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A series of chiral diaminedichloroplatinum(II) complexes derived from [Pt(ahaz)Cl2] (ahaz )
3-aminohexahydroazepine) have been synthesized and tested for cytotoxic activity. Novel
synthetic pathways were developed to produce the structural derivatives of the ahaz ligand,
with alkyl substituents on the exocyclic nitrogen atom. The platinum(II) complexes of these
ligands were synthesized and characterized by NMR and CD spectroscopy, confirming isomeric
and enantiomeric purity. The crystal structures of three of these complexes, [Pt(S-meahaz)-
Cl2], [Pt(R-etahaz)Cl2], and [Pt(S-dimeahaz)Cl2] (meahaz ) N-methylahaz, etahaz ) N-
ethylahaz, dimeahaz ) N,N-dimethylahaz), have been determined to establish the orientation
of the protons and alkyl substituents on the nitrogen donor atoms. In vitro assays of the
cytotoxic activity of the complexes have revealed a significant and reproducible enantioselective
trend with the R-enantiomers more active than the S-enantiomers in all cell lines. Increasing
the steric bulk on the amine groups was found to have only a modest effect on activity. No
enantioselectivity was observed in the binding of R- and S-[Pt(etahaz)Cl2] to calf-thymus DNA.

Introduction
Platinum-based anti-cancer drugs such as cisplatin

are believed to effect their cytotoxic action by forming
one or more bifunctional adducts with DNA,1-3 but it
is still not known which of the adducts contribute to the
cytotoxic activity of Pt(II) complexes. We have been
using molecular modeling methods to design compounds
that selectively form a subset of the adducts and so act
as probes of the role of each adduct. Our approach to
the investigation of the major adducts, intrastrand GpG
and ApG, has been to use chiral compounds designed
to bind enantioselectively at these sites.4,5 The basis
of this design is shown in Scheme 1. Our models reveal
that when cisplatin forms GpG and ApG adducts, two
hydrogen bonds can result, one to the phosphate group
on the 5′ side of the adduct and the other to the O6 atom
of the 3′ guanine. The energy contribution from the
hydrogen bonds is probably not a major factor, but our
studies suggest that replacement of the latter hydrogen
bond, in particular, with an unfavorable interaction can
influence the degree of binding at these sites.6 Thus a
pair of enantiomers, one having H atoms disposed
appropriately for hydrogen bonding (Scheme 1a) and the
other having bulky substituents disposed toward the
hydrogen-bonding groups (Scheme 1b) could be expected
to interact differently when forming bifunctional intra-
strand adducts.
The difficulty faced in testing this hypothesis is the

potential racemization of chiral centers on the coordi-

nated amine. In order to overcome this, it is necessary
to use a ligand framework that has inert chiral centers
that impose the desired chirality at the nitrogen atoms.
Our first attempt at this using a disubstituted 2,4-
pentadiamine ligand was only partially successful be-
cause control over the chirality at the nitrogen atoms
was not complete.4 Consequently, we have turned to
less flexible ligands and, for instance, have recently
reported on the differential cytotoxicity and DNA bind-
ing of [Pt(R-ahaz)Cl2] and [Pt(S-ahaz)Cl2] (ahaz )
3-aminohexahydroazepine, Scheme 2, R′ ) R′′ ) H).5
The ahaz ligand has an endocyclic secondary amine and
an exocyclic primary amine, with the carbon atom
bonded to the exocyclic amine being chiral. Addition of

* Author to whom correspondence should be addressed. Fax: +61-
2-9351-3329.

† University of Sydney.
‡ Oncology Research Centre.
X Abstract published in Advance ACS Abstracts, October 1, 1997.

Scheme 1

Scheme 2

3508 J. Med. Chem. 1997, 40, 3508-3515

S0022-2623(96)00854-0 CCC: $14.00 © 1997 American Chemical Society



a substituent to the primary amine would give a ligand
with the features shown in Scheme 1. Upon coordina-
tion, a second chiral center on the exocyclic amine is
generated. In the present paper we report the synthesis
of two such ligands (meahaz ) 3-(N-methylamino)-
hexahydroazepine, Scheme 2, R′ ) H, R′′ ) Me, and
etahaz ) 3-(N-ethylamino)hexahydroazepine, Scheme
2, R′ ) H, R′′ ) Et) and their platinum complexes. We
have also synthesized the ligand with two methyl
substituents on the primary amine of ahaz (dimeahaz
) 3-(N,N-dimethylamino)hexahydroazepine, Scheme 2,
R′ ) Me, R′′ ) Me, and its complex to assess the effect
of increasing the steric bulk and removing the amine
proton. The crystal structures of these three complexes
and the in vitro cytotoxicities of the three pairs of
enantiomers are also reported.

