HEeLveTICA CHIMICA ACTA — Vol. 96 (2013) 997
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Two new polyketide derivatives, huaspenones C and D (1 and 2, resp.), were isolated from the
cultures of an endophytic fungus Peyronellaea sp. HS-12, derived from the stems of Huperzia serrata.
They share N-bearing furan-3(2H)-one backbone, and 2 has an unprecedented furo[3,2-c[pyridine
skeleton. Their structures including the absolute configuration were elucidated by extensive spectro-
scopic analysis combined with quantum-chemical calculations. (2E,4E)-6-hydroxy-2-methylocta-2,4-
dienoic acid (3), a key intermediate of the biosynthesis of 1 and 2, was also obtained from the endophyte.

Introduction. — Endophytic fungi are microorganisms which spend their life cycle, as
a whole or partly, colonizing inter- and/or intra-cellularly inside the healthy tissues of
their host plant, typically causing no apparent symptoms of disease [1]. The research on
endophytes showed that they are potential sources of novel biologically active
secondary metabolites for exploitation in medicine, agriculture, and industry [2-5].
Furthermore, results from many researches indicated that they could metabolize the
same substance as their own host plants [6 —8], rendering them an alternative source of
plant secondary metabolites.

Huperzia serrata, a Chinese folk medicinal herb, is well-known for the discovery of
hupzine A, a potent, highly specific, and reversible inhibitor of acetylcholinesterase
[9][10]. In a previous study, two new furan-3(2H )-one derivatives, huaspenones A and
B (4 and 5, resp.), were isolated from Aspergillus sp. XW-12 derived from the stems of
H. serrata [11]1). In this work, two novel N-containing furan-3(2H)-one derivatives, 1
and 2, were isolated from the rice culture of an endophytic fungus Peyronellaea sp. HS-
12 obtained from the stems of H. serrata, together with a key intermediate of the
biosynthesis of 1 and 2, i.e., (2E,4F)-6-hydroxy-2-methylocta-2,4-dienoic acid (3). In
addition, two known compounds, andrastin A (4) [13] and huaspenone B (5) [11], were
also obtained from the endophytic fungus. Their structures were elucidated by NMR
spectroscopy, especially 2D-NMR spectra. The absolute configurations of 1 and 2 were
determined by CD analysis, combined with quantum-chemical calculation. To the best
of our knowledge, huaspenones C and D (1 and 2, resp.) are the first examples of N-
bearing furan-3(2H)-one derivatives in nature, and 2 has an unprecedented furo|[3,2-
¢]pyridine skeleton.

1) Based on [12], the structures of huaspenones A and B should be revised as 4 and 5.

© 2013 Verlag Helvetica Chimica Acta AG, Ziirich



998 HEeLveTICA CHIMICA ACTA — Vol. 96 (2013)

15 13 9
12
el ° 4 6
N | 2 N8
3 5 7
0 1
O o
2
o]
o) | =
| o~ MeO
OH
O
S OH o
[¢]
4 5

Results and Discussion. — Huaspenone C (1) was obtained as a yellow oil. The
molecular formula C;;H;NO, was deduced from the HR-ESI-MS molecular-ion peak
at m/z 252.1229 ([M + H]"), implying six degrees of unsaturation. The IR absorption
bands at 3405 and 1632 cm™! indicated the presence of NH, in 1. The 'H-NMR
spectrum ( Table) of 1 showed signals of two Me groups at 6(H) 1.00 (¢,J = 7.5, Me(8)),
1.50 (s, Me(9)), and one MeO group at 6(H) 3.75 (s, Me(13)). The presence of a pair of
conjugated C=C bonds with (E)-configuration was easily established by the corre-
sponding chemical shifts and coupling constants (6(H) 5.83 (dt, J = 15.5, 7.0, H-C(6));
6.04 (dd, J = 15.5, 10.5, H-C(5)); 6.30 (dd, J = 15.5, 10.5, H-C(4)); 5.58 (d, J = 15.5,
H-C(3)). Thirteen C-atom signals corresponding to five quaternary C-atoms, and to
four CH, one CH,, and three Me groups were observed in the 3C-NMR and DEPT

Table. 'H- and 3C-NMR Data of 1-3 at 500 and 125 MHz. 6 in ppm, J in Hz. Arbitrary atom numbering as

indicated in Formulae.

