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Three new bromophenols coupled with pyroglutamic acid derivatives and one bromophenol coupled with
deoxyguanosine were obtained from the red alga Rhodomela confervoides. By spectroscopic methods
including 2D NMR and single-crystal X-ray structure analysis their structures were elucidated as N-(2,3-
dibromo-4,5-dihydroxybenzyl)methyl pyroglutamate (1), N-(2,3-dibromo-4,5-dihydroxybenzyl)pyroglutamic
acid (2), N-[3-bromo-2-(2,3-dibromo-4,5-dihydroxybenzyl)-4,5-dihydroxybenzyllmethyl pyroglutamate (3),
and 2-N-(2,3-dibromo-4,5-dihydroxybenzylamino)deoxyguanosine (4), respectively. Compounds 1—4 were
evaluated against several microorganisms and human cancer cell lines, but found inactive. To our
knowledge this is the first report of bromophenols coupled with amino acid or nucleoside derivatives

through the C—N bond.

Studies on the red algae of the Rhodomelaceae family
have yielded a number of monoaryl and diaryl bromophe-
nols with potent bioactivities.!~14 Continuing our recently
initiated program to assess systematically the chemical and
biological diversity of seaweeds distributed in the gulf of
the Yellow Sea, China,'5~18 we have found more than 20
bromophenols with a variety of structural types!®?° from
the EtOAc-soluble fraction of the alcoholic extract of
Rhodomela confervoides (Huds.) Lamour. collected at the
coast of Qingdao, China. Although they were inactive
against several microorganisms (MIC;5, > 100 ug/mL) and
human tumor cell lines (IC59 > 10 ug/mL), the character-
ization of some unusual bromophenols, such as a sul-
foxide,?® prompted us to further investigate the remaining
fractions from the same extract. We report herein the
isolation and structural elucidation of four unique bro-
mophenols. Among them, three are coupled with pyro-
glutamic acid derivatives (1—8) and one coupled with
deoxyguanosine (4). They were evaluated against several
human cancer cell lines (IC5, > 10 ug/mL) including lung
adenocarcinoma (A549), stomach cancer (BGC-823), breast
cancer (MCF-7), hepatoma (Bel7402), and human colon
cancer (HCT-8) cell lines, as well as three microorganisms
(MICsp > 100 ug/mL), Staphylococcus aureus, Escherichia
coli, and Candida albicans. To our knowledge this is the
first report of bromophenols coupled with amino acid or
nucleoside derivatives through the C—N bond.

Results and Discussion

Compound 1 was obtained as colorless crystals, mp 183—
185 °C, [a]?°p +7.0° (¢ 5.0, Me;CO). The IR spectrum
showed strong absorption bands for hydroxy (3408 ¢cm™1)
and carbonyl (1749 ecm™1) groups and an aromatic ring
(1597 and 1502 cm™1). The FABMS exhibited a character-
istic quasi-molecular ion peak cluster with two bromine
atoms at m/z 422/424/426 (1:2:1) [M + HJ*", and the
molecular formula Ci3H;305Bro:N was determined by
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HRFABMS at m/z 421.9261 (caled for C3H14057°BrsN,
421.9239). The 'H NMR spectrum of 1 showed character-
istic signals assignable to a 2,3-dibromo-4,5-dihydroxyben-
zyl moiety?20 at 6y 6.85 (1H, s, H-6'), 4.86 (1H, d, J = 15.0
Hz, H-7'a), and 4.14 (1H, d, J = 15.0 Hz, H-7'b), which was
unambiguously confirmed by the 3C NMR data (see
Experimental Section) and the strong fragment cluster at
m/z 279/281/283 (1:2:1) in the FABMS of 1. In addition,
the NMR spectra showed signals attributed to a methoxyl
at oy 3.68 (3H, s, H3-OMe) and d¢ 52.5, a methine at oy
4.11 (1H, dd, J = 9.0 and 3.0 Hz, H-2) and ¢ 59.6, and
two methylenes at oy 2.35 and 2.08 (each 1H, m, H-3a and
H-3b) and d¢ 23.5 (C-3) and oy 2.37 (2H, m, He-4) and d¢
29.6 (C-4), as well as two carbonyls at ¢ 173.1 (C-1) and
175.2 (C-5). The chemical shift values and coupling pat-
terns of these signals in combination with the molecular
composition of 1 (C13H1305BrslN) suggested that there was
a methyl pyroglutamate moiety in 1. This was confirmed
by 2D NMR experiments of 1. The 'H—'H COSY spectrum
displayed vicinal coupling correlations between H-2 and
H,-3, which in turn correlated with Hy-4, while the HMBC
spectrum demonstrated correlations of C-1 with H-2, Ho-
3, and the methoxyl protons, and C-5 with Hy-3 and Hy-4.
Furthermore, in the HMBC spectrum strong correlations
from Hs-7' to C-2 and C-5 established that the 2,3-dibromo-
4,5-dihydroxybenzyl moiety was located at the nitrogen
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Figure 1. ORTEP drawing of the two isomers (A and B) of compound
1.

