10, and C-11, completing the cyclohexene unit in 4. HMBC
cross peaks from H-9 to the C-7 and C-8 olefinic carbons, plus
the chemical shift for C-6 (6¢ 181.7), indicated that the C-7/C-
8 olefin is connected to C-9 and C-6 at C-8 and C-7,
respectively, and the latter was supported by a four-bond
HMBC correlation of H-9 with C-6.°° In turn, correlations
from H;-24 to C-11 and from H;-25 to C-8 located the two
methoxys at C-11 and C-8, respectively. Considering the
chemical shift of C-7 (5¢ 109.2) and the hexacyclic nature of 4,
the chlorine atom was attached to C-7, and C-6 was linked to
C-10 by default to complete the 3-chloro-4a,5,8,8a-tetrahy-
dronaphthalen-2(1H)-one unit joined to the benzo[d][1,3]-
dioxin-4-one through a spiro carbon at C-10. On the basis of
these data, the planar structure of 4 is proposed as shown.

The absolute configuration of the epoxycyclohexanediol in 4
was deduced to be the same as in 1-3 on the basis of
biosynthetic considerations and by comparison of the 'H—'H
coupling constants and NOESY data for relevant protons
(Figure 2). A NOESY correlation of H-9 with H-18 revealed
their proximity in space, and that of H-4 with H-14b defined
the Z geometry for the C-5/C-13 olefin. The absolute
configuration of C-1, C-9, and C-10 in 4 was deduced by
comparison of the experimental and simulated ECD spectra
generated by time-dependent density functional theory
(TDDET).*" Since the epoxycyclohexane-1,4-diol is insignif-
icant to the CD properties of 4, a simplified structure (8; Figure

Figure 2. Key NOESY correlations for 4—6.

3) was used for ECD calculations. Considering the fact that 4
was derived from 10a and 11 via a Diels—Alder reaction

40

- = -Calculated ECD of 8a
-+ -+ Calculated ECD of 8b
—-—- Calculated ECD of 8¢
---=-Calculated ECD of 8d
Experimental ECD of 4

Ae (M em™)

T T T T )
200 250 300 350 400 450
Wavelength (nm)

0100 8a=(15,95,10R)-8
oK/ OMe g = (1R9R105)-8
8¢ = (1R 9R 10R)-8

8d = (15.9510S)-8

onié

8 (a simplified structure)

Figure 3. Experimental CD spectrum of 4 in MeOH and the
calculated ECD spectra of 8a—d. Structures 8a—d represent four
possible stereoisomers of 8.

(Scheme 1), H-9 and COOCHS; should be on the same face of
the ring system.''®** Therefore, only the (15,9S,10R)-8,
(1R,9R,10S)-8, (1R,9R,10R)-8, and (1S5,95,105)-8 (8a—d;
Figure 3) configurations were calculated. A systematic
conformational analysis was performed for 8a—d via the
molecular operating environment (MOE) software package
using the MMFF94 molecular mechanics force field calculation.
The MMFF94 conformational search followed by reoptimiza-
tion using TDDFT at the B3LYP/6-31G(d) basis set level
afforded four lowest-energy conformers each for 8a/8b and 8c/
8d, respectively (Figures S17 and S18 (Supporting Informa-
tion)). The overall calculated ECD spectra of 8a,b were then
generated by Boltzmann weighting of their lowest-energy
conformers with 52.1, 28.8, 9.5, and 9.6% populations,
respectively, by their relative free energies. In a similar fashion,
the overall calculated ECD spectra of 8c,d were also generated.
The absolute configuration of 4 was then extrapolated by
comparison of the experimental and calculated ECD spectra of
8a—d. The overall pattern of the experimental CD spectrum of
4 matches the calculated ECD curve of 8a, with two negative
Cotton effects (CEs) in the region of 260—400 nm and a
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positive effect at 200—250 nm (Figure 3). Therefore, the
absolute configuration of 4 was deduced to be
15,95,10R,155,16S,17R, 18R.

