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The marine sponge constituent aaptamine (1) has been converted to the cancer cell growth
inhibitor and antibiotic designated hystatin 2 (8a). Herein, we also report results of an initial
SAR evaluation of new benzyl derivatives of aaptamine (1). Single benzylation was found to
occur at nitrogen N-4 and led to the formation of the 4-benzylaaptamine derivatives 7a—c,
whereas double benzylation gave the quaternary 1H-benzo[de][1,6]-naphthyridinium salts
8a—c. The anticancer and antimicrobial properties of these aaptamine derivatives are described.
The quaternary ammonium salts 8a (hystatin 2) and 8b exhibited significant inhibitory activity
against the murine P388 lymphocytic leukemia and a minipanel of human cancer cell lines.
Salts 8a and 8b also had broad spectrum antimicrobial activities and were most potent against
Mycobacterium tuberculosis, Neisseria gonorrhoeae, and Micrococcus luteus. Naphthyridinium
chloride 8a was selected for further development, and results of an initial cell cycle analysis
and a cDNA microarray study showed effects consistent with inhibition of the S-phase of cell

growth.

The isolation and structural determination of new
anticancer constituents from marine invertebrates con-
tinue to increase. Recent examples include the nitrogen
heterocyclic constituents diazonamide A,2 bengamide B,3
makaluvamine P,* spongidepsin,® N-methyl-epi-man-
zamine D,® amphiasterin A3,7 and pyrinodemins B—D.8
The aaptamines form a small group of 1H-benzo[de]-
[1,6]-naphthyridine marine alkaloids with cancer cell
growth inhibitory properties. The parent aaptamine (1)
was first isolated by Nakamura® and was found to
possess antineoplastic as well as o-adrenoreceptor
blocking activity.1° The isolation of isoaaptamine (2) was
first reported by Fedoreev from a sponge in the genus
Suberites.’ Later, it was isolated by three other
groups.2-14 |spaaptamine (2) has been reported to be a
PKC inhibitor,'® to possess activity against a number
of clinically important microorganisms,6 and to inhibit
growth of cancer cells.!” In our laboratory, isoaaptamine
(2) showed significant cytotoxicity against the murine
P388 lymphocytic leukemia cell line (EDsp = 0.28 ug/
mL) and against a panel of six human cancer cell lines.1®
Because of the interesting biological activities of
isoaaptamine (2), we started an extended chemical
(SAR) and biological study of the aaptamines.

Several total syntheses of aaptamine (1) (for a review,
see ref 18) and a synthesis of isoaaptamine!® have been
reported. Due to our multigram isolation of aaptamine
from Hymeniacidon sp.,'* this naphthyridine was em-
ployed as the starting material for our SAR studies.
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Previously, we described the synthetic conversion of
aaptamine (1) to isoaaptamine (2) and 9-demethyl-
aaptamine (3).16 Methylation of aaptamine (1) led to the
formation of methylaaptamine (4). However, the methyl
group proved to be bonded to the nitrogen atom at N-4,
as shown in (4), and not as expected, at N-1. Further
methylation led to the formation of 1H-benzo[de][1,6]-
naphthyridinium salt 5, where both nitrogen atoms N-1
and N-4 were methylated.

The 1H-benzo[de][1,6]-naphthyridine skeleton of
aaptamine (1) consists of a quinoline as well as iso-
qguinoline substructure. Interestingly, quaternary iso-
quinolinium?° or even quinolinium alkaloids?! are not
unusual in nature and often have biological activity.2223
For example, the alkaloid nitidine (6), from the roots of
Toddalia asiatica, showed significant anti-HIV activity
and inhibited HIV reverse transcriptase,2*2> whereas
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the structurally related benzo[c]phenanthridine alkaloid
NK109 showed anticancer activity.?® Because of such
considerations and the cancer cell growth inhibitory
activity of the quaternary ammonium salt 5 (EDso 3.9
ug/mL, murine P388), we began a structural investiga-
tion of naphthyridine quaternary ammonium salts.
Herein we describe the syntheses of 4-benzylaaptamine
derivatives 7a—c and 1H-benzo[de][1,6]-naphthyridin-
ium salts 8a—c, all readily prepared from aaptamine

(D).

Experimental Section

Commercially available reagents were obtained from Sigma-
Aldrich Company, and solvents were distilled prior to use.
Aaptamine (1) was isolated from Hymeniacidon sp. as previ-
ously described.** The benzyl bromides were prepared accord-
ing to a synthesis of 3,4,5-trimethoxybenzyl bromide described
previously.?” Column chromatography was performed either
using flash silica gel from EM Science (230—400 mesh ASTM)
or gravity silica (70—230 mesh ASTM), aluminum oxide from
Aldrich (activated, neutral, Bockmann I, ~150 mesh, 58 D),
and Sephadex LH-20 from Pharmacia Fine Chemical AB (25—
100 um). Thin-layer chromatography was performed using
aluminum oxide plastic sheets (E. Merck). All compounds were
visible under UV light (254 nm). Melting points were recorded
employing an Electrothermal 9100 apparatus and are uncor-
rected. The 'H and *3C spectra were obtained using Varian
VXR-500 or VXR 400 instruments. Mass spectral data were
recorded using a Varian MAT 312 instrument (EIMS), and IR
spectra were determined with a Mattson Instruments 2020
Galaxy Series FTIR instrument. All X-ray structure determi-
nations were performed on a Bruker AXS SMART 6000
diffractometer.