Experimental Section
Instrumental. The 1H and 13C NMR analyses were carried

out on either a Bruker AMX 400 MHz spectrometer or a
Bruker AC 200F spectrometer. The solvents were com-
mercially obtained and were of 99.6% isotopic purity or better.
The polarimetric studies of the ligands and their intermediates
were carried out on an Optical Activity Polaar 2001 automatic
polarimeter, using a 1 dm cell and were recorded at ambient
temperature. The mass spectroscopic analysis of the ligands
was carried out on a Kratos MS9 (updated to an MS50);
ionization energy was achieved by physical electron impact
at 70 eV. The samples were run on a direct insertion probe
with a source temperature of 150-200 °C. The data collection
system used was a Kratos DS90. The circular dichroism
measurements for all the complexes were carried out on a
JASCO J-710 spectropolarimeter equipped with J-700 software
for Windows. The instrument was calibrated with camphor
sulfonate (188.7 mdeg at λmax 291.5 nm) prior to running the
spectra. All spectra of the complexes were recorded using 10-3

MN,N-dimethylformamide (DMF) solutions, with a sensitivity
setting of 50 mdeg and spectral band width at 1.0 nm, between
260 and 500 nm. Diffuse reflectance infrared Fourier trans-
form spectra (DRIFTS) of the platinum complexes were
collected on a Bio-Rad FTS-40 spectrophotometer equipped
with Win-IR Windows based software. KBr was used for a
background and as a matrix, over a range of 400-4000 cm-1.
All melting points were measured on a Gallenkamp model
digital melting point apparatus and are reported uncorrected.
The microanalysis of each complex was carried out by the
National Analytical Laboratories Pty Ltd.
Resolution of Racemic r-Amino-E-caprolactam (rac-

amcap). The resolution of the precursor, rac-amcap (Sigma-
Aldrich), was necessary as the R-enantiomer is not commer-
cially available. The resolution procedure used was a modifi-
cation of the method described by Boyle et al.7 A vigorously
stirred solution of dimethoxyethane (300 mL) and rac-amcap
(51.2 g, 0.4 mol) was heated to 70 °C, and over a period of 10
min, (S)-2-oxopyrrolidin-5-carboxylic acid (L-PCA) (26.9 g, 0.21
mol) was added. The mixture was refluxed for 0.5 h, cooled
to 30 °C, and then filtered. The yellowwhite filter cake was
boiled in ethanol (500 mL), filtered, and washed with ethanol
to give the white S-amcap.L-PCA salt (37.9 g). This was
suspended in methanol (600 mL) and treated with concen-
trated hydrochloric acid (24.2 mL) to precipitate (S)-R-amino-
ε-caprolactam as a white hydrochloride salt (S-amcap‚HCl).
The solid was filtered, washed with ethanol, and dried in
vacuo: yield: 17.1 g, 67%; [R]D -27.7° (c ) 4, 1 M HCl).
The filtrate was condensed on a rotary evaporator to leave

R-amcap‚L-PCA as a dark yellow oil (22.40 g). This oil was
dissolved in methanol (150 mL) and treated with concentrated
hydrochloric acid (14.5 mL) to precipitate (R)-R-amino-ε-
caprolactam as the hydrochloride salt (R-amcap‚HCl). The
solid was filtered, washed with a little ethanol followed by
diethyl ether, and dried in vacuo: yield 11.51 g, 45%; [R]D
+26.8° (c ) 4, 1 M HCl) (lit.7 [R]D +26.4°).
R-amcap‚HCl (7.50 g, 0.05 mol) was dissolved in a minimum

volume of water (30 mL) and shaken with sodium carbonate
(2.50 g, 0.025 mol). Absolute ethanol (475 mL) was then added
and the solvent removed by rotary evaporation to leave a
yellow/white residue. More absolute ethanol (250 mL) was
added to azeotropically remove any residual water present.
The resulting solid, which consisted of sodium chloride and
sodium carbonate, was filtered off, and the solvent was again
removed by rotary evaporation. The product R-amcap was
collected as a clear yellow oil: yield 7.00 g, ∼100%.
S-amcap‚HCl was liberated as described above to produce

S-amcap, again in almost quantitative yield. Both enantio-
merically pure compounds were used as precursors in the
syntheses of the following ligands.
Preparation of 3-(N-Methylamino)hexahydroazepine

(meahaz). The synthesis of meahaz was adapted from the
procedure published by Kashiwabara et al.8 for the dimeth-
ylation of 1,2-cyclohexanediamine. The enantiomerically pure
amcap‚HCl (7.00 g, 0.046 mol) solid was added to an ice-cold,
magnetically stirred solution of sodium hydroxide (5.60 g,
0.14 mol) in water (40 mL). A solution of ethyl chloroformate
(3.7 mL, 0.046 mol) in benzene (20 mL) was added dropwise
to the cooled mixture over a period of 1 h. The reaction
mixture was allowed to stand at room temperature for 3 h,
and then the crude product was extracted with dichlo-
romethane (3× 100 mL), dried over anhydrous sodium sulfate,
and filtered. The solvent was removed from the filtrate by
rotary evaporation, and the residual oil was then cooled in an
acetone/ice bath to induce crystallization. The solid was
washed with 60/90 petroleum ether to remove a soluble yellow
impurity, leaving a pale-yellow solid: yield 7.00 g, 82%, based
on the ethyl chloroformate amcap intermediate; MS m/z 200,
calcd 200.
The (R)-ethyl chloroformate amcap intermediate (7.00 g,