4

Figure 2. Computer-generated overlapping of two isomers (A and B)
of compound 1.

atom of the methyl pyroglutamate moiety. Therefore, the
structure of 1 was determined as N-(2,3-dibromo-4,5-
dihydroxybenzyl)methyl pyroglutamate. The structural
assignment of 1 was further confirmed by an X-ray
structure analysis showing that the crystal unit cell
contained two conformational isomers (A and B) with
different configurations at the nitrogen atoms (N1A and
N1B). The ORTEP drawings of the two isomers, with the
atom-numbering scheme indicated, as well as the computer-
generated overlapping of the two isomers are given in
Figures 1 and 2, respectively.

Compound 2 was obtained as colorless crystals, mp 172—
174 °C, [a]?°p +24.0° (¢ 5.7, Me2CO). The FABMS exhibited
a dibrominated quasi-molecular ion peak cluster at m/z
408/410/412 (1:2:1) [M + HJ*, and the molecular formula
C12H1105BrsN was determined by HRFABMS at m/z
407.9071 (caled for C15H12057°BrsN, 407.9082), which is a
CH; unit less than that of 1. The IR and NMR spectra of
2 (Experimental Section) resembled those of 1, except for
the disappearance of the methoxyl signal in the NMR
spectra of 2, indicating that 2 is the acid form of 1. This
was confirmed by the HMBC experiment of 2 and the acidic
hydrolysis of 1 yielding 2. Accordingly, 2 was determined
as N-(2,3-dibromo-4,5-dihydroxybenzyl)pyroglutamic acid.

Compound 3 was obtained as colorless crystals, mp 196—
198 °C, [0]2p —30.9° (¢ 9.7, Me;CO) and showed IR
absorption bands for hydroxy (3369 ecm™!) and carbonyl
(1741 em™1) groups and aromatic rings (1610, 1583, 1505,
and 1496 cm™1). The FABMS of 3 gave a characteristic
tribromonated quasi-molecular ion peak cluster at 620/622/
624/626 (1:3:3:1) [M — H]-, and the molecular formula
Cy0H1507BrsN was determined by HRFABMS at m/z
619.8536 [M — H]~ (caled for CooH17077°BrsN, 619.8555).
The 'H NMR spectrum of 3 displayed signals assignable
to two tetrasubstituted benzyl units!® at 6 6.80 (1H, s, H-6'),
5.99 (1H, s, H-6"), 4.91 (1H, d, J = 15.0 Hz, H-7'a), 3.69
(1H, d, J = 15.0 Hz, H-7'b), and 4.05 (2H, s, H-7"), besides
similar signals attributed to the methyl pyroglutamate
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Figure 3. Main HMBC correlations of compounds 3 and 4.

