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ABSTRACT: Palmarumycins BG1—BG7 (1—7), seven new compounds related , R? OR'
to palmarumycins, were isolated from the aerial parts of Bruguiera gymnorrhiza as R
well as a new preussomerin derivative BG1 (8). The structures of these compounds HO™
were determined mainly by the analysis of their NMR and MS data, and their o~ o

relative configurations were assigned on the basis of their 3]H,H coupling constants.
Compounds 4 and 7 have a sulfate group that is unprecedented among members of
spirodioxynaphthalene-type natural products. The absolute configurations of 1—8
were determined by TDDFT CD calculations of the solution conformers.
Compound § displayed inhibitory activity against HL 60 and MCEF-7 cell lines.

palmarumycins BG1-BG7
R': H, SOzH
R% OH, =0
R H, OH, CI

preussomerin BG1

B INTRODUCTION

Preussomerins and palmarumycins belong to a structurally
remarkable class of natural products mainly isolated from various
fungal cultures. Because of its interesting structural patterns and
important biological properties, a large number of investigations
on this family have been carried out in the last 20 years.'
Preussomerins structurally consist of two unsaturated decalin
units connected via three oxygen bridges through two spiroketal
carbons, one located at the upper decalin unit and the other at the
lower decalin unit. Palmarumycins lack one of the bridged
oxygens and have a 1,8-dioxynaphthalene ring instead of the
tetralone moiety. These metabolites display a wide range of
biological activities, including antibacterial,>*"® antiﬁlngal,z"w’9
algicidal,” nematicidal,'® and antileishmanial effects,"" phospholipase
D inhibitory,"> FPTase inhibitory,® and antitumor activity."*

As a part of our ongoing research toward the discovery of
biologically active metabolites from Chinese marine organisms,
we continued the investigation of Bruguiera gymnorrhiza. Prior
investigations of B. gymnorrhiza in our group have afforded a variety
of novel bioactive metabolites."* '® In the course of the present
work, we obtained seven new spirodioxynaphthalene compounds,
which were named palmarumycins BG1—BG7 (1—7), along with
one new preussomerin derivative BG1 (8).° In this paper, we
describe the isolation, structure elucidation, and biological activity of
metabolites 1—8.

v ACS Publications ©2011 American chemical Society

B RESULTS AND DISCUSSION

The NMR data for palmarumycins BG1—7 (1—7) suggested
that they were new members of natural metabolites in the
palmarumycins family.*> The common structural feature of pal-
marumycins 1—7 is the 1,8-dioxynaphthalene moiety linked to a
decalin unit via a spiroketal carbon resonating at approximately
100 ppm in the >C NMR spectrum. NMR spectroscopic data of
the dioxynaphthalene moiety and the bridging carbon atom of all
the seven compounds were virtually the same. Thus, the structure
elucidation of palmarumycins BG1—7 (1—7) focused mainly on
establishing the remaining portions of the molecules, especially the
relative configuration in those having multiple chirality centers as
well as the absolute configuration by CD analysis.

Palmarumycin BG1 (1) was isolated as a yellow powder. The
molecular formula of palmarumycin BG1 (1) was determined to be
CyoH 1405 (14 degrees of unsaturation) by HRESIMS analysis (/2
357.0737 [M + Na]™, caled, 357.0739), which was supported by the
'H and C NMR data (see Tables 1 and 2). Its IR absorptions
implied the presence of hydroxyl (3432 cm ') and ketone carbonyl
(1641 cm™ ') functionalities. Apart from a set of NMR si%nal
characteristic of the dioxynaphthalene moiety, the 'H and “C
NMR spectra showed signals for a 1,2,3-trisubstituted aromatic ring,
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Table 2. >*C NMR Data (100 MHz) for Compounds 1—8*

b

b

b

b

carbon 1 2 3¢ 4° S 6 7° 8

1 201.0 (C) 63.1 (CH) 65.7 (CH) 63.8 (CH) 71.3 (CH) 73.5(CH) 72.2 (CH) 199.9 (C)

2 412 (CH,) 31.6 (CH,) 36.6 (CH,) 36.5 (CH,) 63.6 (CH) 64.2 (CH) 65.0 (CH) 41.1 (CH,)
3 67.1 (CH) 65.5 (CH) 68.1 (CH) 69.7 (CH) 70.6 (CH) 74.4 (CH) 71.5 (CH) 70.0 (CH)
4 98.6 (C) 99.5(C) 101.2(C) 1014 (C) 99.5(C) 99.1(C) 101.8 (C) 93.9 (C)

S 137.8 (C) 131.9(C) 136.4(C) 1384 (C) 1324 (C) 133.9(C) 135.3(C) 112.8(C)

6 117.9 (CH) 119.5 (CH) 120.3 (CH) 1252 (CH) 119.7 (CH) 118.3 (CH) 1252 (CH) 143.0(C)

7 137.1 (CH) 1302 (CH) 130.5 (CH) 1304 (CH) 130.6 (CH) 1304 (CH) 130.6 (CH) 126.0 (CH)
8 119.8 (CH) 118.0 (CH) 118.0 (CH) 124.8 (CH) 118.8 (CH) 118.7 (CH) 124.7 (CH) 121.1 (CH)
9 162.0 (C) 1553 (C) 157.7(C) 152.5(C) 155.5(C) 1559 (C) 152.7(C) 157.1(C)
10 1152(C) 124.6 (C) 126.9 (C) 133.3(C) 1202 (C) 119.0 (C) 132.5(C) 117.0(C)

iy 121.4 (CH) 121.2 (CH) 121.9 (CH) 121.5 (CH) 121.0 (CH) 120.6 (CH) 122.4 (CH) 195.5(C)