0.035 mol) was added to sodium dried tetrahydrofuran (200
mL) and stirred. Freshly crushed lithium aluminum hydride
(10.3 g) was slowly added to the cooled mixture, and the
reaction mixture was allowed to warm to room temperature
and was then refluxed for 48 h. Upon cooling, a solution of
water (30 mL) in tetrahydrofuran (70 mL) was added dropwise
to the reaction solution. The resultant mixture was gently
refluxed for 0.5 h, and the solid was then removed by suction
filtration and washed with boiling tetrahydrofuran (2 × 100
mL). The combined filtrates were condensed on a rotary
evaporator, and benzene was used to azeotropically remove
any residual water. The crude R-meahaz ligand was collected
as a yellow oil: yield: 4.58 g, 92%. The ligand was further
purified by vacuum distillation (Kugelrohr) at ca. 80 °C, 0.05
mmHg, to produce R-meahaz as a colorless oil: yield 3.32 g;
MS m/z 128, calcd 128. NMR (solvent CDCl3, ppm) 1.49 (m,
2H), 1.65 (m, 5H), 1.83 (m, 1H), 2.40 (s, 3H), 2.60 (m, 1H),
2.73 (q, 1H), 2.85 (m, 2H), 2.91 (dd, 1H), [R]D +10.9 (c ) 0.1,
methanol). A similar procedure was followed to synthesize the
S-meahaz ligand; the NMR spectrum of this compound was
identical to that reported above for R-meahaz: yield: 7.51 g,
75%; distillation at ca. 80 °C, 0.05 mmHg; yield 6.52 g; MS
m/z 128, calcd 128; [R]D -11.0 (c ) 0.1, methanol).
Preparation of 3-(N-Ethylamino)hexahydroazepine

(etahaz). Acetic anhydride (40 mL, 0.36 mol) was slowly
added to R-amcap (10 g, 0.078 mol), followed by 3 drops of
pyridine. The mixture was stirred for 1 h and allowed to stand
for a further 4 h, after which the solvent was removed by
rotary evaporation. The crude product was broken up in ethyl
acetate (20 mL), filtered, washed with ethyl acetate (2 × 10
mL), and air-dried. The white solid (R)-R-(acetylamino)-ε-
caprolactam was collected at the pump: yield 9.00 g, 67%; mp
155-157 °C; [R]D -12.27 (c ) 1, methanol); MSm/z 170, calcd
170.
(R)-R-(Acetylamino)-ε-caprolactam (9.00 g, 0.053 mol) was

added to sodium-dried tetrahydrofuran (250 mL) and stirred.
Freshly crushed lithium aluminum hydride (31.0 g) was slowly
added to the cooled mixture. The reaction mixture was
allowed to reach room temperature and then refluxed for 48
h. The mixture was cooled, a solution of water (62 mL) in
tetrahydrofuran (38 mL) was added dropwise, and the result-
ant mixture was gently refluxed for 0.5 h. The solid was
removed by suction filtration and washed with boiling tet-
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rahydrofuran (3 × 100 mL). The combined filtrates were then
condensed on a rotary evaporator and benzene used to azeo-
tropically remove any remaining water. The crude R-etahaz
ligand was a clear yellow oil: yield 5.88 g, 78%; MS m/z 142,
calcd 142; NMR (solvent CDCl3, ppm) 1.09 (t, 3H), 1.46 (br m,
2H), 1.68 (br m, 5H), 2.62 (q, 2H), 2.73 (m, 2H), 2.89 (m, 4H);
[R]D +9.8 (c ) 0.1 methanol). S-etahaz was synthesized as
described above, substituting S-amcap for R-amcap: yield 8.74
g, ∼100%; [R]D -10.0 (c ) 0.1, methanol).
Preparation of 3-(N-Dimethylamino)hexahydroazepine

(dimeahaz). The following procedure was based on the
methods of Borch and Hassid9 and Fenton et al.10 A sample
of R-amcap (7.00 g, 54.5 mmol) was dissolved in acetonitrile
(300 mL), and aqueous formaldehyde (37 % v/v, 43.6 mL, 545
mmol) was added. Sodium cyanoborohydride (10.36 g, 164
mmol) was added to the mixture with stirring followed by
glacial acetic acid (5.5 mL) added dropwise over 10 min. After
the mixture was stirred for 2 h, more glacial acetic acid (5.5
mL) was added and the mixture was adjusted to approximately
pH 7. After a further 0.5 h of stirring, the mixture was allowed
to stand for 12 h at room temperature. The solvent was
removed at reduced pressure, and potassium hydroxide (280
mL, 2M) was added to the residue until the pH was greater
than 14. The organic compounds were extracted with dichlo-
romethane (4 × 70 mL), combined, and dried over anhydrous
sodium sulfate. Subsequent removal of the solvent on the
rotary evaporator produced the crude R-dimeamcap, a pale-
yellow oil, that was dried azeotropically with benzene: yield
7.63 g, 89%; MS m/z 156, calcd 156.
A sample of R-dimeamcap (7.63 g, 0.049 mol) was reduced

to the R-dimeahaz ligand using lithium aluminum hydride in
tetrahydrofuran, as described in the preceding methods: yield
4.50 g, 65%. The crude R-dimeahaz ligand was further
purified by distillation at 100-125 °C, 0.05 mmHg, to give
R-dimeahaz as a clear oil: yield 3.41 g; MSm/z 142, calcd 142;
NMR (solvent CDCl3, ppm) 1.42 (m, 1H), 1.72 (m, 6H), 2.25
(s, 6H), 2.35 (m, 1H), 2.74 (m, 1H), 2.85 (m, 4H); [R]D +9.0 (c
) 0.1 methanol). S-dimeahaz ligand was synthesized using
the same procedure as for the R-dimeahaz ligand: yield 4.25

