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The synthesis of bifunctional dinuclear platinum complexes, [{ PtCI-
(daCh)} z'ﬂ'Y]n+C|n (1—3, Y= HzN(CHz)gNHz(CHz)4NH2, HZN(CHZ)ﬁ‘
NHz(CHz)ﬁNHz, and HzN(CHz)eNHg(CHz)zNHz(CHz)eNHz, respec-
tively; Figure 1) is reported. There was no labilization of the
polyamine linker groups of the cis-1,2-diaminocyclohexane com-
plexes in the presence of sulfur-containing species at physiological
pH, in contrast to previous studies preformed on trans complexes.
Metabolism reactions are somewhat dependent on the nature of
the polyamine: at physiological pH, the spermidine complex 1 forms
an inert (tetraamine)platinum species in which one platinum is
chelated by a central and terminal amino group. The stability of
cis-geometry complexes may make them viable second-generation
polynuclear platinum clinical candidates.

The general (di,tri)nuclear platinum structural motif offers

of the Pt-Cl bond by a trans-influencing S donor results in
the loss of the di/polyamine and bridge cleavagecontrast,
the 1,1/c,c cis geometry as icis-PtCI(NHs),} »-u-Y] ™ does
not undergo breakdown of the dinuclear structure upon
reaction with sulfur nucleophiles. In the case of thiol, novel
thiolate-bridged macrocycles are formed, and with the
thioether methionine, slow loss of NHs eventually ob-
served’®

Second-generation polynuclear platinum clinical candidates
should maintain the target (DNA) binding profile of the
“parent” compound and be less susceptible to metabolic
breakdown. The positively charged polyamine linker is a
critical feature that contributes to cellular uptake, DNA
binding, and high antitumor activity. To this extent, we now
report on the synthesis and chemistry of “second generation”
dinuclear polyamine-bridged complexes containing 1,2-
diaminocyclohexane (dach). Use of the chelating diamine

a series of potent anticancer compounds with a rich variety fyrther enhances the robustness of the compounds, in

of DNA binding modes:? Their chemistry and biological
activity may be modulated by the geometry and number of

combination with the high interstrand cross-linking associated
with the cis (1,1/c,c) geometBi® Dinuclear platinum

leaving groups in the coordination sphere as well as the complexes with dach as the carrier group are also of interest

nature of the di/polyamine linking the platinum centers. The
first of these complexes to enter clinical trials, BBR3464,
[{ transPtCI(N Hg)z} 2—#-{ transPt(N Hg)z(N Hz(C H2)6N Hz)z} ]-

in their own right as dinuclear analogues of oxaliplatin.

The compounds of this general structufg?{Cl(dach) -
w-Y]"t, where Y is a variable-length spermidine= 3) or

(NOs)4, showed some responses in cancers not usua"yspermine-like i = 4) linker, were prepared by known

sensitive to cisplatin treatmeht.The polynuclear motif of
BBR3464, and the general 1,1/t,t structufdérdgns-PtCI-
(NH3)2} 2-u-Y]™ (Y = linker such as NK{CH,)sNH,, sper-
midine, etc.), is susceptible to decomposition, and the

products observed in blood may be mimicked by reactions HoN(CH,)sNBoc(CHb)aNH,.