Position 1%) 2b) 34)
o(H) 6(C) o(H) 6(C) o(H) 8(C)

1 - 1955 - 196.0 - 172.2
2 - 923 - 92.0 - 128.4
3 5.58 (d, J=15.5) 1283 5.60 (d, J=15.5) 1259 7.18 (d, J=115) 1454
4 6.30 (dd, J=15.5,10.5) 1333 6.32 (dd,J=15.5,10.0) 131.2 6.59 (ddd, J=15.0,11.5,1.5) 126.2
5 6.04 (dd,J=15.5,10.5) 129.6 5.98 (dd,J=15.5,10.0) 127.8 6.06 (dd,J=15.0, 6.0) 139.4
6 5.83 (d, J=15.5,7.0) 1403 5.08 (di, J—=15.5,65) 1394 411 (q,J =6.) 743
7 2.09-2.11 (m) 269 2.08-2.11 (m) 257 1.55-1.57 (m) 311
8 100 (1,7 =7.5) 140 098 (1, J=17.5) 133 0.94 (1,7="7.5) 102
9 150 (5) 238 157 (s) 223 191 (s) 12.9

10 - 1664 - 160.9

11 - 85.6 - 103.3

12 - 1799 - 182.8

13 3.75 (s) 515 598 (s) 95.5

14 - 157.0

15 2.46 (s) 20.4

NH 12.00 (5) -

) Recorded in CD;0D. ®) Recorded in CDCl,.
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spectra. The characteristic C-atom signals observed at 6(C) 195.5 and 92.3 suggested
that 1 was a furan-3(2H)-one derivative [11][14-19].

Analysis of the 'H- and ¥C-NMR, and HSQC spectra of 1 enabled us to assign all
the H-atoms to the corresponding C-atoms. The assemblage of all C-atoms, including
quaternary C-atoms and hetero atoms was mainly achieved by an HMBC experiment.
A partial structure (C(3) to C(8); a) can be easily established by analysis of the 'H,'H-
COSY spectrum. The attachment of the moiety a to C(2) was deduced from the
correlations H-C(4)/C(2) and H-C(3)/C(2). The correlations Me(9)/C(1) and Me(9)/
C(2) indicated that the Me(9) was located at C(2). The HMBC Me(13)/C(10) was
indicative of the presence of a MeO group at C(10) to form a methyl ester. The location
of the COOMe group at C(11) was deduced by comparison of the chemical shift of
Me(13) with literature data [12]. Based on the molecular composition, the remaining
NH, was located at C(5). Due to p-ar conjugation between C(11)=C(12) and NH,, the
3C signal of C(11) was shifted upfield compared with that of other furan-3(2H)-one
derivatives [11][14-19]. This also supported the position of NH, at C(12). Thus, the
structure of huaspenone C (1) was determined with unknown configuration at C(2).

The molecular formula of huaspenone D (2) was determined as C;sH;;NO; by HR-
ESI-MS (m/z 260.1276 ([M+H]"; calc. 260.1287)), implying eight degrees of
unsaturation. The IR spectrum showed absorption bands for a ketone (1703 cm™')
and an amide group (1656 cm~!), which were confirmed by C-atom signals in the
BC-NMR at 6(C) 196.0 (C(1)) and 6(C) 160.9 (C(10)), respectively (7Table). In the
'H-NMR spectrum (7able), three Me signals (6(H) 0.98, 1.57, and 2.46) and a
trisubstituted-C=C-bond H-atom at d(H) 5.98 (s, H-C(13)) were observed. Further-
more, the structure of 2 also contained a pair of conjugated C=C bonds on the basis of
its 'TH-NMR spectroscopic data. The *C-NMR and DEPT spectra of 2 revealed 15 C-
atom signals due to six quaternary C-atoms (including five sp? and one sp?), five sp?
CH, one CH,, and three Me groups. All these functional groups accounted for six
degrees of unsaturation, thus requiring two rings in the structure.