g, 57%. The crude S-dimeahaz was distilled at 100-125 °C,
0.05 mmHg: yield 3.12 g, 73%; MS m/z 142, calcd 142; [R]D
-9.3 (c ) 0.1 methanol). The NMR spectrum of this ligand
was identical to that reported above for R-dimeahaz.
Preparation of [Pt(L)Cl2] Complexes (L ) meahaz,

etahaz, dimeahaz). [Pt(DMSO)2Cl2]11 (0.422 g, 1 mmol) was
suspended in methanol (40 mL), and a solution of the diamine
ligand, L (1 mmol), in methanol (20 mL) was added. The
reaction mixture was stirred until all solids had dissolved and
the solution was a clear pale-yellow color. The solvent was
removed on a rotary evaporator at 40 °C. The resulting yellow
residue was dissolved in water (20-30 mL) with excess lithium
chloride (∼0.5 g). The mixture was gently heated on a steam
bath until the volume had been reduced to about 10 mL, and
the solution was then left to stand at room temperature until
the product crystallized as pale-yellow needles. The [Pt(L)-
Cl2] complex was filtered, washed with a few drops of ice-cold
water, ethanol, and ether, and air-dried. The yields obtained
for the platinum complexes and the microanalytical results
for each complex are presented in Table 1.
Crystallography. Crystals of [Pt(S-meahaz)Cl2], [Pt(R-

etahaz)Cl2], and [Pt(S-dimeahaz)Cl2], suitable for X-ray crys-
tallography, were obtained by recrystallization of the com-
plexes from hot DMF. The crystals were mounted, using glass
fibers, on an Enraf-Nonius CAD4-F diffractometer equipped
with a graphite monochromator. Cell constants were deter-
mined by least-squares fits to the setting angles values of 25
independent reflections, measured and refined on the diffrac-
tometer. The crystallographic data are summarized in Table
2. Lorentz, polarization, and analytical absorption corrections
were applied using the teXsan crystallographic software
package.12 The structures were solved by direct methods using
SHELXS-86,13 and the solutions were extended by difference
Fourier methods. Hydrogen atoms were included at calculated
sites (C-H, N-H 0.95 Å) with isotropic thermal parameters
based on those of the parent atoms, and all other atoms were
refined anisotropically. The absolute configuration of each
complex was confirmed by inverting all coordinates and
repeating the final cycles of least squares refinement; the R
values at convergence for the alternate configurations were
0.038, 0.023, and 0.041 for [Pt(S-meahaz)Cl2], [Pt(R-etahaz)-
Cl2], and [Pt(S-dimeahaz)Cl2], respectively. Full-matrix least-
squares methods were used to refine an overall scale factor
and positional and thermal parameters. A 1/σ2(Fo) weighting
was used for all refinements. Neutral atom scattering factors
were taken from Cromer and Waber.14 Anomalous dispersion
effects were included in Fc;15 the values for ∆f ′ and ∆f ′′ were
those of Creagh and McAuley.16 The values for the mass
attenuation coefficients are those of Creagh and Hubbell.17 All
calculations were performed using the teXsan system,12 and
plots (Figures 1-3) were drawn using ORTEP.18

DNA Binding. Calf thymus DNA and Tris [tris(hydroxy-
methyl)aminomethane] were obtained from Sigma. The di-
sodium salt of EDTA dihydrate was obtained fromMerck. The
12-14 kDa dialysis membrane was purchased from Selby and
was prepared by boiling in a solution containing 2% w/v

Table 1. Synthetic and Microanalytical Results

calculated (%) found (%)complex and
molecular formula

yield
(%) C H N C H N

[Pt(R-meahaz)Cl2] 58 21.33 4.09 7.11 21.3 4.2 6.9
C7H16N2Cl2Pt
[Pt(S-meahaz)Cl2] 63 21.33 4.09 7.11 21.3 4.2 6.9
C7H16N2Cl2Pt
[Pt(R-etahaz)Cl2] 58 23.54 4.44 6.86 23.5 4.8 6.6
C8H18N2Cl2Pt
[Pt(S-etahaz)Cl2] 45 23.54 4.44 6.86 23.2 4.2 6.6
C8H18N2Cl2Pt
[Pt(R-dimeahaz)Cl2] 69 23.54 4.44 6.86 23.7 4.6 6.7
C8H18N2Cl2Pt
[Pt(S-dimeahaz)Cl2] 62 23.54 4.44 6.86 23.1 4.4 6.4
C8H18N2Cl2Pt

