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an amine or ether with a Pt-C u bond trans to the C-N or 
C-0 bond.",'8 

Few electrophilic additions to either platinum(0)- or plat- 
inum(II)-olefin complexes have been observed, as indicated 
in the review by Hartley.14 However, the addition of a strong 
acid such as hydrochloric or trifluoromethanesulfonic acid, to 
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a platinum(0)-acetylene complex results in a a-bonded alke- 
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Hartley and others have pointed to the fact that the stability 
of platinum(O)-olefin complexes increases as the substituents Received I 7, I 980 

onthe olefin become more highly electron ~i thdrawing. '~  The 
indication is that back-donation through the b-symmetry or- 
bitals, as drawn by McGinnety,2' is more important than in 
similar platinum(I1) complexes. Thus electron density is built 
up on the olefinic ligand in strong Pt(O)*lefin bonds. To the 
extent that this statement follows from the substituent effects 
on Pt(0)-olefin bond strengths, one would expect these com- 
plexes to exhibit enhanced reactivity toward electrophiles and 
diminished reactivity to nucleophiles. 

The reaction of A'~4-bicyclo[2.2.0]hexenebis(triphenyl- 
phosphine)platinum(O) to give the title compound can thus 
be envisioned as the protonation of one of the olefinic carbons 
leaving a cation of structure 3, which reacts with the solvent 

1 3 
I 

Et0  ... 
L 

to give the ether complex. This reaction has a direct analogy 
in the addition of acids to many propel lane^.^^-^^ Propellanes 
are subject to reaction with both electrophiles and radicals at 
one of the bridgehead carbons with simultaneous cleavage of 
the central bond. It is interesting to note that as a class of 
compounds they are stable to bases and nucleophiles. 

Sensitivity of Pt(O)-olefin complexes to ethanol is in no way 
a common property. In fact cycl~propene~~ and strained allene 
complexes are commonly recrystallized from ethanol. It is 
hoped that this report will create interest in the relationship 
between the reactivity of metal-ligand complexes and the 
strain inherent in the ligand. 
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Numerous spectroscopic studies have investigated the in- 
teraction of dichlorcdiammineplatinum(I1) (DDP) with DNA' 
since the discovery that cis-DDP (but not trans-DDP) is an 
active antitumor agent.2 Both DDP isomers bind strongly 
to DNA, and the antitumor activity of cis-DDP has been 
related to its ability to inhibit DNA synthesis. Recent extended 
X-ray absorption fine structure (EXAFS) studies from our 
laboratory suggest that the local structure of the complexes 
formed by cis- and trans-DDP with calf thymus DNA contains 
no distinct metal-metal bonds.3 We report here our optical 
and 'H NMR studies of the thermal melting (duplex to strand 
transition) profiles of the complexes formed by cis- and 
trans-DDP with the synthetic DNA poly(dA-dT) in an attempt 
to understand the differences in the binding of these complexes 
to DNA. 
Experimental Section 

Optical Melting Studies. The lyophilized sodium salt of poly(dA-dT) 
was purchased from Collaborative Research and dialyzed against two 
changes of 5 mM cacodylate buffer (pH 7.0). Cacodylate buffer was 
used to avoid coordination to the platinum complexes or interference 
in the 'H NMR studies (vide infra) by the buffer material. No other 
salts were added in the buffer in order to avoid raising the melting 
temperature@) of the resulting complexes too close to the boiling point 
(vide infra). The polynucleotide concentration was based on an 
extinction coefficient, tZm = 6.7 X lo3 in phosphates. Solutions of 
cis- or trans-DDP and poly(dA-dT) were mixed in 5 mM buffer (final 
synthetic DNA concentration of 0.15 mM in phosphates) and allowed 
to react in the dark at  25 OC with constant agitation for 2-3 days. 
It should be mentioned that a t  the BP/M ratios employed, the con- 
centrations appropriate for optical measurements, and the reaction 
times allowed in the present study, all solubilized DDP complexes 
would have reacted. Control reactions run for a longer period of time 
(5 days) or dialyzed against the buffer at the end produced essentially 
the same optical melting data reported here. The thermal melting 
of the complex with base pair/metal (BP/M) ratios of 64, 32, 24, 
16, 8,  4, and 2 was measured as the relative changes in absorbance 
at 260 nm (A&,,) with the use of a Gilford 2400-2 spectrometer 
equipped with a thermoelectric device for heating the sample cell, 
a thermoprogrammer, and a reference compensator. The samples 
were held in separate 5-mm quartz cells and were heated at a constant 
rate of 1 OC/min from 25 to 80 OC. Each set included a poly(dA-dT) 
control along with the cis- and trans-DDP.poly(dA-dT) complexes 
at  the same BP/M ratio. 
'H NMR Studies. The DDP.poly(dA-dT) samples for the N M R  