General Procedure for the Synthesis of Naphthy-
ridines 7a—c. Under an argon atmosphere, natural aaptamine
hydrochloride (1, 1.00 g, 3.78 mmol) was suspended in
anhydrous tetrahydrofuran (20 mL), and sodium hexameth-
yldisilazane (7.94 mL, 7.94 mmol, 1.0 M in THF) was added
at room temperature. The mixture was stirred for 15 min at
the same temperature and then cooled to —78 °C. A solution
of the required benzyl bromide (4.54 mmol) in anhydrous
tetrahydrofuran (5 mL) was added (dropwise by syringe), and
the mixture was stirred for 3 h at —78 °C. Afterward, the
mixture was allowed to warm to room temperature and stirred
for another 1 h. The reaction was terminated with a 1.0 M
HCI solution (10 mL), and the solvent was removed in vacuo.
The residue was purified by column chromatography (silica
gel, CH,Cl,—CH3;OH 6:1). Analytically pure samples were
obtained by crystallization from ethyl acetate—methanol using
slow evaporation of the solvent.

4-Benzyl-8,9-dimethoxy-4H-benzo[de][1,6]naph-
thyridine Hydrochloride (7a). Product: 0.80 g (59%); mp
137—-142 °C (dec); Rf 0.80 (CH,Cl,—CH3OH 10:1); UV (CHs-
OH) Zmax (log €) 207 (4.18), 217 (4.17), 239 (4.21), 259 (4.22),
268 (4.18), 278 (4.15), 357 (3.51), 394 (3.52); IR (KBF) vmax 1651,
1597, 1321, 1248, 1091; *H NMR (500 MHz, CD3;0D) ¢ 3.91
(s, 3H, OCHs), 4.03 (s, 3H, OCHj3), 5.27 (s, 2H, NCHy,), 6.37 (d,
J =7.0Hz, 1H, H-3),6.92 (d, 3 = 7.5 Hz, 1H, H-6), 7.08 (d, J
=1.5Hz, 1H, H-7), 7.33—7.29 (m, 3H), 7.39—7.36 (M, 5H, Ca),
7.42 (d, J = 7.5 Hz, 1H, H-5), 7.83 (d, J = 7.5 Hz, 1H, H-2);
13C NMR (126 MHz, CD;OD) 6 57.14, 57.28, 61.29, 98.11,
102.91, 114.98, 118.78, 128.13, 129.49, 130.30, 132.70, 134.02,
135.37, 135.39, 135.75, 143.78, 151.54, 158.16; EIMS m/z 318
(47) [M* — HCI], 303 (12), 289 (10), 227 (50), 213 (11), 199
(15), 184 (22), 167 (14), 91 (100), 65 (13), 28 (55). Anal. Calcd
for C, H, N. Found: C.

8,9-Dimethoxy-4-(4-methoxybenzyl)-4H-benzo[de][1,6]-
naphthyridine Hydrochloride (7b). Yield: 0.95 g (65%);
mp 235—237 °C (dec); Rf 0.81 (CH,Cl,—CH3OH 10:1); UV
(CH30H) Amax (log €) 205 (3.97), 241 (4.04), 261 (4.13), 269
(4.14), 359 (3.26), 395 (3.26); IR (KBr) vmax 2839, 1649, 1595,
1516, 1325, 1250, 1089; *H NMR (500 MHz, CD3;0OD) ¢ 3.76
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Figure 1. A 50% thermal probability plot of the 4-(4-
methoxybenzyl) derivative 7b.

(s, 3H, OCHg), 3.93 (s, 3H, OCH3), 4.05 (s, 3H, OCHj3), 5.21 (s,
2H, NCHy), 6.45 (d, J = 7.3 Hz, 1H, H-3), 6.94 (d, 3 = 9.0 Hz,
2H, Cur), 6.97 (d, J = 7.5 Hz, 1H, H-6), 7.14 (s, 1H, H-7), 7.25
(d, 3=8.5Hz, 2H, C4), 7.45 (d, 3 = 7.5 Hz, 1H, H-5), 7.83 (d,
J = 7.3 Hz, 1H, H-2); 3C NMR (126 MHz, CD;0OD) ¢ 55.80,
56.96, 57.10, 61.28, 98.15, 102.92, 115.21, 115.68, 118.89,
127.02, 129.69, 132.90, 133.89, 134.98, 135.63, 143.24, 151.72,
158.41, 161.35; EIMS m/z 348 (27) [M* — HCI], 227 (11), 167
(60), 121 (100), 33 (10), 28 (50).

X-ray Crystal Structure Determination (7b). 8,9-
Dimethoxy-4-(4-methoxybenzyl)-4H-benzo[de][1,6]naphthyridin-
4-ium chloride (7b): A thin, pale-yellow, needle-shaped crystal
(~0.26 x 0.06 x 0.03 mm), grown from a chloroform—
methanol—water solution, was mounted on the tip of a glass
fiber. Cell parameter measurements and data collection were
performed at 123 + 2 K on a Bruker SMART 6000 diffracto-
meter. Final cell constants were calculated from a set of 1349
reflections from the actual data collection. Frames of data were
collected in the 6 range of 4.65 to 68.75° ( —16 < h < 14, —22
< k =22, -8 = | = 8) using 0.396° steps in w such that a
comprehensive coverage of the sphere of reflections was
performed. After data collection, an empirical absorption
correction was applied with the program SADABS.%° Subse-
quent statistical analysis of the complete reflection set using
the XPREP3! program indicated the space group was P2/c.