Chloropestolide F (5) had the same molecular formula,
C33H35ClOy; (16 degrees of unsaturation), as 4 by HRESIMS
analysis. Interpretation of its "H and *C NMR data (Table 3)
and 'H—'H COSY and HMBC correlations indicated that it is
a stereoisomer of 4. The C-5/C-13 olefin in § was assigned the
E geometry by NOESY correlations of H-9 with H-14b and of
H-4 with H-18 (Figure 2). The epoxycyclohexanediol unit was
similarly proposed to have the same absolute configuration as in
1-4 on the basis of '"H-'H coupling constants, NOESY
correlations (Figure 2), and biosynthetic considerations, while
the absolute configuration for C-1, C-9, and C-10 was deduced
by comparison of the experimental and simulated ECD spectra
generated by TDDFT using the same simplified structure 8
(Figure 3). The absolute configuration of S was then
extrapolated by comparison of the experimental and calculated
ECD spectra of 8a—d. The experimental CD spectrum of § is
comparable only to the calculated ECD curve of 8c (Figure 4),
correlating to the 1R,9R,10R,15S,16S,17R,18R absolute config-
uration.

401 - - - Calculated ECD of 8a

-+« Calculated ECD of 8b

—-—- Calculated ECD of 8¢

---=-Calculated ECD of 8d
—— Experimental ECD of 5

Ae (M em™)

204" \ '

-40 T T T T 1
200 250 300 350 400 450

Wavelength (nm)

Figure 4. Experimental CD spectrum of § in MeOH and the
calculated ECD spectra of 8a—d.

Chloropestolide G (6) was assigned the molecular formula
C3,H;,ClOy, (17 degrees of unsaturation) by HRESIMS, which
is 32 mass units less than that of 4. Analysis of its 'H and "*C
NMR data (Table 3) revealed structural features similar to
those found in 4, except for the epoxycyclohexane-1,4-diol
moiety. Specifically, the resonances for OH-18 and the C-25
methoxy were not observed in the spectra of 6; the resonances
for the C-§ sp* quaternary carbon and C-14 methylene unit in 4
were replaced by those for a methine (5/5¢ 3.56/34.0) and a
sp> carbon bearing a hydrogen (8,;/5. 5.64/126.8), respec-
tively. These observations were supported by relevant 'H—'"H
COSY and HMBC correlations. HMBC cross peaks from H-4
and H-9 to C-13 and from H-14 to C-5 connected the
isoprenylated 2,3-epoxycyclohexenol to the chlorinated tetrahy-
dronaphthalen-2(1H)-one via the C-5—C-13 linkage. Consid-
ering the downfield chemical shifts for the C-18 oxymethine
(64 5.35 in 6 vs 4.82 in 4; ¢ 76.9 in 6 vs 65.8 in 4), together
with the unsaturation requirement for 6, both C-8 and C-18
were attached to the remaining oxygen atom to form a pyran
ring, thereby completing the gross structure of 6. Analysis of
the NOESY data of 6 (Figure 2) revealed the same relative
configuration as 4, except for the C-5 stereogenic center, which
was defined by a NOESY correlation of H-5 with H-18.

Therefore, the absolute configuration of 6 was proposed to be
1S5,55,95,10R,155,16S,17R,18R.