2 127.7 (CH) 127.7 (CH) 129.2 (CH) 128.9 (CH) 127.6 (CH) 127.5 (CH) 129.1 (CH) 33.6 (CH,)
3 109.5 (CH) 109.3 (CH) 111.0 (CH) 109.3 (CH) 109.1 (CH) 108.3 (CH) 110.3 (CH) 32.7 (CH,)
ry 146.2(C) 146.8 (C) 149.2 (C) 150.6 (C) 146.1(C) 146.9 (C) 149.1(C) 93.4(C)

s 113.0 (C) 113.3(C) 1152(C) 114.7 (C) 113.0(C) 112.6 (C) 115.1(C) 122.5(C)

6 147.0 (C) 147.1(C) 149.9(C) 149.5(C) 146.8 (C) 1479 (C) 148.8 (C) 148.8 (C)

7 108.8 (CH) 108.9 (CH) 109.7 (CH) 110.2 (CH) 109.6 (CH) 108.6 (CH) 111.5 (CH) 121.5 (CH)
8 127.6 (CH) 127.5 (CH) 128.9 (CH) 129.1 (CH) 127.6 (CH) 127.5 (CH) 129.3 (CH) 131.0 (CH)
9 121.1 (CH) 120.8 (CH) 121.8 (CH) 121.5 (CH) 121.5 (CH) 120.8 (CH) 122.4 (CH) 120.9 (CH)
10/ 134.1(C) 134.1(C) 136.0(C) 1359 (C) 134.1(C) 133.9(C) 136.1(C) 1309 (C)

“The assignments were based on DEPT, "H—"H COSY, HSQC, and HMBC experiments. b Spectrum taken in CDCl;. “ Spectrum taken in CD;OD.

a ketal carbon, a ketone moiety, one oxymethine, one methylene, and
two hydroxyl groups [one of which is highly chelated (Jy; 12.36)].
The connectivities among these units were determined by the
analysis of '"H—'H COSY and HMBC spectra. Analysis of the
COSY NMR data led to the identification of two isolated proton spin
systems corresponding to the C-2—C-3 and C-6—C-8 subunits of
structure 1. HMBC correlations of H-2 and H-3 with carbonyl C-1
and ketal carbon C-4, H-2 with C-10, and H-3 with C-5 led to the
assignment of the nonaromatic ring. Correlation of H-6 to C-1, C-4,
C-S and C-10, H-8 to C-9 and C-10, and OH-9 (O 12.36, brs) to
the carbonyl carbon C-1 enabled the connection of the C-5 and C-9
of the aromatic ring to C-4 and C-10 respectively, resulting in a
tetralone moiety. The dioxynaphthalene unit must be linked to C-4
via two oxygen atoms of the ketal moiety, thereby completing the
planar structure of 1 as shown in Scheme 1.

In palmarumycin BG1 (1), the axial orientation of the hydroxyl
group at C-3 was concluded from the small coupling constants
observed between H-2s and H-3 (3]2H,3H = 4.0 Hz), which was also
independently confirmed by the MMFF conformational search
followed by TDDFT optimization at the B3LYP/6-31G(d) level.
The conformational analysis of (3R)-1 found the M helicity
conformer with 3-OH,, the lowest energy one with 95.5% popula-
tion, which is probably due to the hydrogen bonding of the 3-OH,,,
to one of the acetal oxygens (Figure 1). This hydrogen bonding
would not be feasible in the P helicity conformer having an equa-
torial 3-OH. The chiroptical properties of palmarumycin BG1 (1)
are governed by both its central chirality element (absolute config-
uration of C-3) and the conformation (helicity of fused nonaromatic
ring), although these two are intertwined. In the lowest energy
conformer, the nonaromatic ring adopts an envelop conformation
of M helicity with torsional angle w5 ca,c3,c2 = —53.1, which also
defines the relative orientation of the aryl and phenyl chromophores.
The CD spectrum of 1 showed an intense negative couplet around
220 nm [226 nm (Ag = —54.9), 209 (22.91) ] and negative Cotton
effects (CEs) at 251 and 328 nm accompanied with a negative

Scheme 1. Compounds 1—8 Isolated from the Mangrove
Bruguiera gymnorrhiza

O OH OH OH OH OH OH OSOzH
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HO 57" HO o o
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8

plateau. It is noteworthy that the tetralone n—s* transition above
300 nm is overlapped by the naphthalene 'L, band making its
application ambiguous for the determination of absolute configura-
tion. The CD spectra calculated for the (3R) enantiomer of the
lowest energy conformer (95.5% population) with various func-
tionals (B3LYP, BH&HLYP, CAM-B3LYP) and TZVP basis set
reproduced well the experimental CD, with B3LYP/TZVP giving
the best agreement (Figure 2). Thus, the absolute configuration
could be unambiguously determined as 3R, which is in keeping with
the opposite specific rotation value of the known enantiomeric (35)-
palmarumycin JC2."" 7>

Compound 2 (palmarumycin BG2) was isolated as a white
solid. An HREIMS analysis gave a molecular ion at m/z
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H-| bondn#gkOH
M helicity conformer P helicity conformer
Wcscac3c2 <0 Wcs cac3c2> 0

a b

Figure 1. (a) Two equilibrating M and P helicity conformers of (3R)-
palmarumycin BG1 [(3R)-1] viewed from the direction of the benzene ring
and definition of helicity of the fused nonaromatic ring of the tetralone
chromophore. Thick line represents the benzene ring. (b) DFT-optimized
geometry of the lowest energy conformer (95.5% population) of (3R)-1.
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Figure 2. Experimental CD spectrum of (3R)-1 in methanol compared
with the B3LYP/TZVP spectrum calculated for the (3R) enantiomer of
the lowest energy conformer having M helicity and an axial 3-OH group.