Crystaldata: C»H21CIN>O3,a=13.7536(13),b=19.0271(17),
¢ =7.1665(6) A, B = 98.060(5), V = 1856.9(3) A3, 1 = (Cu Ka)
= 1.54178 A, p. = 1.377 g cm=3 for Z = 4 and FW = 384.85,
F(000) = 808. A total of 9803 reflections were collected, of
which 2990 were unique (Rinx = 0.1209), and considered
observed (I, > 20(l,)). These were used in the subsequent
structure solution and refinement with SHELXTL-V5.1.3L All
non-hydrogen atoms for 7b were located using the default
settings of that program. Hydrogen atoms were placed in
calculated positions, assigned thermal parameters equal to
either 1.2 or 1.5 (depending upon chemical type) of the Uis,
value of the atom to which they were attached, then both
coordinates and thermal values were forced to ride that atom
during final cycles of refinement. All non-hydrogen atoms were
refined anisotropically in a full-matrix least-squares refine-
ment process. The final standard residual R; value for the
model shown in Figure 1 converged to 0.0860 (for observed
data) and 0.1454 (for all data). The corresponding Sheldrick
R values were wR; of 0.2255 and 0.2458, respectively, and the
GOF = 0.995 for all data. The difference Fourier map showed
residual electron density; the largest difference peak and hole
being +1.226 and —0.527 e/A3, respectively. However, all peaks
were within 1 A of chlorine atoms and were consequently
attributed to those atoms. Final bond distances and angles
were all within acceptable limits.

8,9-Dimethoxy-4-(3,4,5-trimethoxybenzyl)-4H-benzo-
[de][1,6]naphthyridine Hydrochloride (7c). Product ob-
tained: 1.0 g (59%); mp 198—200 °C (dec); R 0.87 (CH.Cl;-
CH3OH 10:1); UV (CH30H) Amax (log €) 208 nm (4.56), 240
(4.46), 260 (4.48), 269 (4.45), 360 (3.67), 395 (3.69); IR (KBr)
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Figure 2. A 40% thermal probability plot of the 4-(3,4,5-
trimethoxybenzyl) derivative 7c.

vmax 1651, 1593, 1460, 1429, 1321, 1246, 1126, 1091, 999; ‘H
NMR (500 MHz, CD3;0D) ¢ 3.72 (s, 3H, OCHj3), 3.78 (s, 6H, 2
x OCH3), 3.94 (s, 3H, OCHj3), 4.05 (s, 3H, OCHg3), 5.21 (s, 2H,
NCH,), 6.49 (d, J = 7.0 Hz, 1H, H-3), 6.62 (s, 2H, C4/), 6.98 (d,
J = 8.0 Hz, 1H, H-6), 7.15 (s, 1H, H-7), 7.47 (d, J = 8.0 Hz,
1H, H-5), 7.88 (d, J = 7.0 Hz, 1H, H-2); 3C NMR (126 MHz,
CD;0D) ¢ 56.78, 57.13, 57.43, 61.09, 61.30, 98.15, 103.02,
105.71, 115.09, 118.86, 131.25, 132.81, 134.02, 135.19, 135.65,
139.27, 143.56, 151.79, 155.27, 158.38, EIMS m/z 408 (24)
[M* — HCI], 181 (100), 28 (46).

X-ray Crystal Structure Determination (7c). 8,9-
Dimethoxy-4-(3,4,5-trimethoxybenzyl)-4H-benzo[de][1,6]-
naphthyridin-1-ium chloride (7c): A thin plate (~0.03 x 0.30
x 0.32 mm), grown from a chloroform/methanol/water solution,
was mounted on the tip of a glass fiber. Cell parameter
measurements and data collection were performed at 298 + 1
K with a Bruker SMART 6000 diffractometer system using
Cu Ka radiation. A sphere of reciprocal space was covered
using the MULTIRUN technique.?® Thus, six sets of frames
of data were collected with 0.40° steps in w, and a last set of
frames with 0.4° steps in ¢, such that 97.5% coverage of all
unique reflections to a resolution of 0.84 A was accomplished.

Crystal data: Cy3H24CIN,Os+2H,0 (hydrate), FW = 483.96,
monoclinic, P2;/n, a = 8.3429(5), b = 21.4198(13), ¢ =
28.6694(17) A, B = 92.436(2)°, V = 5118.7(5) A3, Z =8, p. =
1.256 mg/m3, u(Cu Ka) = 1.688 mm~1, 1 = 1.54178 A, F(000)
= 2056.

A total of 20110 reflections were collected, of which 6738
reflections were independent reflections (R(int) = 0.1407).
Subsequent statistical analysis of the data set with the
XPREP?® program indicated the spacegroup was P2;/n. Final
cell constants were determined from the set of the 2345
observed (>20(l)) reflections which were used in structure
solution and refinement. An absorption correction was applied
to the data with SADABS.®® Structure determination and
refinement was readily accomplished with the direct-methods
program SHELXTL.3! All non-hydrogen atom coordinates were
located in a routine run using default values for that program.
The remaining H atom coordinates were calculated at optimum
positions. All non-hydrogen atoms were refined anisotropically
in a full-matrix least-squares refinement procedure. The H
atoms were included, their Uis, thermal parameters fixed at
either 1.2 or 1.5 (depending on atom type) the value of the
Ui, of the atom to which they were attached and forced to ride
that atom. The final standard residual R; value for 7c was
0.1369 for observed data and 0.2550 for all data. The goodness-
of-fit on F2 was 1.002. The corresponding Sheldrick R values
were WR; of 0.3624 and 0.3959, respectively. The final model
for 7c is shown in Figure 2. In addition to two parent molecules
in the asymmetric cell unit, four molecules of water solvate
were also present in each unit. A final difference Fourier map
showed some residual electron density, the largest difference
peak and hole being +1.712 and —0.551 e/A3, respectively.
However, the principal peaks were within bonding distance
of the halide ions and were consequently attributable to these
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atoms. Final bond distances and angles were all within
expected and acceptable limits.