The molecular formula of 7 was determined to be C,,H,,04
(11 degrees of unsaturation) by HRESIMS. A literature search
on this formula readily identified dechloromaldoxin,'® a
synthetic racemate possessing the same planar structure as 7,
which was confirmed by interpretation of the 2D NMR data.
The absolute configuration of 7 was proposed by comparison of
the experimental and calculated ECD spectra generated for
enantiomers (2R)-7 (7a) and (2S)-7 (7b) (Figure S). An

6
- - -Calculated ECD of 7a
-+ -- Calculated ECDof 7Tb |
—— Experimental ECD of 7
+3
IS
. o
T et -
S Ca e SEE L °s
4
12 4. -3
24 T T T -6
200 300 400 500 600

Wavelength (nm)

OH OH
(] o}
o OR.O Q OS,0 Q
OMe OMe
OMe OMe
7a 7b

Figure 5. Experimental CD spectrum of 7 in MeOH and the
calculated ECD spectra of two enantiomers, (2R)-7 (7a) and (25)-7
(7b).

MMFF94 conformational search followed by B3LYP/6-31G(d)
DFT reoptimization afforded four lowest-energy conformers
(Figure S22 (Supporting Information)). The calculated ECD
spectra of 7a,b were then generated by Boltzmann weighting of
their lowest-energy conformers (Figure S). The experimental
CD spectrum of 7 matches the calculated ECD curve of 7a but
is opposite to that of 7b, suggesting the 2R configuration. To
our knowledge, this is the first demonstration of the natural
occurrence of optically pure dechloromaldoxin.

Compounds 1—7 were tested for cytotoxicity against three
human tumor cell lines: CNEI-LMP1 (stable oncoprotein
LMP1 integrated nasopharyngeal carcinoma cells), A37S
(malignant melanoma cells), and MCF-7 (breast cancer
cells). Compound 1 was cytotoxic to the three cell lines,
showing IC;, values of 16.4, 9.9, and 23.6 uM, respectively,
while the positive control paclitaxel showed ICs, values of 4.2,
8.9, and 0.14 nM, respectively. The other compounds did not
show detectable cytotoxicity against the three cell lines at 20
pg/mL.

Natural products possessing the bicyclo[2.2.2]oct-2-en-5-one
unit were mainly isolated from plants.”® In addition, some
synthetic compounds with the chlorinated bicyclo[2.2.2]oct-2-
en-5-one core have been reported.”* Prior to the discovery of
chloropestolide A (12),"! the only fungal metabolite incorpo-
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Scheme 1. Plausible Biosynthetic Pathways for 1—6 and Previously Isolated 9" and 12—18
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rating the bicyclo[2.2.2]oct-2-en-5-one moiety was sorbiquinol,
a polyketide isolated from Trichodertna longibrczchiatum.”
Structurally, chloropestolides B—D (1—3) are stereoisomers of
the previously isolated 12, all possessing the unique chlorinated
spiro[benzo[d][1,3]dioxine-2,7'-bicyclo[2.2.2]octane]-4,8'-
dione core, in which the bicyclo[2.2.2]oct-2-en-5-one is spirally
joined to the benzo[d][1,3]dioxin-4-one moiety at C-10 and
connected to the isoprenylated epoxyvinylidenecyclohexanediol
unit at C-3, while the benzo[d][1,3]dioxin-4-one unit is spirally
joined to the 4a,5,8,8a-tetrahydronaphthalen-2(1H)-one moiety
at C-10 to form the spiro[benzo[d][1,3]dioxine-2,1’-naphtha-
lene]-2’,4-dione skeleton found in 4—6.