studies were prepared by reacting cis- and trans-DDP with poly- 
(dA-dT) at BP/M ratios of 8 and 4 in 5 mM cacodylate buffer in 
the dark at 25 OC with constant agitation for 2-3 days. The samples 
(volume 8 mL) were subsequently dialyzed against 5 mM NaC1, 0.5 
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Figure 1. Thermal melting curves (260 nm) for the complex of 
cis-DDP with poly(dA-dT) in 5 mM cacodylate buffer at BP/M ratios 
of 64, 16, 8, and 2. 
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Figure 2. The thermal melting curves (260 nm) for the poly(dA-dT), 
cis-DDP.poly(dA-dT) complex, BP/M = 32, and trans-DDP-poly- 
(dA-dT) complex, BP/M = 32 in 5 mM cacodylate buffer. 

mM cacodylate buffer to remove any unreacted DDP. The complexes 
were lyophilized repeatedly from D 2 0  and dissolved finally in 0.4 mL 
of 100% D 2 0  (20-fold concentration of sample and buffer). The proton 
NMR spectra of the complexes in 0.1 M NaC1, 10 mM cacodylate 
were recorded on an HX-360 Bruker spectrometer, and the chemical 
shifts are referenced relative to standard sodium 2,2-dimethyl-2-si- 
lapentane-5-sulfonate (DSS). 

Results and Discussion 
Optical Melting Studies. The melting curves (first heating 

cycle) for the complexes formed by cis-DDP with poly(dA-dT) 
at  base pair/metal (BP/M) ratios of 2,8,16, and 64 in 5 mM 
buffer are presented in Figure 1. A comparison of the melting 
behavior of the cis- and trans-DDP-poly(dA-dT) complexes 
at  BP/M = 32 in 5 mM buffer is presented in Figure 2. The 
cis and trans-DDP complexes with poly(dA-dT) exhibit bi- 
phasic melting transitions as monitored by the 260-nm nucleic 
acid absorbance at BP/M ratios greater than 4 (Figures 1 and 
2). Since the extent of the high-temperature phase correlates 
directly with the metal content, we assign the low-temperature 
cooperative phase to the "platinum-free'' base pair region and 
the high-temperature cooperative phase to the base pair region 
stabilized by the covalently bound platinum. While the melting 
of free poly(dA-dT) is completely reversible, we found no 
renaturation for the high-temperature phase of the platinum 
complexes. A direct consequence is that the second and 

Table I. Melting Data of the Complexes Formed by cis- and 
trans-DDP with Poly(dAdT) in 5 mM Cacodylate Buffer 
@H 7) at Room Temperature 

complex BP/Ma b b  cyc 

I (cis) 2 1 2 
4 1 4 
8 0.98 ( 3 ) d  7.98 (3) 

14.6 (12) 16 0.91 (7) 
24 0.84 (6) 20.1 (13) 
32 0.79 (5) 25.2 (15) 
64 0.50 (2) 31.8 (11) 

4 0.99 (7) 4.0 (3) 
8 0.90 (7) 7.2 (5) 

24 0.58 (6) 14.3 (18) 
32 0.48 (4) 15.5 (14) 
64 0.21 (2) 13.4 (13) 

I1 (trans) 2 1 2 

16 0.74 (5) 11.9 (9) 

Base pair to metal ratio. 
the "stabilized" region. 
pairs stabilized by bound DDP. 
are estimated errors of the last significant figure. 

Fractional increase in AA 260 of 

The numbers in parentheses 
a. = b(BP/M); it is the number of base 
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Figure 3. Plot of the number of base pairs stabilized per bound 
platinum ligand, a, in the cis-DDP-poly(dA-dT) complex and the 
trans-DDP.poly(dA-dT) complex as a function of the base pair to 
metal (BP/M) ratio. 