General Procedure for the Synthesis of 8a—c. Natural
aaptamine hydrochloride (1, 0.5 g, 1.89 mmol) was dissolved
in anhydrous dimethylformamide (50 mL). Potassium carbon-
ate (1.31 g, 9.45 mmol) and the appropriate benzyl bromide
(9.45 mmol) were added at room temperature. After being
stirred for 12 h at the same temperature, the solution was
filtered, and the solvent was removed in vacuo to leave a brown
oil. The oily residue was separated by column chromatography
(silica gel, CH,CI,/CH3;OH 6:1) to give the desired products as
bright yellow compounds.

1,4-Bis(benzyl)-8,9-dimethoxy-4H-benzo[de][1,6]-
naphthyridin-1-ium Chloride (8a). Isolated yield: 0.63 g
(68%); yellow cubes from EtOAc—CH3;OH; mp 175 °C (dec); R¢
0.69 (CH,CIl,/MeOH 10:1); UV (MeOH) Amax (log €) 207 (4.60),
220 (4.52), 246 (4.53), 262 (4.58), 273 (4.55), 282 (4.55), 416
(4.02); IR (KBr) vmax 1645, 1568, 1456, 1367, 1338, 1303, 1207,
1157, 1101, 1060, 738; *H NMR (500 MHz, CD3;0D) 4 3.56 (s,
3H, OCHg), 4.01 (s, 3H, OCHg), 5.38 (s, 2H, NCH,), 5.71 (s,
2H, NCHy), 6.52 (d, J = 8.0 Hz, 1H, H-3), 7.10 (d, J = 7.8 Hz,
1H, H-6), 7.17 (d, J = 7.5 Hz, 2H, Cq), 7.23—7.42 (M, 8H, Cy),
7.26 (s, 1H, H-7), 7.59 (d, J = 7.8 Hz, 1H, H-5), 7.95 (d, J =
8.0 Hz, 1H, H-2); 13C NMR (126 MHz, CD3;0D) ¢ 57.20, 57.85,
61.46, 62.35, 99.16, 104.36, 115.99, 120.46, 127.21, 128.07,
128.94, 129.60, 129.97, 130.38, 134.25, 134.83, 135.23, 135.71,
136.42, 137.93, 150.57, 150.95, 160.36; EIMS m/z 408 (2)
[M* — HBr], 364 (43), 318 (39), 303 (66), 273 (77), 227 (42),
167 (33), 91 (100), 65 (30), 28 (32).

X-ray Crystal Structure Determination (8a). 1,4-Bis-
(benzyl)-8,9-dimethoxy-4H-benzo[de][1,6]naphthyridin-1-ium
chloride (8a): A thin plate (~0.40 x 0.28 x 0.10 mm), grown
from a chloroform/methanol/water solution, was mounted on
the tip of a glass fiber. Cell parameter measurements and data
collection were performed at 298 + 1 K with a Bruker SMART
6000 diffractometer system using Cu Ka radiation. A sphere
of reciprocal space was covered using the MULTIRUN tech-
nique.?® Thus, six sets of frames of data were collected with
0.40° steps in w, and a last set of frames with 0.40° steps in
@, such that 93.2% coverage of all unique reflections to a
resolution of 0.84 A was accomplished.

Crystal data: Cy7H25CIN2O,-H,0 (hydrate), FW = 462.96,
triclinic, P1, a = 9.35870(10), b = 10.8354(2), ¢ = 11.7009(2)
A, a = 80.7380(10), 8 = 81.5100(10), y = 80.9910(10)°, V =
1147.46(3) A3, Z = 2, p. = 1.340 mg/m3, u(Cu Ka) = 1.733
mm-~1, J = 1.54178 A, F(000) = 488.

A total of 9247 reflections were collected, of which 4002
reflections were independent reflections (R(int) = 0.0807).
Subsequent statistical analysis of the data set with the
XPREP?® program indicated the spacegroup was P1. Final cell
constants were determined from the set of the 2877 observed
(>20(1)) reflections which were used in structure solution
and refinement. An absorption correction was applied to the
data with SADABS.* Structure determination and refinement
was readily accomplished with the direct-methods program
SHELXTL.3! All non-hydrogen atom coordinates were located
in a routine run using default values for that program. The
remaining H atom coordinates were calculated at optimum
positions. All non-hydrogen atoms were refined anisotropically
in a full-matrix least-squares refinement procedure. The H
atoms were included, their Uis, thermal parameters fixed at
either 1.2 or 1.5 (depending on atom type) the value of the
Uiso of the atom to which they were attached and forced to ride
that atom. The final standard residual R, value for 8a was
0.0818 for observed data and 0.0972 for all data. The goodness-
of-fit on F2 was 0.997. The corresponding Sheldrick R values
were WR; of 0.2320 and 0.2478, respectively. The final model
for 8a is shown in Figure 3. In addition to the parent molecule,
a molecule of water solvate was also present in the unique
cell unit. A final difference Fourier map showed some residual
electron density, the largest difference peak and hole being
+1.503 and —0.363 /A3, respectively. However, the principal
peaks were within close proximity of the halide ions and were
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Figure 3. A 50% thermal ellipsoid probability plot showing
the molecular contents of the asymmetric cell unit for 1,4-bis-
benzyl derivative 8a.

consequently attributable to these atoms. Final bond distances
and angles were all within expected and acceptable limits.