Biogenetically, the coisolated pestheic acid (10) and iso-
A82775C (11)” are the Diels—Alder precursors, not only for 9
and 12—18 but also for 1—6 (Scheme 1). Compound 10 is first
oxidized to maldoxin (10a), which reacts with 11 via the
REDDA and NEDDA routes to form the core structures of
these metabolites. The REDDA reaction with 10a as a diene
and 11 as a dienophile afforded adducts 1-3 and 12.
Specifically, the endo and exo additions from the carboxylate
face of 10a with 11 afford 1 and 2, respectively, whereas the exo
and endo additions from the ether face of 10a with 11 provided
3 and 12, respectively. Compounds 4—6 are the NEDDA
adducts, in which 10a reacted as a dienophile and 11 as a diene.
The ratio for the six isolated Diels—Alder adducts (1—5 and
12) from 10a and 11 was 19:10:1:5:1:3, suggesting that the
REDDA products generated from the reaction at the
carboxylate face of 10a are the major ones. Therefore, the
facial selectivity for the naturally occurring REDDA reaction is
consistent with that found in laboratory synthesis."” The results
were also supported by the crystal structure of dechloromaldox-
in (7), in which the pseudoequatorially oriented carboxylate
could make the diene in 10a more accessible for additions.'®"’
Since maldoxin (10a) was proved to be more reactive than its
dechloro congener 7, which reacted only as a dienophile," 10a
was not isolated from P. fici possibly owing to its high reactivity
with 11. The discovery of these unique spiroketals from P. fici
not only provided evidence for the previously proposed

biogenesis of 16 and 17" by identifying their key intermediates
3 and 2 but also revealed the existence of naturally diversified
Diels—Alder reaction cascades in the fungus.

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were
recorded using a 1 dm cell in CH;OH solvent. UV and CD spectra
were run as methanol solutions. NMR spectra were recorded at either
500 or 600 MHz for 'H nuclei and 125 or 150 MHz for *C nuclei.
Residual solvent signals were used as reference (acetone-dg: 8y 2.0S;
8¢ 29.8,206.1). The HMQC and HMBC experiments were optimized
for 145.0 and 8.0 Hz, respectively. ESIMS data and HRESIMS data
were obtained using a Q-TOF LC/MS instrument equipped with an
electrospray ionization (ESI) source. The fragmentor and capillary
voltages were kept at 125 and 3500 V, respectively. Nitrogen was
supplied as the nebulizing and drying gas. The temperature of the
drying gas was set at 300 °C. The flow rate of the drying gas and the
pressure of the nebulizer were 10 L/min and 10 psi, respectively. All
MS experiments were performed in positive ion mode. Full-scan
spectra were acquired over a scan range of m/z 100—1000 at 1.03
spectra/s.

Fungal Material. The culture of P. fici was isolated from the
branches of Camellia sinensis (Theaceae) in a suburb of Hangzhou,
People’s Republic of China, in April 2005S. The isolate was identified as
P. fici by one of the authors (L.G.) on the basis of sequence (GenBank
accession number DQ812914) analysis of the ITS region of the tDNA
and assigned the accession number AS 3.9138 in the China General
Microbial Culture Collection (CGMCC) at the Institute of Micro-
biology, Chinese Academy of Sciences, Beijing. The fungal strain was
cultured on slants of potato dextrose agar (PDA) at 25 °C for 10 days.
Agar plugs were cut into small pieces (about 0.5 X 0.5 X 0.5 cm?)
under aseptic conditions, and 15 pieces were used to inoculate three
Erlenmeyer flasks (250 mL), each containing S0 mL of media (0.4%
glucose, 1% malt extract, and 0.4% yeast extract; the final pH of the
media was adjusted to 6.5 and sterilized by autoclave). Three flasks of
the inoculated media were incubated at 25 °C on a rotary shaker at
170 rpm for S days to prepare the seed culture. Spore inoculum was
prepared by suspension in sterile, distilled H,O to give a final spore/
cell suspension of 1 X 10/mL. Fermentation was carried out in 36
Fernbach flasks (500 mL), each containing 80 g of rice. Distilled H,O
(120 mL) was added to each flask, and the contents were soaked
overnight before autoclaving at 15 psi for 30 min. After they were

dx.doi.org/10.1021/j0302804h | J. Org. Chem. XXXX, XXX, XXX—XXX



The Journal of Organic Chemistry

cooled to room temperature, each flask was inoculated with 5.0 mL of
the spore inoculum and incubated at 25 °C for 40 days.