High similarity was observed between the NMR data of 1 and those of 2, implying a
close structural resemblance. The major differences were the disappeance of an MeO
signal and the appearance of NMR signals for C(13) to C(15) in the NMR spectra of 2
compared with NMR spectra of 1. The linkage of C(13) and C(15) via C(14) could be
deduced from the HMBCs H-C(13)/C(14) and H-C(13)/C(15) (Fig. 1). In the same
way, the HMBCs from H—C(13) to C(11) and C(12) indicated the connection of C(13)
and C(11) via C(12). The downfield-shifted signal of C(14) indicated that there was an
N-atom at C(14) in 2. The HMBC between the H-atom signal at (H) 12.00 and 160.9
(C(10)) indicated the linkage of N-atom with C(10) to form a lactam. Thus, the
structure of huaspenone D was determined as 2, which contains an unprecedent
furo[3,2-c]pyridine skeleton.

Fig. 1. Selected 'H,'H-COSY correlations (—) and HMBCs (—) of 2.
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The absolute configurations of 1 and 2 were determined by quantum-chemical
calculations of their electron-capture dissociation (ECD) spectra and specific optical
rotations. First, the conformational analysis was carried out via Monte Carlo searching
at the HF/3-21G level in the SPARTAN 08 software package [20]. The results provided
six lowest-energy conformers, with relative energy being within 2 kcal/mol for each of
1. Subsequently, the conformers were reoptimized using DFT at the B3LYP/6-31 ++ G
(2d, 2p) level in the gas phase in the GAUSSIAN 09 program [21]. The B3LYP/6-31 +
+ G (2d, 2p) harmonic vibrational frequencies were further calculated to confirm their
stability. The energies, oscillator strengths, and rotational strengths of the first 40
electronic excitations were calculated using the TDDFT methodology at the B3LYP/
aug-cc-pVDZ level in a polarizable continuum model (PCM) of EtOH. The ECD
spectra were simulated by the overlapping Gaussian function (6=0.4¢eV) [22], in
which the first three excitations for 1 and 25 excitations for 2 were adopted. To obtain
the final spectra, for each compound, the simulated spectra of the six lowest-energy
conformations were averaged according to the Boltzmann distribution theory and their
relative Gibbs free energy (AG).

For compound 1, in the 200—-400-nm region, compared to the experimental first
negative and second positive Cotton effects around 261 and 233 nm, the calculated
ECD curve for (25)-1 showed two corresponding Cotton effects around 300 (+ 39) and
248 (+15) nm, respectively (Fig. 2,a). Therefore, qualitative analysis of the result
allowed the assignment of the absolute configuration of 1 as (25). For compound 2, in
the 200 —400-nm region, compared to the experimental first negative (335 nm), second
and third positive (308, 239 nm), and fourth negative (221 nm) Cotton effects, the
simulated ECD curve for (2R)-2 showed four corresponding Cotton effects around 370
(+35), 304 (—4), 246 (+7) and 214 (—7) nm, respectively (Fig. 2,b). Therefore, the
absolute configuration of 2 was assigned as (2R).
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Fig. 2. B3LYPlaug-cc-pVDZISCRF(PCM, ethanol)/|B3LYP/6-31 ++ G(2d,2p) Calculated ECD spectra
(---) and the experimental ECD spectra (—) of 1 (a) and 2 (b).