subsequent heating cycles are different from the first one. 
These observations are similar to that observed by Harder4 
for the reaction product of cis-Pt(NHJ2C12 with poly(dA-dT). 
For example, Harder4 observed a biphasic melting curve of 
roughly equal b i z 6 0  for BP/M = 10 with melting tempera- 
tures of 35" and 42" for poly(dA-dT) incubated with cis-DDP 
for 16 h at 21 "C in 5 mM NaC104. The high-temperature 
transition, which is not renaturable, is considerably broader 
than the low-temperature transition, which occurs at about 
the same temperature as free poly(dA-dT). At BP/M = 2, 
a broad transition occurs with T,,, of ca. 46 "C. As the drug 
level increases, the absorbance change, hA260, decreases sig- 
n i f i~an t ly .~  The differences (melting temperatures, ratio of 
the two phases, etc.) between our results and those of Harder4 
are conceivably due to the different buffer systems used. 
Melting behavior of DNA bound with cis- and trans-DDP 
have also been studied.5,6 We note, however, only poly(dA- 
dT) shows a distinct biphasic structure in the melting profile 
when reacted with the platinum complexes. 

As is evident from Figure 2, there is a larger increase in the 
transition midpoint (T,)  of the base pair regions stabilized 
by bound cis-DDP compared to tram-DDP at the same BP/M 
ratio, suggesting that greater stabilization is associated with 

(4) Harder, H. C. In "Platinum Coordination Complexes in Cancer 
Chemotherapy"; Connors, T. A,, Roberts, J. J., Eds.; Springer-Verlag: . .  
New York, i974; p 74. 
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Notes Inorganic Chemistry, Vol. 20, No. 11, 1981 4005 

POLY (dA-dT) COMPLEX POLY (dA-dT) COMPLEX 

5'61 5.7 7 
6.0 '::I - I H-" 

I 

I 

7.0 

7.1 

7.2 

7.3 

- 7.4 

7.5 

- 7.6 

- 

- 8.0 

i - 8.1 

40 60 80 40 60 80 40 60 80 40 60 80 
Figure 4. Temperature-dependent proton NMR chemical shifts of poly(dA-dT) (0 )  and the DDP.poly(dA-dT) complexes, BP/M = 8 (A), 
and BP/M = 4 (O), in 0.1 M NaC1, 10 mM cacodylate, D 2 0  solution. 

the binding of the cis vs. the rrans-DDP to the duplex state. 
W e  can estimate the number of base pairs stabilized by 

bound DDP, a = b(BP/M), where b is the fractional increase 
in AA260 of the higher temperature cooperative transition in 
the biphasic melting curve (Table I). The number of base 
pairs stabilized by bound DDP, a ,  is plotted as a function of 
BP/M values for the cis- and trans-DDP.poly(dA-dT) com- 
plexes in Figure 3. The results demonstrate that covalent 
binding of platinum stabilizes a large number of base pairs 
adjacent to its binding site (Figure 3). The stabilization ex- 
tends over more base pairs in the cis-DDP.poly(dA-dT) com- 
plex and is most pronounced a t  high base pair/metal ratios 
(Figure 3). 

Proton Nuclear Magnetic Resonance Studies. Proton N M R  
spectra have been recorded on the poly(dA-dT) complexes with 
cis- and trans-DDP at BP/M ratios of 8 and 4 in 0.1 M NaC1, 
10 m M  cacodylate solution. The base and sugar protons of 
poly(dA-dT) shift as average peaks during the duplex to strand 
transition (midpoint, t I j z  = 62.5 "C) in this buffer (Figure 4). 
As expected, the melting temperatures in the buffer employed 
in the N M R  study (0.1 M NaC1, 10 m M  cacodylate) are 
substantially higher than those in the buffer employed in the 
optical study (5 m M  cacodylate) due to the increased ionic 
strength. The chemical shift data is reported for the adenosine 
H-8 and H-2 and the sugar H-1' protons attached to the 
adenosine and thymidine rings.' 

The duplex to strand transition of the DDP.poly(dA-dT) 
complexes (BP/M = 8 and 4) occurs in two steps as monitored 
by proton N M R  spectroscopy.8 The transition midpoint for 

the opening of Pt-free base pair regions is -64 OC with the 
resonance in slow exchange between duplex and strand states. 
This indicates that the opening of the Pt-free base pair regions 
in the complex becomes slow ( < l o 2  s-') on the N M R  time 
scale in contrast to fast exchange ( - lo3 s-l) for the dissoci- 
ation of the poly(dA-dT) duplex in 0.1 M NaCl solution. The 
spectra of the complex at -67 "C are a superposition of the 
narrow resonances from Pt-free base pair regions that have 
opened up and broad resonances from intact Pt-bound base 
pair regions. The broad resonances gradually disappear on 
raising the temperature further indicative of the melting of 
the Pt-bound base pair regions. 

