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In geometric isomerization of olefins we consider the reaction 
coordinate as the C=C torsion, which becomes nonrestorative 
at the transition state. The isotope dependent mode which is most 
affected during the reaction is the out-of-plane C-H (C-D) bend 
(Figure 2). Its frequency in the tranistion state should be very 
low, behaving analogously to the C-H(D) stretch in H(D) 
transfers. Assuming an 820-cm"1 C-H bending frequency for a 
trisubstituted alkene11 and the same factor of 1.36 diminution for 
C-D bends as for stretches (from the square root of the ratio of 
the reduced masses) predicts a reduction of the value of about 
7 for the primary isotope effect expected for a symmetrical H(D) 
transfer transition state (without substantial tunnelling) to 
7(82o/2950) _ j j f o r t h e t o r s io n a i caSe.12 For the geometric 
isomerization transition state of an acyclic olefin, the perpendi
cularly twisted structure, this should be a reasonable estimate. 
However, since the vinyl carbons in f/ww-cyclohexene are probably 
pyramidal13 and the reactant bending frequency therefore 
somewhat higher than 820 cm"1, and since there seems to be a 
modest tunnelling correction, this is a close lower bound. The 
observation is in excellent accord with this simple model. 

The model has been more quantitatively justified by semi-
empirical molecular orbital calculations. We have examined the 
prototypical but artificial olefin M2C=CMH(D), where M is a 
hydrogen of mass 15 (to approximate a methyl group), by 
MNDO14 calculations, previous results with which have shown 
good success in estimating vibrational frequencies15 as well as 
deuterium isotope effects on rate.'6 The molecule chosen dem
onstrates the effect for an acyclic case and avoids the complication 
of coupling of essential modes with, e.g., internal rotations of the 
methyl groups were the real case of trimethylethylene used. We 
find a ZPE contribution to the isotope effect of 1.48 and a total 
nontunnelling isotope effect of 1.51. In accord with the arguments 
above, the out-of-plane C-H(D) bending mode of reactant (H, 
961 cm"1; D, 812 cm"1 calcd) dominates. Other stretches and 
bends involving the C-H(D) bond are well compensated between 
reactant and transition state. The imaginary frequency of the 
activated complex corresponds to the torsion of the M2C and 
CMH(D) groups (H, 588i cm"1; D, 48Ii cm"1) and affords es
timated tunnelling corrections to the rate of 1.55 (H) and 1.27 
(D) under the usual assumption of a truncated parabolic barrier. 
The net isotope effect predicted is 1.85, in excellent accord with 
the observation as well as with the rationalization above. 

This is the first SDIE reported for alkene geometric isomeri
zation. It might better be described as "quasiprimary". Just as 
the entire stretching frequency of a C-H (C-D) oscillator may 
be "lost" at the transition state for atom transfer, the entire C-H 
(C-D) out-of-plane bending frequency may be lost in an alkene 
geometric isomerization. Most importantly, the arguments here 
presented are not at all unique to the unusual 2, and large isotope 
effects should be found for other alkenes as well. 
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The great success of ck-diamminedichloroplatinum(II) {cis-
DDP) in the clinical treatment of human malignancies' has 
stimulated research in the area of so-called second generation 
platinum compounds2 and other metal-based antitumor compounds 
such as titanium,3 vanadium,4 gold,5 germanium,6 and copper7 

complexes. We have sought new antineoplastic metal complexes 
based on the following strategy: (i) coordination sphere of the 
square-planar type, (ii) zero net charge of the complex, and (iii) 
selection of the moderate leaving ligand. Copper was also chosen 
as the central metal because of high affinity for nucleic bases of 
DNA. 

Among various copper complexes tested, we found strong an
titumor activity in the bis(acetato)bis(imidazole)copper(II) com
plex, [Cu(AcO)2(HIm)2], in which the crystal structure has been 
clarified.8 In the 50% inhibition dose (ID50)

9 of cell growth using 
the mouse cancer cell line Bl6 melanoma,5 indeed, the cytotoxic 
effect (20 ng/mL) of [Cu(AcO)2(HIm)2] was comparable to that 
(8 ng/mL) of the excellent therapeutic drug CJS-DDP and was 
superior to that (100 ng/mL) of mitomycin C. 

Figure 1 shows the ESR spectra of [Cu(AcO)2(HIm)2] and 
the 1:2 Cu(II) complex-deoxyguanosine (dG) systems at 77 K. 
Both the ESR spectra exhibit a typical Cu(II) hyperfine pattern 
and are characteristic of pseudo-square-planar Cu(II) system in 
the local environment of C21, and DAh symmetries.10'11 In the case 
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Figure 1. FSR spectra tor |Cu(AcO).(MIm),] (A) and [Cu(AcO)2-
(HIm)-.]-dG (B) systems measured at 77 K. F.ach sample contained 5 
mM [Cu(AcO)2(HIm).]. The [Cu(AcO)2(HIm)2)-dG (1:2) complex 
was prepared b\ addition of 10 mM dG to (A) in water and incubated 
for 48 h at 37 0C. 