Compound 3 exhibited a pseudo-molecular-ion peak at m/z 169.0872 ([M —H]~) in
the HR-ESI mass spectrum, consistent with the molecular formula CyH;,O;. The
'H-NMR spectrum showed two Me signals (6(H) 0.94 and 1.91) and a signal for an O-
bearing CH group (6(H) 4.11). Additionally, three olefinic H-atom signals (6(H) 7.18,
6.59, and 6.06) were observed. Nine C-atom signals corresponding to two sp?
quaternary C-atoms, four CH, one CH,, and two Me groups were detected in the
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BC-NMR and DEPT spectra. The connectivity of C(3) to C(8) can be established by
'H,'H-COSY spectrum, and further confirmed by HMBC spectrum. The HMBCs
H-C(3)/C(1), H-C(3)/C(2), and H-C(3)/C(9) indicated the linkage of C(1), C(3),
and C(9) via C(2). The large vicinal coupling constants of H-C(4) and H-C(5) (J =
15.5) clearly indicated an (E)-geometry of the C(4)=C(5) bond in 3. The C(2)=C(3)
bond was also assigned as (E) on the basis of the downfield shifted C-atom signal of
Me(9) [23][24]. Accordingly, the structure of 3 was determined as (2E,4E)-6-hydroxy-
2-methylocta-2,4-dienoic acid, which should be an important intermediate of the
biosynthesis of 1 and 2.

The furan-3(2H)-one derivatives constitute a group of polyketides produced by
fungi [14][17][19][25], and they show a wide range of bioactivities, such as phytotoxic
[25][26] and DNA polymerase [19] inhibitory activities. Though many furan-3(2H)-
one derivatives have been characterized in nature, to the best of our knowledge, this is
the first report on N-bearing furanone derivatives.

Experimental Part

General. All solvents used were of anal. grade (Hangzhou Gaojin Fine Chemical Plan Chemical
Plant). TLC: Precoated silica-gel GF 5, plates (Qingdao Haiyang Chemical Plant). Column chromatog-
raphy (CC): silica gel (SiO,; 230—-400 mesh), MCI CHP20P gel (75-150 um; Mitsubishi Chemical
Industries Ltd.), and Lichroprep RP-18 gel (40-63 um, YMC ODS-A). Optical rotations: Rudolph-
Autopol-1V polarimeter. UV Spectra: Shimadzu UV-2450 spectrometer. CD Spectra: JASCO J-815
spectrometer. IR Spectra: Thermo-Nicolet-6700 spectra-photometer; in cm~'. NMR Spectra: Bruker
AM-500 apparatus; 0 in ppm rel. to Me,Si, J in Hz. ESI-MS: Agilent-6210-Lc¢/Tof mass spectrometer; in
mlz.

Microbial Material and Fermentation. The strain Peyronellaea sp. HS-12 was isolated from the
healthy stems of Huperzia serrata collected from Xishuangbanna Tropical Plant Garden, Chinese
Academy of Sciences, Yunnan Province, P. R. China, in September 2008 [27], and was identified on the
morphology level and Internal Transcribed Spacer (ITS) by Sangon Biotech Co., Ltd. (Shanghai). The
strain is deposited with the Zhejiang University of Technology (accession No. ZJUT-HS-12).

The fungal strain was cultured on slants of potato dextrose agar (PDA) at 25° for 10 d. Three
Erlenmeyer flasks (250 ml), each containing 50 ml of media (0.4% glucose, 1% malt extract, and 0.4%
yeast extract; final pH, 6.5), were autoclaved at 121° for 30 min. After inoculation, three flasks were
incubated at 28° on a rotary shaker at 180 rpm for 5 d to prepare the seed culture. Spore inoculum was
prepared by suspending the seed culture in sterile, dist. H,O to give a final spore/cell suspension of 1 x
10-%/ml. Fermentation was carried out in 48 Erlenmeyer flasks (500 ml), each containing 80 g of rice. Dist.
H,O (120 ml) was added to each flask, and the contents were soaked overnight before autoclaving at 121°
for 30 min. After cooling to r.t., each flask was inoculated with 5.0 ml of the spore inoculum and
incubated at 28° for 40 d under static conditions.