with sulfur-containing nucleophiles$ Briefly, substitution
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synthetic pathway#. This involves the sequential selective
protection and deprotection of the terminal amines of the
polyamine to give as the reactant ligand the centrally blocked
(tert-butoxycarbonyl)polyamines such as for spermidine
Platination is achieved with the
monoactivateatis-[PtCI(DMF)(dach)t, followed by depro-
tection of the central nitrogen to produge-3 (Figure 1).
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H, H, H, _I 3+ Table 1. %%t NMR Shifts for Polynuclear Platinum Complexes and
N N H, . N the Products of Their Reaction with GMP and AcRKlet
CQ Sp/ TN pt ji)
2 \/\/\N/ N coordination sphere
Hy ; H, H, complex PtNCI PtNs(GMP) PtNs(cyc) PINsS
H, H, _| 3+ 1-Boc —2597 —2727 —3267
N_ ol e N 1 —2608 —2728 —2882 —3266
CQ Pt Ha Pt jij 2 —2607 -2732 —3263
N VY 3 —2602 —2729 —3269
Hy H, H, H,
2 a 195t referenced to NEPtClg], 6 = O ppm.
H, H 4+
NS el Cl_ N u PtN,(GMP) time
SN TS
N/ \N/\/\/\/N\_/N\/\/\/\N/ \N
Hy  H, H, H, 7.0h
3
cl NH N NH NS N 4
N 3 3 3
pt” /\/\/\/ et \/\/‘/ Serl N A\ 80min
7N\ /NS 7 el PtN.CI
H3N H3N N HzN 3

N
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BBR3464 40 min
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\P‘l/ /_/—_ﬁ/ \Pt/ \Pt/ /_/_/J \Pt/
/N 7/ N\ /N / N\ 0 min

H,N N Cl"  NH, H,N N H,N cl T T 1 T

H, H, -2600  -2700 -2800 -2900
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(¢] (o]
H Figure 2. 195t NMR spectra of the 1:21{GMP) reaction at = 40 min,

: </N]f]\NH \“/ OH 80 min, and 7.0 h. Compouridshowed signs of cyclization at 40 min.
+Na-o—||=—o o N N7 NH, o Scheme 1
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Figure 1. Structures of polynuclear platinum complexdgig-PtCl-
(dach) 2-#-H2N(CH2)3NH2(CH2)4NH2]3+ (1), [{ CiS-PtC'(daCh}2-,Lt-H2N(CH2)5—
NHQ(CHz)eNHz]sJr (2), [{CiS—PtCl(daCh)z—,u-HzN(CHz)eNHg(CHz)zNHz(CHz)e—
NH]** (3), [{ trans-PtCI(NH)2} 2-u-{ trans-Pt(NHs)2(NH2(CHz)eNH2)} 1+
(BBR3464), { cis-PtCI(NHs)2} 2-1-H2N(CH2)sNH2] 2+ (1,1/c,c), and{trans:

PtCI(NHs)2} 2-u-HoN(CHg)eNH2]?t (1,1/t,t) as well as guanosiné-&ono- H,N  NH, “2 nz
phosphate (GMP) and sulfur nucleophieacetyl+-methionine (AcMet). \ / N/
/Pt\ P jij CIPt—— PH{GMP)
The complexes were characterized by elemental analysis and HN N/ © H
1H and %Pt NMR spectroscopy (see the Supporting Infor- K) 2
mation). (cyc) i-; GMP/-CI
Both cis- and trans-oriented dinuclear platinum complexes - ¢l |+ GMP
(1,1/c,c and 1,1/t,t) are antitumor-acti&én comparative
DNA-binding studies, the more sterically hindered cis H,N  NH, :z nz
compound binds to DNA at slower rates and produces a \Pt/ “pt’ jO(GMP)Pt_Pt(GMP)
higher proportion of interstrand cross-links than its trans HN NH amP’ N
isomer?!® The reactions of the new compounds were 2.\) H,
examined with model nucleotides'{§uanosine monophos- (cye)
phate (GMP)) and amino acids-fnethionine) for compari-
son with previous results. In the case of, %Pt NMR spectroscopy showed two new

In a 1:2 reaction oR or 3 (5 mM) and GMP (10 mM) peaks at-2727 and—2884 ppm within 40 min. The former
under physiological conditiondH and!%Pt NMR spectros- peak increased in intensity as the reaction proceeded, while

copy showed the stepwise substitution the latter remained relatively constant. Control experiments
at pH 7.4 in the absence of the mononucleotide ¢&tt
CIPt—PtCl— CIPt=Pt(GMP)— (GMP)Pt+Pt(GMP) NMR signals at—2883 and—2610 ppm, consistent with

competitive chelation of one platinum unit from the central
The'H NMR spectrum of the GMP H(8) showed typical spermidine nitrogen producing an inert six-membered (tet-
deshielding shifts, and th€®Pt NMR spectra showed new raamine)platinum species, P{yc) (Figure 2 and Scheme
peaks at approximately2700 ppm indicative of the PtN 1). The percentage of chelation increased upon an increase
coordination sphere (Table 1). in the pH of the solution. At pH- 10, a new peak appeared