1,4-Bis(4-methoxybenzyl)-8,9-dimethoxy-4H-benzo-[de]-
[1,6]naphthyridin-1-ium Bromide (8b). Realized yield:
0.97 g (89%); Rr 0.64 (CH.CIl,/CH3;OH 10:1); UV (CH30H) Amax
(log €) 209 (4.28), 255 (4.05), 261 (4.08), 273 (4.09), 280 (4.06),
307 (3.45), 316 (3.34), 414 (3.60); IR (KBr) vmax 1645, 1610,
1566, 1514, 1249; 'H NMR (500 MHz, CD;0D) ¢ 3.64 (s, 3H,
OCHg), 3.72 (s, 3H, OCHg), 3.76 (s, 3H, OCHg), 4.02 (s, 3H,
OCHg3), 5.26 (s, 2H, NCHy), 5.64 (s, 2H, NCH,), 6.54 (d, J =
7.5 Hz, 1H, H-3), 6.85 (d, 3 =9.0 Hz, 2H, C4), 6.94 (d, 3 =9.0
Hz, 2H, Cy4), 7.06 (d, J = 7.0 Hz, 1H, H-6), 7.13 (d, J = 9.0
Hz, 2H, Ca), 7.24 (s, 1H, H-7), 7.25 (d, J = 10.0 Hz, 2H, Cy),
7.55 (d, J = 7.0 Hz, 1H, H-5), 7.96 (d, J = 7.5 Hz, 1H, H-2);
BC NMR (126 MHz, CDsOD) ¢ 56.24, 56.33, 57.71, 57.95,
61.37, 62.84, 99.65, 104.73, 115.80, 116.22, 116.37, 120.98,
127.39, 129.60, 130.09, 130.23, 134.79, 135.24, 135.99, 136.90,
150.69, 151.27, 160.83, 161.48, 161.88; EIMS m/z 468 (2)
[M* — HBr], 348 (21), 121 (100), 95 (19), 94 (20), 78 (23), 28
(35).

X-ray Crystal Structure Determination (8b). 1,4-Bis-
(4-methoxybenzyl)-8,9-dimethoxy-4H-benzo[de][1,6]-
naphthyridin-1-ium bromide (8b): A large, thin plate (~0.30
x 0.30 x 0.20 mm), grown from a chloroform/methanol
solution, was mounted on the tip of a glass fiber with Vaseline.
Cell parameter measurements and data collection were per-
formed at ambient (27 °C) with a Bruker SMART 6000
diffractometer system using Cu Ka radiation. A sphere of
reciprocal space was covered using the MULTIRUN tech-
nique.?® Thus, six sets of frames of data were collected with
0.396° steps in w, and a last set of frames with 0.396° steps in
@, such that 98.1% coverage of all unique reflections to a
resolution of 0.84 A was accomplished.

Crystal data: Cz9H29BrN204°H-0 (hydrate), FW = 567.47,
triclinic,P1, a=9.6217(2), b = 10.9327(3), ¢ = 13.4568(3) A, o
= 87.6370(10), 5 = 86.0040(10), y = 69.7300(10)°, V = 1324.42-
(5) A3, Z =2, p. = 1.423 mg/m3, u(Cu Ko) = 2.460 mm™1, 1 =
1.54178 A, F(000) = 588.

A total of 9328 reflections were collected, of which 3728
reflections were independent reflections (R(int) = 0.1038).
Subsequent statistical analysis of the data set with the
XPREP?® program indicated the spacegroup was C2/c. Final
cell constants were determined from the set of the 2933
observed (>20(l)) reflections which were used in structure
solution and refinement. An absorption correction was applied
to the data with SADABS.®® Structure determination and
refinement was readily accomplished with the direct-methods
program SHELXTL.3! All non-hydrogen atom coordinates were
located in a routine run using default values for that program.
The remaining H atom coordinates were calculated at optimum
positions. All non-hydrogen atoms were refined anisotropically
in a full-matrix least-squares refinement procedure. The H
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Figure 4. A 50% thermal ellipsoid probability plot showing
the contents of the asymmetric cell unit for the 1,4-bis(4-
methoxybenzyl) derivative 8b.

atoms were included, their Uis, thermal parameters fixed at
either 1.2 or 1.5 (depending on atom type) the value of the
Uiso of the atom to which they were attached and forced to ride
that atom. The final standard residual R; value for 8b was
0.0668 for observed data and 0.0762 for all data. The goodness-
of-fit on F? was 1.020. The corresponding Sheldrick R values
were WR; of 0.1672 and 0.1713, respectively. In addition to
the parent molecule, a molecule of water was also present in
the asymmetric unit. The final model for 8b is shown in Figure
4. A final difference Fourier map showed some residual
electron density, the largest difference peak and hole being
+0.637 and —0.875 /A3, respectively. However, the principal
peaks were within close proximity of the halide ions sites and
were consequently attributable to these atoms. Final bond
distances and angles were all within expected and acceptable
limits.

1,4-Bis(3,4,5-trimethoxybenzyl)-8,9-dimethoxy-4H-ben-
zo[de][1,6]-naphthyridin-1-ium Bromide (8c). Final prod-
uct 1.0 g (79%); mp 116—118 °C; R¢ 0.75 (CH.CI,/CH3;OH 10:
1); UV (CH30H) Amax (log €) (4.32), 261 (3.99), 273 (3.98), 416
(3.52); IR (KBr) vmax 1649, 1591, 1568, 1460, 1124; *H NMR
(500 MHz, CD50D) ¢ 3.69 (s, 3H, OCHj3), 3.70 (s, 3H, OCHj3),
3.71 (s, 3H, OCHj3), 3.73 (s, 3H, OCH3), 3.77 (s, 6H, OCHy),
4.05 (s, 3H, OCHj3), 5.29 (s, 2H, NCH,), 5.65 (s, 2H, NCH,),
6.51 (S, 2H, Car), 6.61 (S, 2H, Car), 6.60 (d, J=75 HZ, 1H,
H-3), 7.11 (d, 3 = 7.5 Hz, 1H, H-6), 7.29 (s, 1H, H-7), 7.61 (d,
J = 7.5 Hz, 1H, H-5), 8.02 (d, J = 7.5 Hz, 1H, H-2); 13C NMR
(126 MHz, CD3;0D) ¢ 57.18, 57.29, 57.78, 58.52, 61.59, 61.67,
62.87, 99.86, 104.89, 105.89, 106.27, 116.44, 120.87, 131.58,
134.02, 134.81, 135.26, 136.12, 137.02, 139.48, 139.82, 150.76,
151.35, 155.47, 155.80, 160.94; EIMS m/z 588 (1) [M" — HBr],
408 (11), 181 (100), 95 (22), 94 (23), 28 (32).