Table 2. Crystal Data

[Pt(S-meahaz)Cl2] [Pt(R-etahaz)Cl2] [Pt(S-dimeahaz)Cl2]

formula C7H16N2Cl2Pt C8H18N2Cl2Pt C8H18N2Cl2Pt
fw 394.20 408.23 408.23
space group P212121 P21 P212121
a, Å 8.660(3) 7.928(1) 8.367(2)
b, Å 10.722(4) 9.445(2) 9.935(4)
c, Å 11.986(4) 8.578(1) 28.479(5)
â, ° 107.01(1)
V, Å3 1113.0(7) 614.3(2) 2367(1)
Z 4 2 8
T, °C 21 21 21
dcalcd, g cm-3 2.352 2.212 2.291
λ(Mo KR), Å 0.7107 0.7107 0.7107
µ(Mo KR), mm-1 12.99 11.77 12.21
Ra 0.024 0.014 0.028
Rw

a 0.021 0.013 0.023
a R ) ∑(||Fo| - |Fc||)/∑|Fo|, Rw ) (∑w(|Fo| - |Fc|)2/∑wFo2)1/2.
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sodium bicarbonate and 1 mM EDTA (pH 8.0) for 10 min,
followed by rinsing thoroughly in distilled water and further
boiling in 1 mM EDTA (pH 8.0) for 10 min. The membrane
was cooled and stored in this solution at 4 °C. Dialysis was
carried out using a BRL microdialysis system.
Graphite furnace atomic absorption spectroscopy (GFAAS)

was performed on a Varian SpectrAA-20 absorption spectrom-
eter equipped with a GTA-96 graphite tube atomizer and a
PSC-56 autosampling system. UV absorbance was measured
using a Hewlett-Packard diode array spectrometer.
The solutions of the platinum complexes were prepared

immediately before use by dissolving in TE buffer (10 mM Tris,
0.1 mM EDTA, pH 7.4 adjusted with 10 M HCl) with heating
and sonication and filtering through 0.22 µm cellulose acetate
filters (MFS).
Calf thymus DNA (25 µg) was reacted with the platinum

complexes in TE buffer in a total volume of 500 µL. The final
platinum concentrations ranged from 0 to 150 µM, which
corresponded to Rt (molar ratio of platinum added per nucle-
otide) of 0 and 0.98, respectively. The reaction mixtures were
incubated at 37 °C for 24 h and were then stopped by the
addition of 56 µL of 2 M NaCl. Any unbound platinum species
were removed by dialysis against 3 L of TE buffer at 4 °C.
The concentration of DNA in each reaction mixture was
determined by measuring the absorbance at 260 nm (ê260
{DNA}) 6600 M-1 cm-1). The bound platinum concentration
was analyzed using GFAAS. The results are presented as
plots of the Rb (molar ratio of platinum bound to nucleotide)
against the treated platinum concentrations in Figures 4-6.
Cisplatin was included in the assays for comparison.

Cytotoxicity Assays. The cell lines tested were human
bladder tumor cells (UCRU BL13/0),19 lung cancer cells (PC9
and PC9cisR), and prostate cancer cells (DU145). (PC9 is a
cisplatin-sensitive cell line, and its resistant variant, PC9cisR,
has decreased intracellular drug accumulation and elevated
cellular glutathione levels.20,21)
The tumor cells were grown as a monolayer culture in RPMI

1640 culture medium, which was supplemented with 10%
foetal calf serum (FCS), penicillin, and streptomycin. Expo-
nentially growing cells were maintained in a humidified
incubator at 37 °C in an atmosphere of 7.5% CO2, 5% O2, and
85% N2 until 60-80% confluence. The pH of the culture
medium was monitored with phenol red and maintained at
7.2. For subsequent drug assays, the cell monolayers were
washed with Hanks buffered saline and treated with trypsin-

Figure 1. ORTEP plot for [Pt(S-meahaz)Cl2].

Figure 2. ORTEP plot for [Pt(R-etahaz)Cl2].

a

b

Figure 3. ORTEP plots of the two independent molecules of
[Pt(S-dimeahaz)Cl2].

Figure 4. Concentration dependent DNA binding curves for
cisplatin, [Pt(R-meahaz)Cl2], and [Pt(S-meahaz)Cl2].
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EDTA to produce single-cell suspensions. The cells were
seeded at a concentration of 5000 cells per well in 100 µL of
tissue culture medium in 96-well microtitre plates and incu-
bated at 37 °C for 24 h.
The platinum complexes were dissolved in 0.9% (w/v) NaCl

saline with gentle heating and sonication immediately prior
to use and filtered through 0.22 µm cellulose acetate filters.
The solutions were diluted with the tissue culture medium,
and 100 µL portions were added into the wells so that the final
concentrations in the wells ranged from 0 to 200 µM. After
96 h of drug exposure at 37 °C, the drug-containing medium
was removed and the cells were washed with 200 µL of warm
phosphate-buffered saline (PBS) followed by 200 µL of warm
tissue culture medium. The viable cell concentrations were
determined using either the MTT assay or the SRB (sulfo-
rhodamine B) assay.
MTT Assay. This assay measures the cell viability by the

activity of the mitochondrial succinate dehydrogenase.22 MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
in FCS-free RPMI tissue culture medium (1 mg mL-1, 200 µL)
was added into each well, and the plates were incubated at
37 °C for 4 h. After centrifugation and removal of the MTT
solution, the formazan formed at the bottom of the wells was
solubilized with 2-propanol (200 µL). The optical density at
570 nm for the solution in each well was determined using a
Dynatech MR 5000 plate reader.
SRB Assay. In this assay, sulforhodamine B was used to