moiety of 1 at 6 3.87 (1H, dd, J = 9.0 and 3.0 Hz, H-2),
3.66 (3H, s, OCH3), and 1.80—2.30 (4H, m, Hs-3 and Hy-4).
These data suggested that 3 was an analogue of 1 with an
additional tetrasubstituted benzyl unit, which was con-
firmed by the 13C NMR and DEPT spectra showing 20
carbon signals consisting of 12 quaternary sp? carbons [two
carbonyls (6 >170 ppm)], three methines, four methylenes,
and one methyl (Experimental Section). The substitution
pattern and connectivity of these structural units were
further demonstrated by 2D NMR techniques including
TH—-1H COSY, HMQC, and HMBC experiments. The NMR
signals of protons and protonated carbons were unequivo-
cally assigned by the HMQC experiment (Experimental
Section). Homonuclear correlations of He-3 with H-2 and
Hy-4 in the 'TH—'H COSY spectrum and long-range cor-
relations of C-1 (6¢ 173.0) with H-2, Hy-3, and Hs3-6, and
C-5 (0¢ 174.2) with He-3 and Hp-4 in the HMBC spectrum
(see Figure 3), confirmed the presence of the methyl
pyroglutamate moiety. In combination with the molecular
formula Cy0H13507BrsN, HMBC correlations from H-6' to
C-2',C-4', C-5', and C-7' (0¢ 128.3, 129.6, 143.7, 145.0, and
43.9, respectively), and from Hy-7' to C-1', C-2', and C-6'
(0¢ 117.0), as well as from H-6" to C-2", C-4", C-5", and
C-7" (0c 116.4, 143.3, 145.1, and 39.9, respectively) and
from Hy-7" to C-1", C-2", C-6", C-1', and C-3', unequivocally
established the presence of a 3-bromo-2-(2,3-dibromo-4,5-
dihydroxybenzyl)-4,5-dihydroxybenzyl moiety. In addition,
HMBC correlations from H-7' to both C-2 (6¢ 58.7) and C-5
in combination with the chemical shift value of C-7'
demonstrated the linkage between C-7' and the nitrogen
atom. Therefore, the structure of 3 was determined as N-[3-
bromo-2-(2,3-dibromo-4,5-dihydroxybenzyl)-4,5-dihydroxy-
benzyllmethyl pyroglutamate.

Compound 4 was obtained as a brown amorphous solid,
mp 205-207 °C, [a]*’p +7.0° (¢ 4.4, DMSO). The IR
spectrum (KBr) showed absorption bands for hydroxy
groups (3446 and 3359 cm™1) and aromatic rings (1581 and
1487 ecm™1!). The FABMS gave a dibrominated quasi-
molecular ion peak cluster at m/z 546/548/550 (1:2:1) [M
+ HI*, and the molecular formula was determined as
C17H1706BroN5 by HRFABMS at m/z 545.9638 (caled for
C17H1306™BryN5, 545.9623). The 'H NMR showed charac-
teristic signals attributed to a 3-D-ribofuranosyl dexoygua-
nosine moiety at ¢ 8.42 (1H, brs, H-8), 8.19 (1H, s, H-6),
5.90 (1H, d, J = 6.0 Hz, H-1'), 4.64 (1H, brs, H-2'), 4.14
(1H, brs, H-3"), 3.96 (1H, brs, H-4"), 3.66 (1H, brd, J = 12.0
Hz, H-5'a), and 3.54 (1H, brd, J = 12.0 Hz, H-5'b) besides
typical signals for the 2,3-dibromo-4,5-dihydroxybenzyl
moiety at 6 6.73 (1H, s, H-6") and 4.58 (2H, s, H-7""). The
13C NMR data (Experimental Section) further indicated
that 4 consisted of 5-D-ribofuranosyl dexoyguanosine and
2,3-dibromo-4,5-dihydroxybenzyl moieties. Although most
of the NMR signals were broad, as usually observed for
nucleosides, the presence of these moieties was confirmed
by 2D NMR techniques including 'H—'H COSY, HMQC,
and HMBC experiments. The HMQC experiment enabled
the assignment of the NMR signals of protons and their
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Table 1. NMR Data for Compounds 1—4¢
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1 2 3 4

no. 6H (3(3 5H (3(3 6H (Sc 6H 50
1 173.1s 173.2s 173.0 s

2 4.11dd (9.0, 3.0) 59.6 d 4.10 dd (9.0, 3.0) 59.2d 3.87 dd (9.0, 3.0) 58.7d 154.3 s
3 (a) 2.35m 23.5¢ (a) 2.30 m 234t (a) 1.94 m 226t