336.0998, which was consistent with the molecular formula
C,0H 605, indicating 13 degrees of unsaturation. Two additional
hydrogens in the molecular formula relative to that of 1 and
analysis of the 'H and "*C NMR spectrum revealed that the
carbonyl carbon of 1 was reduced to a hydroxyl group in 2. This
has also been supported by the disappearance of the highly che-
lated hydroxyl group in 2. The "H—"H COSY spectra also clearly
showed a correlation between these H-1 (0g; 5.01, d, J= 5.1 Hz) and
H-2eq (Oy 2.52, ddd, J = 153, 5.1, 3.3 Hz). Proton and carbon
chemical shift assignments were made by analysis of HSQC and
HMBC experiments. The cis relative configuration of 2 was pro-
posed on the ground of the *Jy; 5y coupling constants. The small
] 111211 coupling constants (5.1 Hz) indicated that H-1 must adopt a
pseudoequatorial orientation with a half-chair conformation of the
six-membered ring, while the coupling constants of the 3-H
Clon 3t1eq= 3.3 Hz) proved that the 3-OH group is axially oriented.
The MMFF conformational search followed by DFT optimization
also confirmed that the lowest-energy conformer of (1S,3R)-
palmarumycin BG2 has M helicity with axial 1- and 3-OH groups
(Figure 3) with high population (99.9%). The unexpectedly
exclusive population of the diaxial conformer can be explained by
the hydrogen bonding of the 3-OH to the acetal oxygen and the
decrease of the peri interaction between the axial 1-OH and
the phenolic 9-OH. The experimental CD curve of palmarumycin
BG2 was quite similar to that of 1 with negative couplet around
220 nm and negative plateau between 250 and 330 nm. All the three
DFT calculated CD spectra (B3LYP, BH&HLYP, CAM-B3LYP)
of (1S3R)-2 showed a good agreement with the experimental

CD affording the determination of its absolute configuration as
(—)-(183R)-palmarumycin BG2 (Figure 4).

Palmarumycin BG3 (3) was assigned to the same molecular
formula C,0H;¢Os as palmarumycin BG2 (2) on the basis of
HRESIMS analysis (/2 359.0915 [M + Na]™, calcd, 359.0895)
and NMR data (Tables 1 and 2). Compound 3 was obtained as a
white solid, and it showed poor solubility in CHCl; but good
solubility in MeOH and acetone, behavior which was different from
that of compound 2. Detailed analysis of NMR data revealed that
compound 3 is the C-1 epimer of compound 2; ie, it has trans
relative configuration. The large ]1H >tax (8.7 Hz) and the small
]2H 3Heq (5.7 and 2.1 Hz) coupling constants indicated that 1-OH
and 3-H must adopt a pseudoaxial orientation. The result of the
conformational analysis was in full accordance with the NMR
findings, since the 1-OH,y, 3-OH,, conformer with M helicity was
obtained as the lowest energy conformer with 89.2% population (see
Figure S1 in the Supporting Information). Thus, the epimerization at
C-1 did not invert the conformation of the fused nonaromatic ring; it
preserved its M helicity indicating the importance of the stabilizing
affect of the hydrogen bonding of the axial 3-OH group on the
preferred conformation. Since both the helicity and relative arrange-
ment of the naphthyl and phenyl chromophores remained the same
as in (—)-(1S,3R)-palmarumycin BG2, the CD spectrum also
showed great similarity. The DFT-calculated spectra (B3LYP,
BH&HLYP, CAM-B3LYP) of (1R,3R)-3 were nearly identical
with the experimental CD curve (Figure S, BALYP/TZVP results
shown), which allowed determination of the absolute configuration
as (—)-(1R,3R)-palmarumycin BG3.

Palmarumycin BG4 (4) was isolated as a white solid and was
the most polar compound among palmarumycins BG1—7. The
HRESIMS of 4 showed a major ion peak at m/z 415.0476 [M —
H], corresponding to the molecular formula C,oH;505S (calcd for
C,0H,505S, 415.0488), suggesting the presence of a sulfate group in
the molecule. The LRESIMS of 4 gave the highest mass ion peak at
m/z 415, which was assigned to the [M — H] ™~ ion. Moreover, the
MS/MS analysis of the ion at #1/z 415 showed an ion peak at 1m/z 335
[M — H — 80] ", corresponding to the loss of a sulfate group, which
was consistent with the presence of a sulfate group in the molecule.
Detailed analysis of NMR data revealed that compound 4 has the
same planar structure as compound 2, but the substitution pattern of
the aromatic ring was different. The *C NMR data showed
significant changes in chemical shifts of the aromatic ring relative to
those of 2. The upfield shift observed for C-9 (d¢ 152.5) and
downfield shift observed for C-8 (d¢ 124.8) and C-10 (d¢ 133.3)
suggested the presence of sulfate group at C-9. HMBC correlation of
H-1, H-7, and H-8 to C-9 further confirmed the position of the sulfate
group at C-9. The relative conﬁguratlon of compound 4 was
established by the analysis of 'H—"H NMR coupling constants,
NOESY data and by comparison of its '"H NMR data with those
of palmarumycin BG2 (2). The large *Jojyp311 coupling constant
(9.6 Hz) indicated that 3-OH must adopt an equatorial orientation,
while the *J,p1,5; coupling constants (5.1 and 4.8 Hz) suggested that
1-OH is axially oriented. This implies that 4 has also a trans relative
configuration such as 3 but a different conformation from that of 3, in
which the 1-OH is equatorial and the 3-OH is axial. The different
conformation of 4 is presumably due to the presence of the 9-sulfoxy
group, which pushes the 1-OH to an axial position to reduce the peri
interaction. The MMFF conformational search followed by DFT
optimization with implicit solvent model afforded four conformers,
from which the two lowest energy ones (53.1% and 24.1%
populations) have 1-OH.,—3-OH,, conformation, while the other
two (12.2% and 10.6% populations) have 1-OH,—3-OHq

1824 dx.doi.org/10.1021/j01024877 |J. Org. Chem. 2011, 76, 1821-1830
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Figure 3. (a) Two equilibrating M and P helicity conformers of (1S, 3R)-palmarumycin BG2 [(1S, 3R)-2]. (b) DFT optimized geometry of the most

stable conformer (99.9%) of (15,3R)-2.
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Figure 4. Experimental CD spectrum of (153R)-2 in methanol,
compared with the BH&HLYP/TZVP spectrum calculated for the
(1S,3R) enantiomer of the lowest-energy conformer having M helicity.