Extraction and Isolation. The culture was extracted three times in 95% EtOH by refluxing. The
combined extracts were evaporated to dryness under reduced pressure to afford the residue (156 g). The
residue was dissolved in H,O (2 1) to form a suspension, which was then extracted with AcOEt (6 x 0.51).
The org. solvent was evaporated to dryness under vacuum to afford a crude extract (16.3 g), which were
then subjected to CC (MCI-CHP20P; MeOH/H,0 1:4—9:1) to afford three major Fractions A-C.
Fr. A (928.4 mg) was subjected to CC (SiO,; CHCl;/MeOH 15:1) to yield 3 (6.5 mg). Fr. B (598.0 mg)
was separated by CC (RP-18 CC; MeOH/H,0 1:1—3:2) to afford huaspenone B (5, 2.6 mg) and
andrastin A (4, 13.8 mg). Fr. C (1.2 g) was also purified by CC (RP-18; MeOH/H,0O 3:2) to give 1
(1.5 mg) and 2 (5.0 mg).

Huaspenone C (= Methyl (5S)-2-Amino-5-[(1E,3E)-hexa-1,3-dien-1-yl]-5-methyl-4-oxo-4,5-dihy-
drofuran-3-carboxylate; 1). Yellow viscous oil. [a]® =—180.0 (c = 0.03, EtOH). UV (EtOH): 234
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(3.93). CD (c = 16.0 pg/ml): 261 (—2.06), 233 (7.81). IR (KBr): 3405, 3102, 2962, 2926, 2858, 1700, 1632,
1527, 1377, 1259, 987. 'H- and BC-NMR: see the Tuble. ESI-MS (pos.): 252 ([M +H]*). HR-ESI-MS:
2521229 ([M +H]", C;3HgNOj; cale. 252.1236).

Huaspenone D (=(2R)-2-[(IE,3E)-Hexa-1,3-dien-1-yl]-2,6-dimethylfuro[3,2-c[pyridine-
3,4(2H,5H )-dione; 2). Yellow viscous oil. [a]% =+70.6 (¢ = 0.10, EtOH). UV (EtOH): 316 (3.74),
230 (4.25), 204 (4.26). CD (c =2.0 pg/ml): 335 (—0.50), 308 (2.31), 239 (14.05), 221(—8.70). IR (KBr):
3112,2966, 2926, 1703, 1656, 1618, 1562, 1452, 1065, 979. 'H- and *C-NMR: see the Table. ESI-MS (pos.):
260 ([M +H]"). HR-ESI-MS: 260.1287 ([M + H]*, C;sH;sNO7; calc. 260.1287).

(2E,4E )-6-Hydroxy-2-methylocta-2,4-dienoic Acid (3). Amorphous powder. [a]d = —36.8 (¢ = 0.15,
EtOH). UV (EtOH): 262 (3.94), 204 (3.69). IR (KBr): 3748, 2968, 2929, 2877, 1686, 1646, 1389, 1270,
974. 'H- and “C-NMR: see the Table. ESI-MS (neg.): 169 ([M —H]~). HR-ESI-MS: 169.0872 ([M —
H]-, C,H505; calc. 169.0865).

The work was supported by grants from the Natural Science Foundation of Zhejiang Province, P. R.
China (Y2111243). The authors are grateful to Prof. Jian Zhang from Institute of Medical Science,
School of Medicine, Shanghai Jiaotong University, Shanghai, P. R. China, for his kind help on the
quantum chemical-calculations.

S. Kusari, S. Ziihlke, M. Spiteller, J. Nat. Prod. 2009, 72, 2.

9] X. Ma, C. Tan, D. Zhu, D. Gang, P. Xiao, J. Ethnopharmacol. 2007, 113, 15.