stain the basic amino acids.23 After the cells in each well were
fixed with 200 µL of ice-cold 10% trichloroacetic acid for 30
min at 4 °C, the plates were washed five times with tap water.
The fixed cells were stained with 100 µL of 0.4% sulfo-
rhodamine B dissolved in 1% acetic acid for 15 min at room
temperature. The stain was then removed, and the plates
were washed five times with 1% acetic acid and left to air dry

overnight. Tris (10 mM, 100 µL) was added to solubilize the
dye in each well, and the absorbance at 570 nm was read using
a Dynatech MR 5000 plate reader.
In both assays, the percentage of viable cells was calculated

by comparing the absorbance of the platinum-treated cells to
that of the untreated controls. The cell viability for each
concentration was an average value for four or six replicates.
The IC50 values for the drugs (the concentration required to
kill 50% of the cell population) was determined from the dose
response curves.

Results and Discussion

Syntheses. It is imperative that these complexes be
of high enantiomeric and chemical purity for them to
be meaningful probes of Pt/DNA interactions. The rac-
amcap precursor was successfully resolved by the
formation of the two diastereomeric carboxylate salts
and separation by virtue of their differing solubilities
in dimethoxyethane. The resultant carboxylic acid salts
were then converted to their respective enantiomers as
amcap‚HCl, and enantiomeric purity was confirmed by
polarimetry. Subsequent reactions, on the resolved
amcap precursor do not involve the chiral carbon atom.
The ligands and platinum complexes were confirmed to
be enantiomerically and chemically pure by CD and
NMR spectroscopies and polarimetry.
The meahaz Ligand. The synthesis of the meahaz

ligand posed some problems as other methods of meth-
ylation failed to singly methylate the exocyclic primary
nitrogen atom, resulting instead in a mixture of mono-
and dimethylated products. The successful synthesis
of meahaz outlined in Scheme 3a involved the formation
of an ester intermediate which was cleaved during the
reduction with lithium aluminum hydride in THF. It
is important to note that only the primary exocyclic
nitrogen atom was methylated, and no reaction occurred
on the amide nitrogen.
The etahaz Ligand. The enantiomerically pure

ampcap precursor was acetylated with acetic anhydride
and reduced to give etahaz (Scheme 3b). The alkylation
of only the exocyclic nitrogen occurred because of the
protection offered to the endocyclic nitrogen by the
amide group. Similarly, in the process of acetylation,
once an amide group forms, no further reaction takes
place at the protected nitrogen, and reduction with
lithium aluminum hydride produced the monoethylated
product in high yield and purity.
The dimeahaz Ligand. The methylation and re-

duction processes used to synthesize dimeahaz are
shown in Scheme 3c. The dimethylation of amcap
proceeds through the formation of unstable imine
intermediates, and the mild reducing agent,24 sodium
cyanoborohydride, was used successfully to reduce the
imines to the amines in situ. TheN,N-dimethyldiamine
ligand was isolated, after workup, in high yield.
Characterization of the Platinum Complexes.

The complexes were characterized by 1H and 13C NMR
and CD spectra. In all cases the solvent used for these
analyses was DMF (for CD spectra) or DMF-d7. The
DMF signals in the 1H NMR spectra, due to the
presence of an isotropic impurity, appear at 2.79, 2.94,
and 7.90 ppm; in the 13C NMR spectra two multiplets
appear at 30 and 35 ppm. These resonances due to
these impurities were used as internal calibrants. DMF
was chosen as the solvent since all the complexes are
soluble in DMF, and it was found that the chloride
ligands did not exchange with DMF.

Figure 5. Concentration dependent DNA binding curves for
cisplatin, [Pt(R-etahaz)Cl2], and [Pt(S-etahaz)Cl2].

Figure 6. Concentration dependent DNA binding curves for
cisplatin, [Pt(R-dimeahaz)Cl2], and [Pt(S-dimeahaz)Cl2].
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In the 1H NMR spectra the H(amine) peaks for the
endocyclic nitrogen were consistently located at 6.6-
6.7 ppmwhich was approximately 1 ppm downfield from
that of the excocyclic H(amine) atom due to deshielding
effects. [Pt(ahaz)Cl2] has two exocyclic amine proton
signals, while [Pt(meahaz)Cl2] and [Pt(etahaz)Cl2] have
one. The dimethylplatinum complex has only one
protonated nitrogen atom in its structure as the sub-
stituted nitrogen has two methyl groups attached. The
upfield section of the spectra is complex and difficult to
interpret due to the interference of the large DMF
solvent signals. The 1H NMR spectra confirm that the
exocyclic nitrogen atoms of the ligands had the attached
substituent(s).
From the 13C NMR spectra it is evident that only one

diastereomer is present for each of [Pt(meahaz)Cl2] and
[Pt(etahaz)Cl2], unless isomerization is taking place
more rapidly than the NMR time scale, but this is highly
unlikely. The number of carbon atoms in each complex
was in accord with the number of peaks present in the
spectra. DEPT spectra were collected to identify the
different types of environment of the carbon atoms. The
CD spectra of the complexes in DMF solvent were
obtained and confirm the enantiomeric purity of the
complexes. The three sets of enantiomers have quali-
tatively the same shape with bands in approximately
the same positions. Since only the substituents on one
nitrogen atom in each complex vary, the similarity
between the spectra of the different complexes is to be
expected.
Crystallography. The crystal structures of [Pt(S-