X-ray Crystal Structure Determination (8c). 1,4-Bis-
(3,4,5-trimethoxybenzyl)-8,9-dimethoxy-4H-benzo[de][1,6]-
naphthyridin-1-ium bromide (8c): A large, thin plate (~0.8 x
0.42 x 0.06 mm), grown from a methanol/water solution, was
mounted on the tip of a glass fiber with Vaseline. Cell
parameter measurements and data collection were performed
at 123 K (=150 °C) with a Bruker SMART 6000 diffractometer
system using Cu Ka radiation. A sphere of reciprocal space
was covered using the MULTIRUN technique.?® Thus, six sets
of frames of data were collected with 0.396° steps in w, and a
last set of frames with 0.396° steps in ¢, such that 96.4%
coverage of all unique reflections to a resolution of 0.84 A was
accomplished.

Crystal data: Cs3H37BrN2Og-2H,0 (hydrate), FW = 705.59,
monoclinic,C2/c, a = 24.9554(6), b = 12.9354(3), ¢ = 22.1264-
(5) A, p = 116.0810(10)°, V = 6415.3(3) A3, Z = 8, p. = 1.461
mg/m3, u(Cu Ka) = 2.267 mm~1, A = 1.54178 A, F(000) = 2944,

A total of 23034 reflections were collected, of which 5828
reflections were independent reflections (R(int) = 0.0610).
Subsequent statistical analysis of the data set with the
XPREP? program indicated the spacegroup was C2/c. Final
cell constants were determined from the set of the 4827
observed (>20(l)) reflections which were used in structure
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Figure 5. A 50% probability ellipsoid plot showing the
molecular contents of the asymmetric cell unit for the 1,4-bis-
(trimethoxybenzyl) derivative 8c.

solution and refinement. An absorption correction was applied
to the data with SADABS.® Structure determination and
refinement was readily accomplished with the direct-methods
program SHELXTL.3! All non-hydrogen atom coordinates were
located in a routine run using default values for that program.
The remaining H atom coordinates were calculated at optimum
positions. All non-hydrogen atoms were refined anisotropically
in a full-matrix least-squares refinement procedure. The H
atoms were included, their Uiy, thermal parameters fixed at
either 1.2 or 1.5 (depending on atom type) the value of the
Ui, of the atom to which they were attached and forced to ride
that atom. The final standard residual R; value for 8c was
0.0848 for observed data and 0.1019 for all data. The goodness-
of-fit on F? was 0.997. The corresponding Sheldrick R values
were WR;, of 0.2185 and 0.2364, respectively. In addition to
the parent molecule, two molecules of water hydrate were
found in the asymmetric unit. The final model for 8c is shown
in Figure 5. A final difference Fourier map showed some
residual electron density; the largest difference peak and hole
being +1.720 and —0.449 e/A3, respectively. However, the
principal peaks were within close proximity of the halide ions
and were consequently attributable to these atoms. Final bond
distances and angles were all within expected and acceptable
limits.
8,9-Dimethoxy-1-(3-hydroxy-4-methoxybenzyl)-4-(3,4,5-
trimethoxybenzyl)-4H-benzo[de][1,6]naphthyridin-1-
ium Bromide (8d). 4-(3,4,5-Trimethoxybenzyl)aaptamine (7c,
0.40 g, 0.89 mmol) was dissolved in anhydrous dimethylfor-
mamide (50 mL). Potassium carbonate (373 mg, 2.70 mmol)
and 3-hydroxy-4-methoxybenzyl bromide (0.585 g, 2.70 mmol)
were added. The mixture was stirred for 12 h at room
temperature. Filtration and removal of the solvent in vacuo
gave a yellow oil that was subjected to column chromatography
(silica gel, CH,CI,/CH3;OH 6:1). The product was obtained as
a yellow, brown oil. (0.41 g, 73%): R 0.39 (CH»Cl,—CH3;OH
10:1); UV (CH30H) Amax (log €) 210 (4.56), 262 (4.29), 273 (4.27),
281 (4.27), 414 (3.79) nm; IR (KBr) v 1647, 1587, 1568, 1510,
1460, 1425, 1244, 1126 cm™; *H NMR (500 MHz, CD3;OD) ¢
3.61 (s, 3H, OCHj3), 3.63 (s, 3H, OCHj3), 3.69 (s, 3H, OCHy),
3.73 (s, 6H, 2 X OCHg), 3.97 (s, 3H, OCH3), 5.30 (s, 2H, NCHy),
5.55 (s, 2H, NCH,), 6.55 (dd, J = 1.5 Hz, 8.5 Hz, 1H, C4/), 6.62
(d, 3 = 2 Hz, 1H, Cu), 6.69 (s, 2H, C4), 6.75 (d, J = 8.0 Hz,
1H, H-3), 6.82 (d, J = 8.0 Hz, 1H, C4), 7.12 (d, J = 7.3 Hz,
1H, H-6), 7.35 (s, 1H, H-7), 7.80 (d, J = 7.3 Hz, 1H, H-5), 8.22
(d, 3 =8.0 Hz, 1H, H-2), 9.07 (s, 1H, OH); *C NMR (126 MHz,
CD30D) ¢ 55.59, 55.86, 56.02, 56.63, 58.86, 60.00, 61.37, 98.05,
98.05, 102.98, 104.99, 112.22, 113.75, 114.15, 117.13, 118.53,
129.28, 129.91, 132.46, 133.01, 134.09, 134.82, 137.32, 146.65,
147.19, 148.91, 149.40, 153.24, 158.17; EIMS m/z 544 (4), 394
(11), 213 (18), 181 (100), 137 (18), 95 (16), 94 (17), 28 (38).
Antimicrobial Susceptibility Testing. Compounds were
screened against the bacteria Stenotrophomonas maltophilia,
Micrococcus luteus, Staphylococcus aureus, Escherichia coli,
Enterobacter cloacae, Enterococcus faecalis, Streptococcus pneu-
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moniae, Neisseria gonorrhoeae, and the fungi Candida albicans
and Cryptococcus neoformans, according to established broth
microdilution susceptibility assays.®23 The minimum inhibi-
tory concentration was defined as the lowest concentration of
compound that inhibited all visible growth of the test organism
(optically clear). Assays were repeated on separate days.
Mycobacterium tuberculosis Hs7Rv was screened using the
Microplate Alamar Blue Assay.3*