Extraction and Isolation. The fermented material was extracted
repeatedly with EtOAc (4 X 3.0 L), and the organic solvent was
evaporated to dryness under vacuum to afford the crude extract (33 g),
which was fractionated by silica gel VLC using petroleum ether—
EtOAc gradient elution. The fraction (520 mg) with the unidentified
components was eluted with 36% EtOAc and further separated by
Sephadex LH-20 column chromatography (CC) with 1/1 CH,CL/
MeOH as eluent. The resulting subfractions were purified by
semipreparative RP HPLC (C,g column; S pm; 9.4 X 250 mm; 70%
MeOH in H,O for 2 min, followed by 70—80% over 48 min; 2 mL/
min) to afford 1 (57.3 mg, t; = 42.70 min), 4 (15.1 mg, t = 33.50
min), and § (3.2 mg, ty = 46.10 min). The fractions eluted with 30%
(160 mg), 32% (280 mg), and 34% EtOAc (270 mg) were individually
separated by Sephadex LH-20 CC with 1/1 CH,Cl,/MeOH as eluent.
Purification of the resulting subfractions by RP HPLC (C4 column; 5
pm; 9.4 X 250 mm) afforded the mixtures of 2 and 17 (30.1 mg, 25:1,
tg = 27.80 min; 65% MeOH in H,O for 2 min, followed by 65—80%
over 40 min; 2 mL/min), 3 and 16 (3.3 mg, 9:1, ty = 40.80 min; 62%
MeOH in H,O for 2 min, followed by 62—75% over 45 min; 2 mL/
min), and pure 6 (2.5 mg, t; = 21.80 min; 70% MeOH in H,O for 2
min, followed by 70—83% over 25 min; 2 mL/min) and 7 (2.0 mg, tx
= 15.5 min; 65% MeOH in H,O for 2 min, followed by 65—80% over
25 min; 2 mL/min).

Chloropestolide B (1): yellow oil; [a]®p, = —35° (c 0.10, MeOH);
UV (MeOH) A, (log €) 222 (4.24), 264 (3.99) nm; IR (neat) vy,
3436 (br), 2970, 1970, 1739, 1709, 1641, 1464, 1360, 1203, 1039
cm™; for 'H, ®C NMR, HMBC, and NOESY data see Table I;
HRESIMS m/z 665.1765 (caled for C33H;5ClO;;Na, 665.1760).

Chloropestolide C (2): pale yellow oil; [a]*p = +25° (¢ 0.10,
MeOH); UV (MeOH) A, (log €) 227 (4.14), 255 (3.78) nm; IR
(neat) v,,,, 3447 (br), 2957, 1973, 1739, 1694, 1465, 1366, 1205, 1022
cm™Y; for 'H, 3C NMR, and HMBC data see Table 2. NOESY
correlations (acetone-d;, S00 MHz): H-2a <> H-9, H-12; H-2b < H-
4; H4 o H-2b, Hy-12; H9 © H-2a; Hy 12 < H-2a, H4; H-16 <
H,-19, H-20; H-18 < H,-19, H-20; H,-19 <> H-16, H-18; H-20 < H-
16, H-18. HRESIMS: m/z 665.1770 (caled for C;3H;sClO;;Na,
665.1760).

Chloropestolide D (3): pale yellow oil; [a]*, = +8.0° (c 0.10,
MeOH); UV (MeOH) A, (log &) 227 (4.05), 255 (3.50) nm; IR
(neat) v,,, 3410 (br), 2928, 1972, 1739, 1708, 1694, 1454, 1360,
1204, 1035 cm™%; for 'H, ®*C NMR, and HMBC data see Table 2.
NOESY correlations (acetone-dy, 600 MHz): H-2a < H-9, H-12; H-
2b o H-4; H-4 & H-2b, Hy-12; H-9 © H-2a; Hy-12 © H-2a, H-4; H-
16 < H,-19; H-18 < H,-19; H,-19 < H-16, H-18. HRESIMS: m/z
643.1937 (caled for C33H,6ClO,;, 643.1941).