(b) 2.08 m (b) 2.04 m (b) 1.90 m
4 2.35m 29.6t (a) 2.44 m 30.2t (a) 2.20 m 304t 148.6 s
(b) 2.37 m (b) 1.91 m
5 175.2s 1756 s 174.2 s 1199 s
6 8.19 s 152.4 d
8 8.42's 140.2d
1 129.1s 128.8 s 128.3 s 5.90d (6.0) 87.8d
2' 1158 s 1155 s 129.6 s 4.64 brs 73.3d
3' 1138 s 1135 s 1153 s 4.14 brs 70.6d
4' 1449 s 144.6 s 143.7 s 3.96 brs 85.9d
5' 145.8 s 1454 s 145.0 s (a) 3.66 brd (12.0) 616t
(b) 3.54 brd (12.0)

6 6.85s 116.4 d 6.88 s 116.1d 6.80 s 117.0d

7 (a) 4.86 d (15.0) 47.1t (a) 4.91d (15.0) 469t (a)4.91d (15.0) 439t

(b) 4.14 d (15.0) (b) 4.15 d (15.0) (b) 3.69 d (15.0)

1" 132.1s 130.1s
2" 116.4 s 1124 s
3" 113.7 s 113.1s
4" 1433 s 143.1s
5" 145.1s 145.0 s
6" 5.99s 114.3d 6.73 s 113.2d
7 4.05s 399t 4.58 s 443t
OMe 3.68 s 52.5q 3.66 s 52.5q

@ Data were measured in acetone-dg for 1—8 and DMSO-ds for 4, at 500 MHz for proton and 125 MHz for carbon. Proton coupling
constants (J) in Hz are given in parentheses. The assignments were based on DEPT, 'H—1H COSY, HMQC, and HMBC experiments.

attaching carbons (Experimental Section). The vicinal
coupling chain of the ribofuranosyl unit was readily traced
from the anomeric proton (H-1') through H-2', H-3', and
H-4' to Ho-5'. In the HMBC spectrum (Figure 3) correla-
tions from H-8 to C-4 and C-5, from H-6 to C-2 and C-4,
and from H-1' to C-4 and C-8, in combination with chemical
shift values of these protons and carbons, as well as the
molecular composition C17H;706Br2N5, confirmed the pres-
ence of the deoxyguanosine moiety. Meanwhile, correla-
tions from H-6" to C-2", C-4", and C-5", from one hydroxyl
proton at 6 9.84 to C-3", C-4", and C-5", and from another
hydroxyl proton at 6 9.38 to C-4", C-5", and C-6" confirmed
the presence of the 2,3-dibromo-4,5-dihydroxybenzyl moi-
ety. Additionally, the three-bond HMBC correlation from
H,-7" to C-2 and 'H—'H COSY correlation between H-7"
and the exchangeable amino proton at ¢ 8.42 (overlapped
with H-8) demonstrated that the 2,3-dibromo-4,5-dihy-
droxybenzyl moiety was linked with the 2-amino group of
deoxyguanosine. Consequently, the structure of 4 was
established as 2-N-(2,3-dibromo-4,5-dihydroxybenzyl)deoxy-
guanosine.

Compound 2 may be an artifact from the hydrolysis of
1, since 1 can be converted into 2 by keeping the aqueous
methanol solution of 1 at room temperature for 3 days.
However, the methylation of 2 and the hydrolysis of 3 did
not occurr under the simulated isolation conditions, by
heating a methanolic solution of 2 or 3, either with or
without silica gel at 45 °C for 48 h. The absolute configu-
ration at the chiral center (C-2) of compounds 1—3 has not
been determined yet. Compounds 1—4 were tested for their
antimicrobial activity against Staphylococcus aureus,
Escherichia coli, and Candida albicans and showed no
growth inhibition at 100 ug/mL. Cytotoxicities of com-
pounds 1—4 were evaluated using the MTT method?!:22
against several human cancer cell lines including lung
adenocarcinoma (A549), stomach cancer (BGC-823), breast
cancer (MCF-7), hepatoma (Bel7402), and human colon
cancer (HCT-8) cell lines, but found inactive at 10 ug/mL.