conformation (see the Figure S2 in the Supporting Information).
Thus the result of the conformational analysis does not corroborate
the 3]H,H coupling constants, which suggests that the 1-OH,,—3-
OH,, conformers should be the major ones. The experimental CD
spectrum was then compared with the CD spectrum calculated for
the 1-OH,—3-OH,q conformers of (1S,35)-4 instead of the
Boltzmann-weighted average CD of all the computed conformers
(Figure 6). On the basis of the experimental 211 nm CD band
(Ag = 11.78), the mirror image of which was reproduced by the CD
calculation of (18,35)-4, the absolute configuration of (4 )-4 can be
assigned as (1R,3R). However, it has to be noted that the low energy
CD transitions could not reproduce well by the CD spectrum
calculated for the 1-OH,,—3-OH, conformers of (15,3S)-4. Thus,
(—)-3 and (+)-4 are homochiral, but they have markedly different
CD spectra and specific rotations of opposite signs, which can be
attributed to the opposite helicity of their fused nonaromatic rings.
The nonaromatic ring of the decalin chromophore has M helicity in
(—)-(1R3R)-3 and P helicity in (+)-(1R,3R)-4, which explains
their different optical parameters (Figure 7).

Palmarumycin BGS (5) was isolated as a brown solid. A HRE-
SIMS analysis gave a molecular ion at m/z 393.0521[M + Na] ™,
which was consistent with the molecular formula C,oH,;505Cl,
indicating 14 degrees of unsaturation. One additional chlorine atom
and one missing hydrogen in the molecular formula compared to that
of 3, and analysis of the "H and "*C NMR spectrum indicated that
compound § is a monochloro derivative. This was consistent with the
EIMS data, which showed peaks for [M]" and [M 4 2] * in a ratio

——measured CD
Ae (B3LYP/TZVP) 12
EEER (B3LYP/TZVP) /8

Ae (M"cm") andR* 10'39cgs

T T
200 250 300 350
wavelength (nm)

Figure S. Experimental CD spectrum of (1R,3R)-3 in methanol compared
with the B3LYP/TZVP spectrum calculated for the (1R3R) enantiomer of
the lowest energy enantiomer (89.2% population).

of 3:1 due to the chlorine isotope. A detailed analysis of "H and *C
NMR data for 5 (Tables 1 and 2) indicated that signal for the
methylene (O 2.38, 2.22; ¢ 36.6, C-2) in 3 was replaced by a
methine (O 4.66; ¢ 63.6, C-2) in the NMR spectra of 5. On the
basis of these data, the position of the chlorine atom was assigned at
C-2 in compound 5. The "H—"H COSY and HMBC correlations
among the C-1—C-3 subunit also confirmed this conclusion. "H and
3C NMR assignments were made by analysis of HSQC and HMBC
data. The relative configuration of palmarumycin BGS (5) was
proposed as shown in Scheme 1 by the analysis of "H—"H coupling
constants and NOESY data. The large 3] 12z (9.0 Hz) and the
small 3]2Hax,3Heq (1.8 Hz) coupling constants indicated that H-1 and
H-2 must adopt axial orientations, while H-3 has an equatorial
orientation implying a 1,2-trans, 3,4-cis relative configuration. In
accordance with the observed coupling constants, the conformational
analysis found the M helicity (1-OHeg, 2-Cleg, 3-OH,,) conformer of
(182R,3S)-palmarumycin BGS (5) to be the most abundant one
with 91.7% population (Figure 9). The CD spectrum also showed a
negative CD couplet around 220 nm [227 nm (Ae = —42.74), 194
(27.34)] and negative CEs above 240 nm, which could be repro-
duced well by the DFT CD calculations performed on the (15,2R,3S)
enantiomer (Figure 8). Thus the absolute configuration of palmar-
umycin BGS (5) could be determined as (—)-(152R,3S).
Palmarumycin BG6 (6) was assigned to have the same
molecular formula C,,H;505Cl as palmarumycin BGS (5) on
the basis of HRESIMS analysis (/2 393.0508 [M + Na] T, caled
393.0506) and NMR data (Tables 1 and 2). Compound 6 was
isolated as a brown solid, and it was more polar than compound S.

1825 dx.doi.org/10.1021/j01024877 |J. Org. Chem. 2011, 76, 1821-1830
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Figure 6. Measured CD spectrum of (1R,3R)-4 in methanol compared
with the BH&HLYP/TZVP spectrum calculated for the two 1-OH,,
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Figure 7. Equilibrating M and P helicity conformers of (1R,3R)-
palmarumycin BG3 (3) [(1R,3R)-3] and (1R,3R)-palmarumycin
BG4 (4).
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Figure 8. Measured CD spectrum of (15,2R,3S)-5 in methanol com-
pared with the BH&HLYP/TZVP spectrum calculated for the
(1S2R,3S) enantiomer of the lowest-energy conformer of §.
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Figure 9. DFT-optimized geometry and helicity of the most stable
conformer (91.7%) of S.