Chloropestolide E (4): pale yellow oil; [a]*, = —468° (¢ 0.10,
MeOH); UV (MeOH) A,,,,, (log £) 251 (4.00), 218 (4.02) nm; CD (c
1.0 X 107> M, MeOH) 1, (Ae) 218 (+23.16), 273 (—18.10), 343
(=5.71) nm; IR (neat) v, 3400 (br), 2925, 1710, 1640, 1576, 1438,
1360, 1199, 1028 cm™’; for 'H, *C NMR, and HMBC data see Table
3. NOESY correlations (acetone-dg, 600 MHz): H-4 <> H-14b; H-9 <
H-18; H-14b < H-4; H-16 « H-19a, H-20; H-18 < H-9, H-20; H-
19a < H-16; H-20 < H-16, H-18. HRESIMS: m/z 643.1946 (calcd
for C43H,ClO,,, 643.1941).

Chloropestolide F (5): pale yellow oil; [@]*, = —180° (¢ 0.10,
MeOH); UV (MeOH) A,,,., (log €) 251 (4.12), 220 (4.15) nm; CD (c
1.0 X 107 M, MeOH) A,.. (Ae) 222 (+7.88), 247 (+6.03), 280
(—0.59), 314 (+2.37), 350 (—0.98) nm; IR (neat) v, 3385 (br),
2925, 1698, 1640, 1573, 1438, 1358, 1198, 1023 cm™’; for 'H and *C
NMR data see Table 3. HMBC data (acetone-d, 600 MHz): H,-2 —
C-1,3,4,9,10,11,12; H-4 — C-2,5,9,12; H-9 — C-1,2,4,5,7,8,11,13; H;-
12 - C-2,3,4; H,-14 — C-5,13,15,16,18; H-16 — C-14,15,17,18; H-
18 — C-14; H,-19 — C-16,17,20,21; H-20 — C-22,23; H;-22 — C-
20,21,23; Hy23 — C-20,21,22; Hy24 — C-11; Hy25 — C-8; H-29
— C-27,28,31,33; H-31 — C-27,29,32,33; H;-33 — C-29,30,31; OH-
28 — C-27,28,29. NOESY correlations (acetone-d;, 600 MHz): H-4
 H-18; H-9 < H-14b; H-14b < H-9; H-18 <> H-4, H-19b; H-19b

< H-18. HRESIMS: m/z 665.1761 (caled for C,;3H;ClO;;Na,
665.1760).

Chloropestolide G (6): pale yellow oil; [a]*, = +80° (¢ 0.10,
MeOH); UV (MeOH) A, (log €) 271 (4.13), 219 (4.08) nm; IR
(neat) v, 3286 (br), 2925, 1709, 1640, 1581, 1438, 1358, 1012 cm™;
for 'H and *C NMR data see Table 3. HMBC data (acetone-dg, 600
MHz): H,-2 — C-1,3,4,9,10,11,12; H-4 — C-2,3,59,12,13; H9 — C-
1,2, 4,5,6,7, 8,10,11,13; Hy-12 — C-2,3,4; H-14 — C-5,16,18; H-16 —
C-14,15,17,19; H-18 — C-5,13,14,19; H,-19 — C-16,17,18,20,21; H-
20 — C-19,22,23; H;-22 — C-20,21,23; H;-23 — C-20,21,22; H;-24
— C-11; H-29 — C-26,27,28,31,33; H-31 — C-26,27,29,32,33; H,-33
— C-29,30,31; NOESY correlations (acetone-ds, 500 MHz) H-4 <
H-14; H-5 < H-18; H-9 © H-18; H-14 < H-4; H-16 < H-19a, H-
20; H-18 < H-5, H-9; H-19a <> H-16; H-20 < H-16; HRESIMS m/
z: 633.1496 (caled for Cy,H;ClO(Na, 633.1498).