Results and Discussion

The 4-benzylaaptamines 7a—c were prepared as
described previously® for the synthesis of 4-methyl-
aaptamine (4). The selective benzylation of aaptamine
(1) was achieved using sodium hexamethyldisilazane
(NaHMDS) as a base and benzyl bromide, 4-methoxy-
benzyl bromide, or 3,4,5-methoxybenzyl bromide in
tetrahydrofuran at —78 °C (Scheme 2). However, an
attempt to isolate the free bases of 7a—c using silica
gel or alumina column chromatography caused some
decomposition. Therefore, when the reaction was com-
plete, dilute hydrochloric acid was added, and benzy-
lamines 7a—c were isolated as stable, greenish yellow
hydrochloride salts in yields from 59 to 65%. The X-ray
structure analysis of 7b and 7c showed that the benzyl
group was bonded to nitrogen N-4 as we observed earlier
in the case of N-4-methylaaptamine (4).

Fortunately, treatment of aaptamine (1) with potas-
sium carbonate and an excess of benzyl bromide,
4-methoxybenzyl bromide, or 3,4,5-methoxybenzyl bro-
mide in dimethylformamide led to formation of the
quaternary benzo[de][1,6]-naphthyridinium salts 8a—c
in yields from 68 to 89%. These compounds were
obtained as bright yellow crystals. Also, we were able
to synthesize a naphthyridinium salt with two different
benzyl units. For example, treatment of amine 7c with
3-hydroxy-4-methoxybenzyl bromide led to formation of
benzo[de][1,6]-naphthyridinium salt 8d. The structures
of all these derivatives were established via NMR and
high-resolution mass spectral data. The structures of
the naphthyridinium salts 8a—c were all confirmed by
X-ray crystallographic techniques. Surprisingly, naph-
thyridinium salt 8a crystallized as a chloride salt
whereas 8b and 8c crystallized as bromide salts. In
every case, we used the hydrochloride salt of aaptamine
and the corresponding benzyl bromides. It is noteworthy
that 8a crystallized directly from the reaction solution.
The chloride salt of 8a was probably less soluble than
the corresponding bromide and crystallized preferen-
tially from the reaction solution. Compounds 8b and 8c
did not crystallize from the reaction solution and were
first purified by column chromatography. These com-
pounds therefore crystallized as bromide salts (Figures
1-5).

All of the synthetic products were evaluated against
a minipanel of human cancer cell lines and the murine
P388 lymphocytic leukemia cell line. These results are
summarized in Tables 1. As previously published,
methylation of aaptamine (1) at nitrogen N-4 led to an
inactive derivative (4). However, the benzyl derivatives
7a—c exhibited much higher cancer cell line activity
than that exhibited by methylamine 4. Within this
benzyl series, amine 7b showed good activity, whereas
the activity of amine 7c was marginal. The results in
the case of the quaternary benzo[de][1,6]-naphthyri-
dinium salts 5 and 8a—c were quite similar. The
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Table 1. Cell Growth Inhibitory Activity of the Synthetic Aaptamines 4, 7a—c, 5, and 8a—d (EDso ug/mL)

compound leukemia P388 pancreas BXPC-3 breast MCF-7 CNS SF-268 lung NCI—H460 colon KM20L2 prostate DU-145

4 >10 >10 >10 >10 >10 >10 >10

7a 1.64 4.3 >10 >10 4.9 2.2 4.4

7b 2.19 4.2 8.0 8.2 5.1 3.9 3.1

7c 4.64 >10 >10 >10 >10 3.4 >10

5 3.89 7.1 4.9 0.69 >10 6.1 3.5

8a 0.234 0.061 0.27 0.064 0.26 0.055 0.036

8b 1.30 0.11 0.39 0.27 0.33 0.13 0.10

8c >10 >10 >10 >10 >10 >10 >10

8d >10 >10 >10 >10 >10 >10 >10
Table 2. Antimicrobial Activities of the Synthetic Aaptamines Scheme 3
7a—c and 8a—d

f min. inhibitory concn QCHs
range or min. inni
(ug/mL) Br OCHg3
microorganism 7a 7b 7c 8a 8b 8c 8d
OCHg3
Cryptococcus neoformans a a a a 32-64 a a 7c
Candida albicans a a a a a a a K>CO-. DMF
Staphylococcus aureus a a a a 4 a a HO Ch
Streptococcus pneumoniae 64 64 a 32 16-32 a a OCH 8d
Enterococcus faecalis a a 32 16—32 a a 3
Micrococcus luteus a 64 a 05-2 <05 64 8-16 HO
Escherichia coli a a a 8 a a a
Enterobacter cloacae a a a a a a OCHj
Stenotrophomonas a a a a a a a
maltophilia was 6.4% and 9.2%, respectively. That by 8a, 8b, and