meahaz)Cl2], [Pt(R-etahaz)Cl2] and [Pt(S-dimeahaz)Cl2]
were determined, and the ORTEP18 plots are shown in
Figures 1-3. The structural features common to all
complexes are the square planar co-ordination around
Pt(II) with cis chloro ligands and nitrogen donor atoms.
The chloro ligands do not deviate significantly from the
least-squares planes through the Pt and donor atoms.
However, the nitrogen donor atoms deviate significantly
from the square planar arrangement probably due to
the steric demands of the ahaz ligand. The Pt-Cl bonds
are approximately the same length in all structures and
range from 2.297(1) to 2.320(1) Å. In all cases, the
endocyclic nitrogen has the longest Pt-N bond length
although this is not so in the parent complex [Pt(S-
ahaz)Cl2].4 [Pt(S-dimeahaz)Cl2] has two independent
molecules in the asymmetric unit. Hydrogen bonding

between a chloro ligand of one molecule and a H(amine)
of the other molecule leads to weakly coupled dimers.
The chiralities of the complexes were confirmed to be

as expected by inverting the coordinates and repeating
the final cycles of refinement. The chiralities of both
endocyclic and exocyclic amine ligands are both opposite
to that of the chiral carbon atom of the ligand. In both
[Pt(S-meahaz)Cl2] and [Pt(R-etahaz)Cl2] the alkyl sub-
stituent on the exocyclic nitrogen atom is, as antici-
pated, disposed away from the ahaz ring because of
steric interactions. This results in the H(amine) atoms
lying on opposite sides of the coordination plane as
required by the design philosophy.
Large thermal ellipsoids for the C atoms in the seven-

membered ahaz ring indicating either static or dynamic
disorder were observed in some cases. The seven-
membered ring commonly adopts one of two conforma-
tions that primarily differ in the disposition of the C(4)
atom, toward or away from the Pt atom. Two C(4)
positions of approximately equal occupancy were found
in [Pt(R-etahaz)Cl2]; in [Pt(S-meahaz)Cl2] the ratio was
more skewed toward one carbon position; and the two
different conformations were observed in the two inde-
pendent molecules of [Pt(S-dimeahaz)Cl2].
Concentration Dependent DNA Binding Study.

A concentration dependent study of the binding of
cisplatin and the enantiomers of [Pt(meahaz)Cl2], [Pt-
(etahaz)Cl2], and [Pt(dimeahaz)Cl2] to DNA was carried
out. The moles of Pt bound per nucleotide of calf
thymus DNA (Rb) versus the amount of the platinum
complex added is plotted in Figures 4-6. The bound
platinum is greatest for cisplatin at each level of treated
platinum. This is not surprising given the greater steric
bulk of the other complexes, but it may also be due to
chemical differences. There is also no discernible dif-
ference in the binding results for the two enantiomers
of the platinum complexes, with the possible exception
of [Pt(meahaz)Cl2], probably because the measurements
encompass both bifunctional and monofunctional modes
of binding and enantioselective differences are more
likely to be observed for the bifunctional adducts.
Surprisingly, the increased bulk of the [Pt(dimeahaz)-
Cl2] complex does not substantially influence the extent
of DNA binding.
In Vitro Cytotoxicity Studies. Results of the in

vitro assays are presented in Table 3. In all cases the
complexes with additional substituents on the primary

Scheme 3
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amine are significantly less active than either cisplatin
or the parent complexes [Pt(R-ahaz)Cl2] and [Pt(S-
ahaz)Cl2]. The enantioselectivity is in line with but
more pronounced than that previously reported for the
parent complexes with, in nearly all cases, the R enan-
tiomer being more active than the S. The enantiose-
lectivity is greatest for the BL13/0 and DU145 cell lines
and for [Pt(etahaz)Cl2] where it is between 2:1 and 3:1.
In the PC9 cell line the activity is lower than in either
BL13/0 or DU145 and enantioselectivity is only observed
for [Pt(etahaz)Cl2]. In PC9-cisR, a cisplatin resistant
variant of PC9, they are a factor of 2-3 times less active
indicating some but not complete cross resistance, and
interestingly, greater enantioselectivity is observed than
in the resistant cell line. The resistance mechanism in
PC9cisR is predominantly transport inhibition,20,21 so
the increased enantioselectivity in the resistant line
might arise from differential uptake. However, resis-
tance is usually multifactorial, and other factors such
as intracellular deactivation and differential repair may
play a role. Somewhat surprising is the observation
that the [Pt(dimeahaz)Cl2] enantiomers are no less
active than those of [Pt(meahaz)Cl2] and [Pt(etahaz)-
Cl2] complexes. On the basis of previous structure-
activity models and our molecular models, we antici-
pated that replacement of both H(amine) atoms on the
primary amine with alkyl groups would strongly inhibit
binding to DNA and therefore inhibit activity. However,
this result is in accord with DNA binding studies which
showed that the increased bulk of [Pt(dimeahaz)Cl2] did
not influence the extent of binding.