Dechloromaldoxin (7): yellow powder; [a]*p = —30° (¢ 0.10,
MeOH); UV (MeOH) A, (log €) 225 (3.95) nm; CD (c 4.8 X 107>
M, MeOH) A,... (Ae) 222 (+5.36), 247 (+6.03), 260 (—0.80), 400
(=0.45) nm; IR (neat) v, 3248 (br), 2928, 1729, 1709, 1673, 1639,
1593, 1463, 1383, 1201, 1012 cm™’; '"H NMR (acetone-ds, 500 MHz)
5999 (1H, s, OH-S), 7.27 (1H, d, ] = 2.0 Hz, H-2'), 6.48 (1H, s, H-
6), 6.26 (1H, s, H-8), 5.73 (1H, d, ] = 2.0 Hz, H-4'), 4.00 (3H, s, H;-
8'), 3.82 (3H, s, H;-7'), 2.28 (3H, s, H;-11); *C NMR (acetone-d;,
125 MHz) & 188.9 (C, C-5'), 168.9 (C, C-3'), 164.2 (C, C-4), 162.3
(C,C-6"),1612 (C, C-5),154.7 (C, C-9), 151.1 (C, C-7), 136.4 (CH,
C-2'),134.5 (C, C-1"), 112.2 (CH, C-6), 108.0 (CH, C-8), 99.6 (CH,
C-4'),974 (C, C-10), 93.7 (C, C-2), 58.2 (CH,, C-8"), 53.0 (CH,, C-
7"),22.3 (CH;, C-11). HMBC data (acetone-ds, 600 MHz): H-6 — C-
5,8,10,11; H-8 — C-69,10,11; Hy-11 — C-6,7,8; H2' — C-2,4,6; H-
4 - C22; Hy7 — C6; Hy8 — C3; OHS — C-56,10.
HRESIMS: m/z 347.0760 (calcd for C;,H;Og, 347.0761).

Computational Details. Systematic conformational analyses for 4,
S, and 7 were performed via the molecular eperating environment
(MOE) version 2009.10 (Chemical Computing Group, Canada)
software package using the MMFF94 molecular mechanics force field
calculation. The MMFF94 conformational analyses were further
optimized using TDDFT at the B3LYP/6-31G(d) basis set level.
The stationary points have been checked as the true minima of the
potential energy surface by verifying that they do not exhibit
vibrational imaginary frequencies. The 30 lowest electronic transitions
were calculated, and the rotational strengths of each electronic
excitation were given using both dipole length and dipole velocity
representations. ECD spectra were stimulated using a Gaussian
function with a half-bandwidth of 0.3 eV. Equilibrium populations of
conformers at 298.15 K were calculated from their relative free
energies (AG) using Boltzmann statistics. The overall ECD spectra
were then generated according to Boltzmann weighting of each
conformer. The systematic errors in the prediction of the wavelength
and excited-state energies are compensated for by employing UV
correlation. All quantum computations were performed using the
Gaussian03 package,”® on an IBM cluster machine located at the High
Performance Computing Center of Peking Union Medical College.

MTS Assay.?” The assay was run in triplicate. In a 96-well plate,
each well was plated with (2—5) X 10° cells (depending on the cell
multiplication rate). After cell attachment overnight, the medium was
removed, and each well was treated with 100 4L of medium containing
0.1% DMSO or appropriate concentrations of the test compounds and
the positive control paclitaxel (Sigma) (100 mM as a stock solution of
the compound in DMSO and serial dilutions; the test compounds
showed good solubility in DMSO and did not precipitate when added
to the cells). The plate was incubated for 48 h at 37 °C in a humidified,
5% CO, atmosphere. Proliferation was assessed by adding 20 uL of
MTS (Promega) to each well in the dark, followed by a 90 min
incubation at 37 °C. The assay plate was read at 490 nm using a
microplate reader.
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