A detailed analysis of the NMR data indicated that compound 6
has the same planar structure as compound S. The 1,2-trans,
3,4-trans relatlve conﬁguratlon of compound 6 was proposed on
the basis of '"H—'H couphng constants. The *Ji; coupling
constants (*J; 311 = 4.5 Hz, *Jop 31 = 8.7 Hz) indicated that 1-H,

2-H, and 3-H adopt trans-pseudoaxial orientations and 6 differs in
the 3,4-trans orientation from S. The cis-1,3-diaxial orientation of
1-H and 3-H was also confirmed by the observed NOE effect
between these two protons. In contrast, the conformational analysis
of 6 surprisingly showed that the lowest energy conformer is the all
axial conformer (conformer a, see Figure S3 in the Supporting
Information) with 50% population, in which the 1- and 3-OHs and
the 2-Cl have axial orientation and the 3-OH is hydrogen bonded to
one of the acetal oxygens. The all-equatorial geometry with
equatorial 1- and 3-OHs and the 2-Cl is represented by three
slightly different conformers totaling a population of 39.4%. More-
over, two minor conformers with a boat conformation of the fused
nonaromatic ring were also calculated with 10.5% overall popula-
tion. Thus, the conformational analysis result was clearly not in
accordance with the NMR results, which showed that the all-
equatorial conformer(s) is the major one in solution. The measured
CD spectrum of 6 showed CEs opposite to the those of (15,2R,3S)-
5 in nearly the whole CD spectrum, although their CD spectra were
far from being mirror image ones (Figure 10). The CD spectrum
obtained as the Boltzmann-weighted average of the calculated
solution conformers of (15,2R,3R)-6 did not reproduce the experi-
mental CD curve (Figure S4, Supporting Information). On the basis
of the NMR results, only the all-equatorial conformers of (152R,3R)-
6 were then considered for CD calculation, which gave nearly
identical CD spectra and mirror image curves with the experimental

CD spectrum (Figure 10). This confirmed unambiguously that it is
indeed the all-equatorial conformer that is the major one in solution
determining the chiroptical properties, and thus, the absolute con-
figuration of 6 was assigned as (+)-(1R,25,3S). With (1R253S)
absolute configuration and equatorial orientation of 1- and 3-OHs
and 2-C], the fused nonaromatic ring of 6 adopts P helicity, opposite
to the M helicity of (15,2R,3S5)-5, which explains their opposite CEs
in their CD spectra.

Palmarumycin BG7 (7) was isolated as a brown solid. The
molecular formula was determined as C,oH;5O05SCl (14 degrees of
unsaturation) by HRESIMS in negative-ion mode, which showed a
deprotonated parent ion peak at m/z 449.0097 [M — H] ™ (caled
449.0098). The ESIMS of 7 gave the ion peak at m/z 449/ 451 (ina
ratio of 3:1), which was assigned to the [M — H] ™ ion. The MS/MS
analysis of the ion at m/z 449 [M — H] ™ showed an ion peak at 1/z
415 [M — 35]  corresponding to the loss of a chlorine atom. A
further ion peak was also observed at m/z 371 [M — H — 80],
corresponding to the loss of a sulfate group. Detailed analysis of MS
and NMR data of compound 7 suggested that palmarumycin BG7
(7) is the sulfoxy derivative of compound 5. The assignment of the
position of the sulfoxy group (C-9) is mainly based on chemical shift
and HMBC data in comparison with those of palmarumycin BGS
(5). 'H and *C NMR assignments were made by the analysis of
HSQC and HMBC data. The relative configuration of 7 was
determined to be the same as that of § by analysis of "H—'H
coupling constants and NOESY data. Since 7 showed similar coupling
constant pattern and CD those of spectra to (—)-(15,2R,35)-5, its
absolute configuration was determined as (—)-(15,2R3S)-7. It is
noteworthy that in contrast to 3 and its sulfonated derivative 4, the
fused nonaromatic ring of both § and 7 have M helicity; ie,, the
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Figure 10. Experimental CD spectrum of (1R,25,35)-6 in MeOH
compared with the BALYP/TZVP spectrum calculated for conformer
b (1—OHeq, 2-Cl.g, 3-OH.y; see the Supporting Information for
geometry) of the (15,2R,3R)-enantiomer.

introduction of a 9-sulfoxy group did not induce a conformational
change in 7.

Preussomerin BG1 (8) was obtained as a yellow solid. HREIMS
analysis of preussomerin BG1 (8) gave a molecular ion at m/z
366.0742 (caled 366.0740) that determined the molecular formula as
C,0H;407, and this conclusion was supported by the '"H and C
NMR data. Compound 8 had characteristic bis-spiro-bisnaphthalene
NMR signals due to an oxygenated 1,2,3,4-tetrasubstituted aromatic
ring [0y 6.94 (d, ] = 9.0 Hz, H-8) and 7.04 (d, ] = 9.0 Hz, H-7);
S 112.8 (C-5), 143.0 (C-6), 1260 (C-7), 121.1 (C-8), 157.1 (C9),
and 117.0 (C-10)], an oxygenated 1,2,3-trisubsituted aromatic ring
[01:7.08 (d,] =84 Hz, H7'), 741 (t, ] = 8.1 Hz, H-8'), and 7.65 (dd,
J=175,09 Hz, H-9'); O¢ 122.5 (C-5'), 148.8 (C-6'), 121.5 (C-7),
131.0 (C-8'), 1209 (C-9'), and 1309 (C-10')], a highly chelated
phenolic OH group [0y 11.59 (C-9)], and two spiroketal quaternary
carbons [O¢ 939 (C4); 934 (C4')]. In addition, the 'H and "*C
NMR spectrum showed signals for two carbonyl carbons [O¢ 199.9
(C-1); 195.5 (C-1)], three methylenes [0y 3.03 (dd, J = 18.3, 2.4
Hz, H2f8), 345 (dd, ] = 18.0, 3.0 Hz, H201), 2.89 (ddd, ] = 17.4, 6.,
1.5 Hz, H-2'3), 3.30 (m, H-2'a), 2.48 (m, H-3'$3), 2.78 (ddd, ] =
12.9, 6.0, 1.5 Hz, H-3't) ], and one oxygenated methine [Oy; 4.69 (t,
] = 3.0, H-3)]. Analysis of the COSY and HMBC NMR data led to
the identification of two isolated proton spin-systems corresponding
to the C-1—C-3 and C-1'—C-3' subunits of 8. HMBC correlations of
H-2 to the carbonyl C-1, the ketal C-4 and C-5, and H-3 to C-1 and
C-4 confirmed that C-1 and C-3 were attached to C-10 and C-4,
respectively, while C-1" and C-3' were bonded to C-10' and C-4/,
respectively on the basis of correlation of H-9' with C-1', H-3' with
C-1' and C-§/, and H-2 with C-1' and C-10". The small 3]21—1,31{
coupling constants (3.0 and 2.4 Hz) indicated that H-3 adopts a
pseudoequatorial orientation at C-3. On the basis of NMR spectro-
scopic data, the structure of preussomerine BG1 (8) was established
as depicted in Scheme 1. Although this is the first report of compound
8 as a natural product, Singh and co-workers in 1994 described the
synthesis of 8 by means of palladium-catalyzed hydrogenation of
preussomerin G in ethyl acetate. The "H NMR data of compound 8
were fully consistent with the reported values of the synthetic
derivative.® The conformational analysis of 8 afforded a single solution
conformer with 99.7% population, in which the 3-OH is axial and
hydrogen bonded to one of the ketal oxygens (Figure 12). The CD
spectra calculated for the (3R4S4'R) enantiomer with B3LYP,