The base (adenosine H-8 and H-2) and the sugar (H-1' 
protons attached to the adenosine and thymidine rings) protons 
of the DDP.poly(dA-dT) complexes (BP/M = 8 and 4) in the 
duplex state are compared with the corresponding values in 
the duplex state of poly(dA-dT) in Figure 4. The chemical 
shifts of the base resonances are similar for the synthetic DNA, 
and the complexes which indicates that the base pair over- 
l a p ~ ~ , ' ~  as monitored a t  the adenosine H-8 and H-2 protons 
are little perturbed on formation of the covalent Pt complexes. 

The two sugar H-1' protons of poly(dA-dT) are unperturbed 
on formation of the tram-DDP complexes while the sugar H-1' 
proton a t  6.1 ppm selectively shifts downfield on formation 
of the cis-DDP complex (Figure 4). The sugar H-1' protons 
are sensitive to changes in the glycosidic torsion angles so that 
formation of the cis-DDP.poly(dA-dT) complex results in a 
change in one (either adenosine or thymidine) glycosidic 
torsion angle. The same selective shift was observed when the 

(7) The thymidine H-6 resonance is superimposed under the narrow aden- 
osine H-2 resonance, and the thymidine CH3-5 resonance is close to the 
strong cacodylate CH3 signal. Hence neither thymidine base resonance 
could be monitored accurately in the duplex state. 
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N M R  spectra of the complexes were recorded in 1 M NaCl 
solution. 

It has been established previously that cis-DDP is an ef- 
fective anticancer agent while its trans analogue lacks activ- 
ity.’S2 The optical binding studies on DDP-poly(dA-dT) 
complexes show significant differences between the two iso- 
mers, with the cis isomer stabilizing twice the number of base 
pairs (reaching of number of -32 per bound Pt for the re- 
action conditions specified in this work) about its binding site 
compared to the trans isomer. Further, the transition midpoint 
for the opening of base pairs centered about bound Pt occurs 
at  a much higher temperature for the cis isomer compared to 
the trans isomer, indicative of the formation of a more stable 
complex with the cis isomer. 

It has been proposed that the covalent interaction between 
dichlorodiammineplatinum( 11) and the nucleic acid involves 
nitrogen and/or oxygen atoms on the base pair edges though 
the exact nature of binding is still a subject of contr~versy.”-’~ 
The N M R  studies suggest that the base pair overlaps in 
poly(dA-dT) are not significantly perturbed on formation of 
the DDP-(synthetic DNA) complexes. However, the selective 
change in one of the sugar H-1’ chemical shifts on formation 
of the cis-DDP-poly(dA-dT) complex suggests that the cova- 
lent interaction does result in a perturbation in either the 
adenosine or thymidine glycosidic torsion angle. 

Registry No. cis-DDP, 15663-27-1; trans-DDP, 14913-33-8; dA, 
958-09-8; dT, 3416-05-5. 
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Since Rosenberg’s discovery of the anticancer activity of 
cis-dichlorodiammineplatinum(I1) (DDP) (whereas the trans 
analogue is ineffective), there has been a considerable amount 
of work aimed at  synthesizing new platinum compounds with 
more desirable While these studies have pro- 

~ ~ ~ ~~~ ~ 
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duced many new active antitumor agents, they generally in- 
volve monomeric platinum complexes. We report here the 
synthesis of a series of new bis(cis-dichloro(diamine)plati- 
num(I1)) complexes with a variable and flexible bridgee6 The 
design of these platinum complexes allows us to investigate 
the effect of the bridging chain length on their binding to 
DNA, particularly in light of the fact that their antitumor 
activity is related to their ability to interact with DNA. This 
is accomplished by a study of melting profiles of the reaction 
products of these bis(p1atinum) complexes with the synthetic 

Since cis- [Pt(diamine)C12] where diamine = o-phenylene- 
diamine was shown to be an active antitumor agent against 
ADJ/PC6 plasma cell the compound with diamine 
= 3,4-diaminobenzoic acid (DAB) was chosen for the synthetic 
convenience of bridging two such units via two amide linkages 
with diamines such as cadaverine (H2N(CH2)5NH2), sper- 
midine (H2N(CH2)3NH(CH2)4NH2), and spermine (H2N- 
(CH2)3NH(CH2)4NH(CH2)3NH2). These diamines possess 
the following desirable characteristics: (1) they span roughly 

DNA, poly(dA-dT). 
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