Neisseria gonorrhoeae 64 64 64 025 4 a a 70 -£70, P Y- Yy ! !

a No inhibition at 64 ug/mL.
Scheme 2

(i) 2.1 equiv NaHMDS
-78°C, 1.2 equiv RBr
THF

—

(i) aq. HCI

7a, R = benzyl

7b, R = 4-methoxybenzyl

7¢, R = 3,4,5-trimethoxybenzyl
1 —

(HCl salt)

5 equiv KoCOg, rt
5 equiv RBr, DMF
8a, R = benzyl, X =CI
8b, R = 4-methoxybenzyl, X = Br
8c, R = 3,4,5-trimethoxybenzyl, X = Br

bisbenzyl derivatives 8a and 8b exhibited significant
inhibitory activity against the murine P388 lymphocytic
leukemia and human cancer cell lines. However, the
bismethyl derivative 5 was less active and salts 8c and
8d were inactive. In general, replacing a methyl group
by a benzyl group led to an increase in the cancer cell
growth inhibitory activity. Additionally, we found that
increasing the number of methoxy groups in the series
7a—c and 8a—c led to a decrease in the cancer cell
growth inhibitory activity. That was an unexpected
result.

Compounds 4, 5, 7a—c, and 8a—d were evaluated as
ligands for PKC, based on the initial report of activity
for isoaaptamine.'® Activity was measured at 30 FM
compound using inhibition of [20-3H]phorbol 12,13-
dibutyrate binding to PKC alpha as described previ-
ously.®> Assays were carried out with triplicate mea-
surement in either single or triplicate experiments,
depending on the compound. Inhibition by 7a and 7b

8d was 11.8%, 12.6%, and 16.0%, respectively. That by
other derivatives was 5% or less. We conclude that these
compounds show only very weak activity as ligands for
PKC.

We further evaluated the ability of the derivatives to
inhibit PKC catalytic activity. PKC alpha was stimu-
lated in the presence of 1 FM phorbol 12-myristate 13-
acetate and 100 ug/mL of phospholipid (20% phosphati-
dylserine: 80% phosphatidylcholine w/w) and its phos-
phorylation of the peptide PKC selective substrate (cat.
number 527151, Calbiochem, La Jolla, CA) was deter-
mined in the presence of 30 FM compound.3 Marked
inhibition was observed for compounds 8a and 8b and
lesser inhibition for 8d. Values of percent inhibition
were 71.1 + 4.5%, 84.6 + 1.1%, and 43.2 + 10.1%,
respectively. Inhibition by 8c was 19.5 + 7.6% and
inhibition by 4, 5, and 7a, b, c was 6% or less (all values
are mean + SEM, three experiments). For the most
potent compounds, 8a and 8b, we additionally deter-
mined complete dose response curves for inhibition. IDsg
values were 20.8 + 2.5 FM and 7.4 + 1.2 FM, respec-
tively (mean + SEM, three experiments). In both cases,
the inhibition curves were steeper than predicted for a
competitive inhibitor, consistent with a complicated
mechanism of action (Hill coefficients for 8a and 8b of
1.5 £ 0.1 and 2.0 £ 0.5, respectively).

A number of the aaptamine derivatives whose syn-
thesis is described here were examined for potential
effects on tubulin assembly. These were compounds 2,
4, 5, 7a—c, and 8a—d. No significant activity was
observed at the highest concentration evaluated (40
FM), except with compound 2. This agent weakly
inhibited the extent of tubulin assembly (20 min incu-
bation at 30 °C), with an 1Csy value of 31 FM. For
comparison, in experiments performed contemporane-
ously, the potent colchicine site drug combretastatin A-4
yielded an ICso value of about 2 FM. We therefore
conclude that the cytotoxicity of this series of compounds
does not result from an interaction with tubulin.

A flow cytometry cell cycle analysis of THP-1 human
monocytic leukemia cells, stained with propidium iodide,
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and pretreated for 24 h with 0.25 ug/mL 8a, showed an
accumulation of cells in the G; phase. A cDNA microar-
ray assay (BD Biosciences Clontech) with THP-1 cells
treated for 23 h with 0.25 ug/mL 8a demonstrated
significant down-regulation (5- to 7-fold) of several genes
whose products are involved in DNA synthesis. These
results suggest that 8a may block the S-phase of the
cell cycle.

We recently reported the antibacterial and antifungal
activities of isoaaptamine and a synthetic diphenol
derivative of aaptamine.t® In the present study, benzyl
derivatives 7a—c and bisbenzyl derivatives 8c and 8d
had only marginal antibacterial activities (Table 2). As
was the case for cancer cell line inhibition, bisbenzyl
derivatives 8a and 8b demonstrated the most promising
antibacterial profiles (Table 2). In addition, 8b had
antifungal activity (Table 2). Derivatives 7a—c and
8a—d were also evaluated against Mycobacterium tu-
berculosis. At 6.25 ug/mL, compounds 8a and 8b were
active, exhibiting 98% and 97% inhibition, respectively.

In conclusion, convenient syntheses of a selection of
benzylaaptamines have been developed. We were pleased
to discover that some of these compounds exhibited
significant anticancer and antimicrobial activities, in
particular compound 8a.
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