Inorganic Chemistry, Vol. 46, No. 15, 2007 5821



COMMUNICATION

at —2323 ppm and was assigned to a giN\coordination and 4+ for 2 and3, respectively) and the smaller bite angle
sphere, attributed to the possible formation of intramolecular of the five-membered ethylenediamine-based chelate com-
hydroxo bridged? When the precursor 1-Boc was allowed pared to those of theis-Pt(NHs), group. In agreement with

to react with GMP, only one product peak-a2730 ppm the former possibility, the approximate half-time for the
was observed with no evidence of chelation. The chelate reaction of I-Boc (2- charge, central nitrogen blocked) with
formation of small-chain polyamines is consistent with 5-GMP is 225 min. The reaction with N-AcMet is faster
previous observations; indeed, attempts to prepare thewith approximately half-times of 20630 min in all three
spermine-linked compound invariably gave mixtures, and this cases; in this case, N-AcMet binding fois faster than
particular ligand was not pursued furtiér® chelation.

The**Pt NMR spectra of the reaction between complexes  The introduction of biologically relevant polyamines as
1-3 and AcMet (both 1:2 and 1:4 complex/ligand ratios) linker groups into the polynuclear platinum complexes has
gave final products corresponding to B8Ncoordination  a significant impact on their DNA-binding properties (bind-
spheres. Similar reactions have been observed for theing ratio and conformational changes), cellular uptake, and
“simple” 1,1/c,c compound, but in this case, products cytotoxicity?1” Long-chain polyamines avoid the cis-com-
containing PtNS, coordination sphere® = —3410 ppm) plexation reactions of spermidine and spermine. The current
resulting from slow loss of one NHgroup and further  series of dach-based dinuclear compounds will be expected
substitution by methionine are observed. In contrast, the to mimic the DNA-binding profile of BBR3464, while
current results confirm that the presence of the bidentate bridge-deactivating reactions are minimized. The biological
amine prevents such trans labilization: the bidentate carrieractivity of all new complexes is undergoing investigation.
group remains intact, and no evidence for ring opening was Dinuclear 1,1/t,t polyamine-bridged compounds are them-
observed. For 1, a very small amount of the Pjftyc) selves very potent; nanomolar cytotoxicity is obtained for
species is observed, even after the disappearance of all othe long-chain compound BR361§fans-PtCI(NHs)2} »-u-
the starting material. This suggests that chelate formation{trans-(H,N(CH2)sNH(CH,)o:NH(CH,)sNH2}[(NOs)s, de-
may displace the PtS bond, but the extent of chelation is  signed to mimic the same distance between the twelPt
significantly less than that in theé-&MP case. units in BBR3464:18 The compounds described here, such

No detailed kinetic analyses have been performed on theas 3, should contain the main features of BBR3464 and
reactions with small-molecule nucleotides and amino acids, BBR3610 but with enhanced stability to metabolic deactiva-
but some reasonable estimates may be gauged by comparingon.
the approximate half-time to reaction, based on integration ,
of nonexchangeablH and 9Pt NMR signals. The rate of Acknowledgment. The research is supported by NIH
reaction with GMP for the spermidine-linked compound is RO1CAS8754.
not possible to estimate because of the competing cyclization  gypporting Information Available: Synthesis and character-
reaction, but the half-lives fd& and3 are approximately 80  ization of polyamine ligands and their dach-based dinuclear
min. These are significantly faster compared with those of platinum complexes. This material is available free of charge via
1,1/t,t (185 min) and 1,1/c,c (250 mif) Possible explana-  the Internet at http://pubs.acs.org.
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