Conclusions

Our primary goal in this study was to prepare and
test pairs of enantiomerically related platinum com-
plexes in which each amine group has only one hydrogen
atom, and these H(amine) atoms are disposed toward
opposite sides of the coordination plane. A series of
substituted enantiomerically pure ligands derived from
ahaz was synthesized and sucessfully complexed to
platinum. Structural characterization of [Pt(S-meahaz)-
Cl2] and [Pt(R-etahaz)Cl2] confirmed that the design
goal of trans H(amine) atoms was achieved, and NMR
studies showed that this arrangement overwhelmingly
predominated in solution. Thus, on the basis of the
interactions shown in Scheme 1, we expect that the S
enantiomers of these complexes would readily form the
bifunctional intrastrand adduct, but the R enantiomer
would be less likely to do so. Since it is these adducts
that are believed to be responsible for the majority of
the cytotoxic activity of cisplatin and its close ana-
logues,1-3 we would expect the S enantiomer to be the
more active.

Measurement of the DNA binding of the three pairs
of enantiomers showed that all bound slightly less to
DNA than does cisplatin, again a not unexpected result
given the greater steric bulk. In the case of [Pt(etahaz)-
Cl2] and [Pt(dimeahaz)Cl2] there is no difference in the
DNA binding of the two enantiomers, and in the case
of [Pt(meahaz)Cl2] the R enantiomer may be marginally
better at binding to DNA at high concentrations. Thus,
we can conclude that neither steric bulk nor the chirality
of the ligands exerts a substantial influence on the total
DNA binding. These experiments do not distinguish
between monofunctional and bifunctional adducts, and
it is likely that greater differences will be observed in
the extent of bifunctional adduct formation as is the case
for the enantiomers of the parent complex [Pt(ahaz)-
Cl2].5,25

[Pt(meahaz)Cl2] and [Pt(etahaz)Cl2] had similar but
moderate in vitro cytotoxicity against a number of cell
lines and were about 5-6 times less active than the
parent and [Pt(R- and S-ahaz)Cl2] complexes or cis-
platin. The moderate activity is consistent with the
view that the presence of one H atom on each amine is
sufficient for activity to be observed, and the reduced
activity compared to the ahaz complexes is not suprising
given the increased steric bulk of the substituents added
to the primary amine. Replacement of both H atoms
on the primary amine of [Pt(ahaz)Cl2] with methyl
groups, producing the [Pt(dimeahaz)Cl2] complexes, was
expected to substantially decrease their cytotoxicity
relative to that of the other complexes. However, this
was not the case with activities almost indistinguishable
from those of the [Pt(meahaz)Cl2] and [Pt(etahaz)Cl2]
complexes being observed in all cell lines. Thus, the
notion that one H atom on each amine group is an
essential requirement for cytotoxic activity needs to be
questioned and investigated further.
Enantioselectivity similar to that of the parent com-

plexes was observed in the cytoxicity experiments with,
in nearly all cases, the R enantiomer being more active
than the S. In some cases the R enantiomer is up to 3
times more active, but in others the differences in
activity are of marginal signficance. We consider it
noteworthy that the same enantiomer is the more
active, particularly against the BL13 and DU145 cell
lines, for all complexes. We had anticipated that higher
levels of enantioselectivity might be observed if forma-
tion of the bifunctional intrastrand adducts was sub-
stantially influenced by the disposition of the H(amine)
atoms, but we had predicted that it was the S enanti-
omer that would be the more active (see Scheme 1). In
the case of the parent complex [Pt(ahaz)Cl2], we have
shown that, as expected, the S enantiomer forms more
bifunctional adducts that the R.25 Thus, the expected
correlation between the extent of bifunctional adduct
formation and cytoxicity is not observed. It is probable
therefore, that a number of other factors, including cell
uptake for example, contribute significantly to the
enantioselectivity observed in the cytotoxicity. It is
anticipated that the greater steric bulk of the present
complexes will lead to even greater enantioselective
differences in the tendency to form bifunctional adducts,
and work is underway to investigate the DNA binding
in more detail. We are also using these pairs of
enantiomers in an attempt to establish what role other
factors play in contributing to the cytotoxicity.

Table 3. IC50 Values

mean IC50 (standard error)

drug BL13/0 PC9 PC9-cisR DU145

cisplatin 1.9(0.5) 1.4(0.2) 11.7(3.1) 1.8(0.8)
[Pt(R-ahaz)Cl2] 1.3(0.2) 5.9(0.1) 16.0(1.0) 2.9(0.1)
[Pt(S-ahaz)Cl2] 2.0(0.2) 3.0(0.1) 15.3(1.3) 3.4(0.3)
[Pt(R-meahaz)Cl2] 7.3(1.3) 13.3(1.9) 19.0(1.2) 6.7(1.3)
[Pt(S-meahaz)Cl2] 11.7(1.6) 13.7(1.2) 38.3(8.0) 10.1(1.7)
[Pt(R-etahaz)Cl2] 7.4(1.1) 20(3.5) 44(4.4) 9.5(0.9)
[Pt(S-etahaz)Cl2] 19(2.1) 31(4) 79.7(8.5) 21.3(2.4)
[Pt(R-dimeahaz)Cl2] 7.7(2.1) 13.5(3.4) 29.3(1.5) 7.3(0.2)
[Pt(S-dimeahaz)Cl2] 10.2(1.4) 11.8(2.6) 28.7(2.2) 11.5(0.8)
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