40

——measured CD
—— Age (CAM-B3LYP/TZVP) /2.2
I R (CAM-B3LYP/TZVP) /8

Ae (M"cm'1) andR* 10'39cgs

T T T
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Figure 11. Experimental CD spectrum of (3R4S,4'R)-8 in methanol
compared with the CAM-B3LYP/TZVP spectrum calculated for the
(3R4S,4'R) enantiomer of the lowest energy conformer.

Figure 12. DFT-optimized geometry of the most stable conformer
(99.7%) of (3R,4S,4'R)-8.

BH&HLYP, and CAM-B3LYP methods reproduced very well the
experimental spectrum in the full spectral range with CAM-B3LYP/
TZVP giving the best agreement (Figure 11). Thus the absolute
configuration of palmarumycin BG8 was unambiguously determined
as (—)-(3RASAR). The (—)-(3R4S4'R) absolute configuration
and CD data of 8 corroborates the CD data of preussomerin L, which
differs from 8 in the presence of an additional hydroxyl group at the
C-3' position.”

The cytotoxic activities of 1—8 against the growth of tumor cell
lines (MCF-7 and HL 60) were evaluated. The results indicated that
palmarumycin BGS (S) exhibited cytotoxicity against human breast
carcinoma MCF-7 (ICso 7.6 uM) and human promyelocytic
leukemia HL 60 (ICs 1.9 and 3.1 uM,, respectively). Unfortunately,
other compounds were inactive against the above cancer cells.

B CONCLUSION

Eight novel spirodioxynaphthalenes, palmarumycins BG1—7
(1—7) and preussomerin BG1 (8), were isolated from the
mangrove B. gymnorrhiza. Among them, compounds 4 and 7
are new members of the so-called spirodioxynaphthalene class
with a sulfate group which is unprecedented among the com-
pounds of this class. Moreover, it is interesting to note that the
hydroxyl groups at C-3 in 1—8 have always Q. orientation,
although their Cahn—Ingold—Prelog notations are different
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due to the different priority order of the surrounding groups. In
addition, it may be worth pointing out that although four
palmarumycins with a chlorine atom, namely palmarumycins
C,, C4, Cr, and Cg,® were reported previously, their structures are
quite different from those of compounds § and 6. Biogenetically,
the chlorinated derivatives 5 and 6 may be obtained by the
nondiastereoselective 0. chlorination of the ketone derivative 1
followed by diastereoselective reduction of the C-1 carbonyl
group. Detailed information about the biosynthesis of spirodiox-
ynaphthalenes has been well summarized in our recent review
paper." The discovery of compounds 1—8 has added to an
extremely diverse and complex array of spirodioxynaphthalenes
that are rapidly expanding.

The CD analysis of these compounds revealed that their
chiroptical properties are determined by both the central chirality
elements and the helicity of the fused nonaromatic ring. It also
allowed to establish correlations between their absolute geome-
tries and optical parameters, which may serve as reference for the
configurational assignment of related derivative in the future.

The real producer of spirodioxynaphthalenes is a matter worthy
of discussion. Although those intriguing compounds are generally
considered as fungal metabolites, there have been four reports on
the isolation of palamrumycins (or preussomerins) from plants:
bipendensin from Afzelia bipendensis,”* palmarumycins JC1 and
JC2 from Jatropha curcas,” palmarumycins JC1—2 (which were
proposed to be fungal metabolites), isodiospyrin, and isodiospyrol
A from Diospyros ehretioides,’® and palmarumycin JC2 from
Dendrobium crystallinum.>> In the present work, because com-
pounds 1—8 were obtained in a quite appreciable quantities (total
amount: 122 mg from 2.8 kg of the leaves and stems), this fact
indicates that these compounds should be produced by B.
gymnorrhiza, though we could not rule out the possibility that
they are endophytic or epiphytes fungus metabolites. Further
studies should be conducted to prove the real biosynthetic origin
of these compounds, as well as to understand their real ecological
roles played in the life cycle of the plant.

B EXPERIMENTAL SECTION

Plant Material. A specimen of B. gymnorrhiza was collected at the
Zhanjiang mangrove national nature reserve, Guangdong Province, People’s
Republic of China, in August 2008 and identified by Associate Prof. Jin-Gui
Shen of the Shanghai Institute of Materia Medica, Chinese Academy of
Sciences. A voucher specimen (no. 0808-P-41) is available for inspection at
the Herbarium of Shanghai Institute of Materia Medica, CAS.