Experimental Section

General Experimental Procedures. Melting points were
determined on an XT-4 micro melting point apparatus and are
uncorrected. IR spectra were recorded as KBr disks on a
Nicolet Impact 400 FT-IR spectrophotometer. 1D and 2D NMR
spectra were obtained at 500 and 125 MHz for 'H and 3C,
respectively, on an Inova 500 MHz spectrometer in DMSO and
acetone-dg with solvent peaks as references. EIMS, FABMS,
and HRFABMS data were measured with a Micromass Au-
tospec-Ultima ETOF spectrometer. Column chromatography
was performed with silica gel (200—300 mesh), Bio-Beads SX3
(200—400 mesh), RP-18 reversed-phase silica gel (43—60 um),
and Sephadex LH-20. TLC was carried out with glass pre-
coated silica gel GFgs4 plates. Spots were visualized under UV
light or by spraying with 3% FeCls in EtOH. HPLC was
performed using an Alltima C18 10 ym preparative column
(22 x 250 mm).

X-ray diffraction intensity data of 1 were collected on a
Rigaku R-AXIS RAPID diffractometer with graphite-mono-
chromated Mo Ka radiation (A = 0.71067 A) by the w scan
technique, scan width 0—180°, 26 < 50°, and were corrected
by Lorentz and polarization. A total of 1734 reflections were
collected, of which 1707 with |F|?> 80|F|? were observed. The
structure of 1 was solved by direct methods and refined by
block-matrix least-squares procedure to R = 0.042, R, = 0.046
[w = 1/0|F|?]. Hydrogen positions were found from difference
Fourier maps and geometric calculations. All calculations were
carried out on a PC computer by using the NOMCSDP
program system.

Materials. The red alga Rhodomela confervoides was col-
lected at the coast of Qingdao, China, in May 2001, and
identified by Professor B.-M Xia. A voucher specimen (No.
200102) was deposited at the Department of Marine Algae
Chemistry, Institute of Oceanology, Chinese Academy of
Sciences, Qingdao 266071.

Extraction and Isolation. Air-dried R. confervoides (14.4
kg) was extracted with EtOH at room temperature for 3 x 48
h. After the solvent was removed under reduced pressure at
<40 °C, a dark residue was obtained. The residue was
suspended in water and then partitioned with EtOAc. The
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EtOAc fraction (594.6 g) was chromatographed over silica gel
(1200 g) eluting with a gradient of increasing MeOH (0—100%)
in CHCI; and separated into 24 fractions (I-XXIV) on the basis
of TLC analyses. Fraction XI (13 g) was chromatographed over
Sephadex LH-20 eluting with petroleum ether—CHCIl;—MeOH
(5:5:1) to give three subfractions. The second subfraction (2.7
g) was decolored by column chromatography over Bio-Beads
SX3 using CHCl;—EtOAc (1:1) and then further separated into
five fractions by reversed-phase flash chromatography using
MeOH—-H;0—AcOH (50:50:0.1). The subsequent purification
of the third fraction (0.12 g) by reversed-phase preparative
HPLC using MeOH—H;0—AcOH (60:40:0.1) as mobile phase
yielded compounds 1 (30 mg) and 2 (35 mg). Fraction XII (21
g) was chromatographed by reversed-phase MPLC eluting with
a gradient of increasing MeOH in H;O to give six subfractions.
The third subfraction (0.46 g) was decolored by column
chromatography over Sephadex LH-20 eluting with CHCl5—
MeOH (1:1) and then purified by reversed-phase preparative
HPLC using MeOH—H2;0—AcOH (60:40:0.1) as mobile phase
to yield 3 (21 mg) and 4 (17 mg).

N-(2,3-Dibromo-4,5-dihydroxybenzyl)methyl pyrogluta-
mate (1): colorless crystals (H,O—MeOH, 1:1), mp 183—185
°C; [0]2°p 4+7.0° (¢ 5.0 acetone); IR (KBr) vimax 3408, 2949, 2542,
1749, 1645, 1597, 1464, 1402, 1275, 1190, 1167, 1045, 947, 854
cm™!; 'H NMR (acetone-dg, 500 MHz) data, see Table 1; 13C
NMR (acetone-dgs, 125 MHz) data, see Table 1; FABMS m/z
422, 424, 426 [M + H]* (16, 32, 19), 344 (15), 342 (13), 318
(30), 283 (17), 281 (34), 279 (17), 244 (24), 242 (21), 144 (100),
133 (43), 93 (41), 84 (53), 41 (55); HRFABMS m/z 421.9261
[M + H]+ (calcd fOI‘ 013H1405 BI‘QN 421. 9239)

Crystal data of 1: 013H1305Br2N M, 423.06, triclinic, space
group P1, a = 8.236(1) A, b = 10.022(1) A, ¢ = 10. 485(1) A«
=63. 94(4)° p=85. 07(4)° y =174.59(3)°; V = 749.0(1) A3, Z—
2, D, = 1.883 g/cm?; crystal dimensions 0.20 x 0.30 x 0.30 mm;
see Supporting Information for more details.