[10] R. Wang, H. Yan, X.-C. Tang, Acta Pharmacol. Sin. 2006, 27, 1.

[11] Z.-J. Zhan, J.-P. Jin, Y.-M. Ying, W.-G. Shan, Helv. Chim. Acta 2011, 94, 1454; H. Burghart-Stoll, R.
Briickner, Org. Lett. 2011, 13, 2730.

[12] R. Uchida, K. Shiomi, J. Inokoshi, T. Sunazuka, H. Tanaka, Y. Iwai, H. Takayanagi, S. Omura, J.
Antibiot. 1996, 49, 418.

[13] H. Anke, H. Schwab, H. Achenbach, J. Antibiot. 1980, 33, 931.

[14] K. Takaiwa, K. Yamashita, Agric. Biol. Chem. 1982, 46, 1721.

[15] K. Takaiwa, K. Yamashita, Agric. Biol. Chem. 1984, 48, 2061.

[16] J. He, E. M. K. Wijeratne, B. P. Bashyal, J. X. Zhan, C. J. Seliga, M. X. Liu, E. E. Pierson, L. S.
Pierson III, H. D. VanEtten, A. A. L. Gunatilaka, J. Nat. Prod. 2004, 67, 1985.

[17] K. Matsuo, M. Kanayama, J. Y. Xu, R. Takeuchi, K. Nishiwaki, Y. Asaka, Heterocycles 2005, 65,
1609.

[18] T. Kimura, T. Takeuchi, Y. Kumamoto-Yonezawa, E. Ohashi, H. Ohmori, C. Masutani, F. Hanaoka,
F. Sugawara, H. Yoshida, Y. Mizushina, Bioorg. Med. Chem. 2009, 17, 1811.

[19] Spartan 04 Wavefunction Inc., Irvine, CA 92612.

[20] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani,

V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F.

Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J.

Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, J. E.

Jr. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R.

Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi,

N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R.

Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L.

Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich,

REFERENCES

[1] A.V.Sturz, B.R. Christie, J. Nowak, Crit. Rev. Plant Sci. 2000, 19, 1.
[2] R.X. Tan, W. X. Zou, Nat. Prod. Rep. 2001, 18, 448.
[3] H. W. Zhang, Y. C. Song, R. X. Tan, Nat. Prod. Rep. 2006, 23, 753.
[4] A. A.Leslie Gulatilaka, J. Nat. Prod. 2006, 69, 509.
[5] G. Strobel, B. Daisy, U. Castillo, J. Harper, J. Nat. Prod. 2004, 67, 257.
[6] A. Stierle, G. Strobel, D. Stierle, Science 1993, 260, 214.
[7] A.L. Eyberger, R. Dondapati, J. R. Porter, J. Nat. Prod. 2006, 69, 1121.
8]
[9]

]

]



HeLveTicA CHIMICA AcTA — Vol. 96 (2013) 1003

A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox, Gaussian 09, Revision
A.1, Gaussian, Inc., Wallingford CT, 2009.

[21] P.J. Stephens, N. Harada, Chirality 2010, 22, 229.

[22] G.L. Gallardo, M. Butler, M. L. Gallo, M. Alejandra Rodriguez, M. N. Eberlin, G. M. Cabrera,
Phytochemistry 2006, 67, 2403.

[23] B. Proksa, J. Adamcova, J. Fuska, Appl. Microbiol. Biotechnol. 1992, 37, 443.

[24] K. Kobayashi, T. Ui, Physiol. Plant Pathol. 1977, 11, 55.

[25] S. Tanaka, N. Kondo, S. Naito, J. Gen. Plant Pathol 2007, 73, 242.

[26] W.-G. Shan, Y.-M. Ying, H.-N. Yu, W.-H. Liu, Z.-J. Zhan, Helv. Chim. Acta 2010, 93, 772.

Received November 23, 2012