Extraction and Isolation. The air-dried powder of the leaves and
stems of B. gymnorrhiza (2.8 kg) were exhaustively extracted with MeOH (3
x 7 L) at rt for 1 week. The MeOH extracts were combined and then
concentrated in vacuo to give a residue (160.0 g) that was suspended in H,0
(1.5 L) and then partitioned sequentially with EtOAc (3 x 1.5 L) and n-
BuOH (3 x 1.5 L) to ultimately afford an EtOAc-soluble fraction (80.0 g)
and n-BuOH-soluble fraction (25.0 g), respectively. The EtOAc-soluble
fraction was subjected to silica gel CC eluted with petroleum ether/EtOAc
in linear gradient (90:10, 80:20, 70:30, 50:50, 30:70) followed by CHCl,/
MeOH in linear gradient (90:10, 80:20, 70:30, 60:40, 0:100) to obtain 14
fractions (fractions 1—14) on the basis of TLC checking. Fractions 10—12
showed interesting dark blue TLC spots after spraying with H,SO,. These
fractions were mixed together as fraction 10, which was purified by Sephadex
LH-20 (petroleum ether/CHCl;/MeOH, 2:1:1) first to give four subfractions
(fractions 10.1—10.4). Fraction 10.3 (200.0 mg) was further purified by CC
on silica gel (CHCl;/MeOH, 99:1) to give 1 (253 mg) and 8 (4.1 mg).
Compounds 2 (4.0 mg), 3 (3.5 mg), S (71.0 mg), and 6 (2.0 mg) were
obtained from fraction 10.4 on CC silica gel eluted with CHCl;/MeOH (97:3

t0 95:5). The n-BuOH-soluble fraction was subjected first to Sephadex LH-20
CC (CHCl3/MeOH, 1:1) and then separation by silica gel CC (CHCL/
MeOH, 96:4 to 90:10), resulting in compounds 4 (5.0 mg) and 7 (6.0 mg).

(3R)-Palmarumycin BG1 (1):. yellow solid; [o]'p — 1510
(¢ = 0.5, CHCly); palmarumycin JC2:* [o]*p +131.9 (¢ = 0.5, CHCLy);
UV (MeOH) A, (log €) 224 (156.9), 256 (20.8), 299 (22.0), 313 (21.7),
327 (22.5) nm; ECD (MeOH), A [nm] (Ae) (c = 1.76 x 10~ *) 34Ssh
(—1.23), 328 (—2.78), 320sh (—1.34), 298sh (—0.77), 284sh (—1.02), 251
(—5.94), 226 (—54.9), 209 (22.91); IR (KBr) ¥, 3432, 3058, 2919, 1641,
1608, 1585, 1456, 1413, 1378, 1269, 1164, 1120, 1070, 1027, 977, 821, 756
em Y "H and *C NMR (see Tables 1 and 2); selected HMBC data, H-2 —
C-1,3,4,10; H-3—C-1,2,4,5; H-6—C-1,4,5,7,8,9,10; OH-9— C-1,7,8,
9,10; ESIMS m/2 335 [M + H] ™, 333 [M — H] ~; HRESIMS m/2 357.0737
[M + Na] ™" (caled for CoH;405Na, 357.0739).

(15,3R)-Palmarumycin BG2 (2):. white solid; [a]'®, —40
(c = 0055, CHCL); ECD (MeOH), A [nm] (Ae) (c = 74 x 1074
331 (0.18), 327 (—0.41), 319sh (—0.33), 312sh (—0.63), 298 (—0.83),
283sh (—0.78), 229 (—19.73), 219sh (—4.27), 209 (4.73), 204 (6.17); 'H
and ®*C NMR (see Tables 1 and 2); selected HMBC data, H-1— C-2, 3, 10;
H2—C-1,3,4,10; H-3—C-1,2,4,5;H-6—C+4,5,7,8,9,10; H-7— C-5,
6,8,9,10; H-8 — C-6,7, 9, 10; ESIMS m/z 359 [M + Na] ", 695 [2 M +
Na]™, 335 [M — H]~; EIMS m/z (rel int) 336 [M]* (20), 318 [M —
H,0]" (60), 302 (20), 271(10), 160 (76), 159 (100),149 (37), 131 (70),
121 (30), 115 (20), 97 (18), 85 (20), 71 (28), 57 (40); HREIMS m/z
336.0998 [M] ™ (caled for CooH 4Os, 336.0998).

Palmarumycin BG3 (3):. white solid; [0]'"p —261 (¢ = 0.14,
acetone); ECD (MeOH), A [nm] (Ae) (c = 262 x 10 %) 331 (0.04),
327 (—0.56), 320sh (—0.31), 312sh (—0.52), 298sh (—0.62), 288 (—0.89),
257 (0.12), 247sh (—0.21), 227 (—22.34), 217sh (—5.82), 197 (17.20); IR
(KBr) Vg 3592, 3469, 3145, 2921, 2852, 1637, 1606, 1585, 1413, 1378,
1270, 1114, 756; 'H and "*C NMR (see Tables 1 and 2); selected HMBC
data, H-1— C-2, 3,9, 10; H2 — C-1, 3,4, 10; H-3 — C-1,2, 4, 5; H-6 —
C-4,5,7,8,9,10; H-7— C-5,6,8,9,10; H-8 — C-6,7,9, 10; ESIMS m/z 359
[M + Na]™, 695 [2 M + Na]™, 335 [M — H]~; HRESIMS 359.0915
[M + Na]™ (caled for Co0H;s05Na, 359.0895).

Palmarumycin BG4 (4):. white solid; [a]'p +101 (c = 0.1,
MeOH); UV (MeOH) A,,,,, (log €) 226 (37.0), 301 (7.3), 314 (5.6), 328
(4.1); ECD (MeOH), A [nm] (A€) (c = 1.86 x 10~ *) 330 (0.13), 322sh
(0.18), 314sh (0.21), 303 (0.37), 288 (0.27), 276 (—0.29), 267 (—0.26),
257 (027),232 (—6.04), 211 (11.78) nm; IR (KBr) V., 3400, 2919, 2850,
1645, 1608, 1461, 1413, 1382, 1259, 1033, 970, 896, 819, 754 cm ™ '; 'H and
3¢ NMR (see Tables 1 and 2); selected HMBC data, H-1 — C-2, 3,9, 10;
H2—C-1,3,4,10; H-3—C-1,2,4; H6—C-4,5,7,8,9,10; H-7— C-5,6,
8,9, 10; H-8 — C-6,7, 9, 10; ESIMS m/z 439 [M + Na] ", 416 [M] ~, 415
[M — H]; HRESIMS 4150476 [M — H] ™ (caled for CyoH;5OsS,
415.0488).