N-(2,3-Dibromo-4,5-dihydroxybenzyl)pyroglutamic acid
(2): colorless crystals (H:O—MeOH, 1:1), mp 172—174 °C;
[a]?°p +24.0° (¢ 5.7, acetone); IR (KBr) vmax 3608, 3429, 2941,
2538, 1718, 1635, 1593, 1502, 1464, 1400, 1346, 1269, 1188,
953, 854, 800, 650 cm ™ 1; 'H NMR (acetone-ds, 500 MHz) data,
see Table 1; 13C NMR (acetone-ds, 125 MHz) data, see Table
1; FABMS m/z 412, 410, 408 [M + H]* (50, 100, 52), 332 (18),
331 (20), 330 (30), 329 (18), 318 (16), 299 (10), 281 (5), 275
(26), 274 (78), 272 (14), 250 (12), 230 (18), 223 (11), 207 (15),
184 (3), 142 (8), 133 (52), 130 (33), 123 (7), 115 (10), 84 (15);
HRFABMS m/z 407.9071 [M + H] " (caled for C12H12057BroN
407.9082).

Acidic Hydrolysis of 1. A solution of 1 (7 mg) in 2 N HCI
(2.5 mL) was stirred at 50 °C for 4 h and then evaporated to
dryness under reduced pressure. The residue was dissolved
with acetone (1.0 mL) and analyzed by TLC and reversed-
phase HPLC together with 2, indicating that the hydrolysis
product of 1 is identical to 2. The developing solvent system
was CHCl3—MeOH—-AcOH (5:1:0.1) for TLC. The HPLC
analysis was carried out with a YMC-Pack ODS-AM column
(3 um, 100 x 4.6 mm) and a DAD detector (254 nm) using
methanol—water (6:4) as mobile phase (0.5 mL/min).

N-[3-Bromo-2-(2,3-dibromo-4,5-dihydroxybenzyl)-4,5-
dihydroxybenzyllmethyl pyroglutamate (3): colorless crys-
tals (H,O—MeOH, 1:1), mp 196—198 °C, [a]?°p —30.9° (¢ 9.7,
acetone); IR (KBr) vmax 3479, 3369, 2954, 1741,1651, 1605,
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1583, 1502, 1460, 1437, 1406, 1275, 1217, 1163, 1092, 955, 860,
812 cm™!; 'H NMR (acetone-ds, 500 MHz) data, see Table 1;
13C NMR (acetone-ds, 125 MHz) data, see Table 1; FABMS
m/z 626, 624, 622, 620 [M — H]~ (23, 57, 50, 18), 546 (19), 545
(21), 544 (35), 543 (29), 542 (35), 541 (15), 540 (14), 465 (9),
464 (16), 463 (15), 462 (12), 461 (9), 401 (27), 399 (54), 397
(25), 275 (17), 183 (100), 91 (78); HRFABMS m/z 619.8536 [M
- H]7 (calcd for Con17O779BI'3N 619.8555).

2-N-(2,3-Dibromo-4,5-dihydroxybenzyl)-9-f-pD-ribofura-
nosyldeoxyguanosine (4): brown powder, mp 205—207 °C;
[0]20p +7.0° (¢ 4.4, DMSO); TR (KBT) vmax 3446, 3359, 3140,
2937, 1643, 1581, 1597, 1537, 1487, 1417, 1334, 1281, 1173,
1107, 1038, 856, 818 cm™; 'H NMR (DMSO-ds, 500 MHz) data,
see Table 1; 3C NMR (DMSO-ds, 125 MHz) data, see Table 1;
FABMS m/z 550, 548, 546 [M + HI* (6, 11, 5), 415 (11), 318
(16), 282 (13), 275 (18), 274 (100), 155 (10), 135 (18), 119 (31),
103 (23), 85 (34); HRFABMS m/z 545.9638 [M + H]* (caled
for C17H1506"BraN; 545.9624).
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