Palmarumycin BG5 (5):. brown solid; [a]*’, —314.7 (c = 0.75,
CHCly); UV (MeOH) ..o (log €) 226 (127.3), 287 (23.1), 299 (21.8),
313(15.3),327 (10.2) nm; ECD (MeOH), A [nm] (A¢) (¢=1.99 x 10~ %)
327 (—1.60), 320sh (—0.95), 312 (—1.51), 299 (—1.62), 288sh (—1.41),
250sh (—0.84),227 (—42.74),210sh (—11.62), 194 (27.34); IR (KBr) Ve
3384,2919,2850, 1637, 1608, 1587, 1463, 1413, 1378, 1270, 1107, 1022, 891,
821,756,688 cm *; 'Hand ">*C NMR (see Tables 1 and 2); selected HMBC
data, H-1 — C-2, 10; H2— C-3,4; H3— C-1,2,4, 5, H6— C-4,5,7, 8,
10; H-7 — C-5, 6, 8,9; H-8 — C-6, 9, 10; EIMS m/z 372 [M]* (19), 370
[M] T (59), 352 [M — H,O]" (10), 318 (24), 317 (56), 316 (34), 288
(25), 160 (65), 159 (100), 147 (28), 131 (43), 115 (20), 83 (82); ESIMS
m/z 393 [M + Na] ™, 763 [2 M + Na]™, 369 [M — H]~; HRESIMS
393.0521 [M + Na] " (caled for C,0H;sO5CINa, 393.0506).

Palmarumycin BG6 (6):. brown solid; [0]*°y +60 (c = 0.04,
CHCl;); ECD (MeOH), A [nm] (Aég) (c = 0.50 x 10~ %) 329 (1.61),
322sh (0.85), 314 (1.35), 306sh (0.93), 301 (1.17), 29Ssh (0.76), 279
(— 0.94), 252 (1.18), 246sh (0.67), 232 (— 7.63), 211 (28.15); 'H and
13C NMR (see Tables 1 and 2); selected HMBC data, H-1 — C-2, 10;
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H2—C-3,4;,H3—C-1,2,4, 5 H6—C4,5,7,8,10; H-7— C-5, 6,
8,9; H-8 — C-6,9, 10; EIMS m/z 372 [M] " (24), 370 [M] " (76), 352
[M — H,0]" (10), 334 [M — CI]" (16), 318 (26), 317 (56), 316 (64),
288 (24), 287 (16), 175 (16), 160 (58), 159 (85), 147 (28), 131 (30),
111 (33), 97 (53) 83 (44), 71 (53), 57 (100); ESIMS m/z 393 [M +
Na]™, 763 [2M + Na]™; HRESIMS 393.0508 [M + Na] " (calcd for
Cy0H,;505CINa, 393.0506).

Palmarumycin BG7 (7):. brown solid; [a]'’p — 171 (¢ = 0.1,
MeOH); ECD (MeOH), A [nm] (A¢) (c=3.33 x 10 *) 327 (— 048),
320sh (—0.28), 312 (—0.43),298 (—0.53), 288sh (—0.46), 278sh (—0.43),
226 (—14.50), 211 (—3.39), 193 (8.11); 'H and '*C NMR (see Tables 1
and 2); selected HMBC data, H-1— C-2, 5,9, 10; H-2— C-3,4; H-3— C-1,
2,4,5,H6—C4,5,7,8,10; H-7— C-5,6,8,9; H-8 — C-6,9, 10; ESIMS
m/z449 [M —H] ™ (100),451 [M —H] (35),415S[M—ClI] (17),371
[M — SO;H]  (77); HRESIMS 449.0097 [M — H] (caled for
CyoH1405SCl, 449.0098).

Preussomerin BG1 (8):. yellow solid; [a]'p, —135 (¢ = 0.13,
CHCly); UV (MeOH) A, (log €) 257 (16.5), 311 (52), 357 (5.0) nm;
ECD (MeOH), A [nm] (Ag) (c = 2.59 x 10 %) 354sh (—122), 332
(—2.01), 270 (—2.19), 251 (1.29), 236sh (—4.45), 217 (—3847), 193
(38.48); IR (KBr) ¥y, 3401, 2962, 2923, 2852, 1687, 1650, 1592, 1469,
1261, 1091, 1037, 937, 802 cm~ '; 'H and "*C NMR (see Tables 1 and 2);
ESIMS m/z 367 [M + H] ", 365 [M — H]~; EIMS m/z 366 [M] " (84),
348 (13), 337 (25),238 (12), 192 (15), 182 (100), 181 (68), 176 (25), 167
(18), 151 (36), 149 (25),139 (19),77 (24), 69 (18), 59(36); HREIMS m/z
366.0742 [M] ™" (caled for CooH 405, 366.0740).

Computational Details. Mixed torsional/low mode conforma-
tional searches were carried out by means of the Macromodel 9.7.211>°
software using the Merck molecular force field (MMFF) with implicit
solvent model for chloroform. In each conformational search, the max-
imum number of steps were set to 30000. Geometry reoptimizations at
the B3LYP/6-31G(d) level of theory applying no or PCM solvent model
for chloroform followed by TDDFT CD calculations using various
functionals (B3LYP, BH&HLYP, CAM-B3LYP) and TZVP basis set
were performed by the Gaussian 03”° and the Gaussian 09”7 packages.
Boltzman distributions were estimated from the ZPVE-corrected B3LYP/
6-31G(d) energies of the optimized conformer geometries obtained at the
same level of theory in the gas-phase calculations, and from the B3LYP/
6-31G(d) energies in the PCM calculations. CD spectra were generated as
the sum of Gaussians®® with 3000, 2100, and 1200 cm " half-height width
(corresponding to ca. 15, 10, and 6 at 220 nm, respectively), using dipole-
velocity computed rotational strengths. The MOLEKEL> software
package was used for visualization of the results.
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