Figure 2. Agarose (1%) gel electrophoretic patterns of ethidium bromide 
stained mixtures of closed and open circular 0X174 RF DNAs incubated 
with [Cu(AcO)2(HIm)2] and treated with Banl. F.ach sample contained 
0.3 ug of 0X174 RF DNA and 100 *.M Tris-HCl buffer (pH 8.0). The 
samples of lanes 2 and 3 were incubated with 6 /iM and 30 nM [Cu-
(AcO)2(HIm)2], respectively. The samples of lanes 1-4 were digested 
with Ban], and lane 5 shows the intact DNA alone. 

of [Cu(AcO)2(HIm)2] alone, the well-defined five lines of nitrogen 
(14N, / = 1) nuclear superhyperfine splitting (hfs) were observed 
at the perpendicular region. The estimated F.SR parameter (g 
= 2.267 and A = 152.8 G) indicates that the Cu(II) site is in 
the square-planar environment with the ( N m m ) 2 donor set. When 
[Cu(AcO)2(HIm)2] was reacted with 2 equiv of deoxynucleosides 
(dNs) for 48 h at 37 0 C, the ESR feature of the dG system was 
altered the most significantly. Nine well-defined lines of N-hfs 
and ESR parameter (g = 2.239 and A = 183.3 G) demonstrate 
the coordination of two additional dG ligands via the nitrogen atom 
to [Cu(AcO)2(HIm)2]. This fact was also supported by the Job 
plot experiments,12 where the mole ratio of dG/[Cu(AcO)2-
(HIm)2] in the ternary complex is approximately 2. By contrast, 
the ESR characteristic of the dT system was almost identical with 
that of the original complex [Cu(AcO)2(HIm)2], indicating no 
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coordination of dT to the present Cu(II) complex. The reaction 
of [Cu(AcO)2(HIm)2] with 2 equiv of several amines also gave 
ESR parameters (Him, g = 2.237 and A = 1X6.1 G; pyridine, 
gs = 2.239 and A = 177.8 G). whereas the addition of aniline 
induced no significant ESR alteration (g = 2.262 and A = 155.6 
G) of the original Cu(II) complex. The present ESR results 
suggest that the binding site of dG is not the N(2) exocyclic 
nitrogen atom but rather the N(7) ring nitrogen atom. In [Cu-
(9-methylguaninc)2(H20)3]S04-3H ;0

1 3 the guanine N(7) coor
dination has been demonstrated. 

Furthermore, we investigated the effect of [Cu(AcO)2(HIm)2] 
on the digestion of restriction enzyme Banl which cleaves the 
sequence specific loci (G1GPyPuCC).14 Figure 2 shows the typical 
gel electrophoretic patterns of a mixture of covalently closed 
circular (form I) and open circular (form II) 0X174 RF DNAs 
cleaved with Banl after incubation with [Cu(AcO)2(HIm)2].1 5 

The molar ratios (r) of [Cu(AcO)2(HIm)2] /DNA were 0.1 and 
0.5. The enzyme Banl cuts the circular 0X174 RF DNAs at the 
nucleotide sequence-specific loci to produce the three fragments 
(A-C in Figure 2). The gel electrophoretic pattern at low r value 
of 0.1 (lane 2) was nearly the same as the control (lanes 1 and 
4) and hence [Cu(AcO)2(HIm)2] dose not inhibit the cleavage 
activity of Banl. In the experiment the r value was 0.5 (lane 3); 
remaining DNA at the origin indicates the decrease in mobility 
with the binding of [Cu(AcO)2(HIm)2] to 0X174 RF DNA. The 
appearance of band II, the disappearance of band C, and the 
paleness of band B suggest blocking of the cleavage activity of 
Banl. Probably, the binding of the present Cu(II) complex to 
the guanine bases in the recognition sites of Banl contributes to 
this inhibition. This is supported by the fact that both the site 
of the copper binding of N(7) guanine and the recognition site 
of Banl for DNA are located in the major groove of DNA. The 
trans geometry of [Cu(AcO)2(HIm)2]8 and the CPK space-filling 
model of a 1:2 ratio of the Cu(II) complex-dG system suggest 
that the binding mode of [Cu(AcO)2(HIm)2] to DNA may be 
an interstrand cross-link rather than an intrastrand cross-link as 
shown in m-DDP. 1 6 Moreover, a monofunctional adduct with 
no cross-linking also seems to be possible. The prevention of Banl 
is not caused by direct binding of [Cu(AcO)2(HIm)2] to the 
restriction enzyme, because the unreacted [Cu(AcO)2(HIm)2] 
is removed by drop dialysis, the concentration of the Cu(II) 
complex is low (30 fj.M), and the added Banl is found in sixfold 
excess compared to 0X174 RF DNA. Moreover, if Banl is 
inactivated by [Cu(AcO)2(HIm)2], the gel electrophoretic pattern 
should be the same as that of lane 5. 

In conclusion, the complex [Cu(AcO)2(HIm)2] showed high 
cytotoxic activity for the mouse Bl6 melanoma cell. The Cu-
(H)-ESR and restriction enzyme /tortl-cleaving experiments in
dicate that the target of [Cu(AcO)2(HIm)2] may be the guanine 
residues of the DNA helix. Research of the chemistry and mo
lecular biology for the action mode of the present new antitumor 
Cu(II) complex is now underway. 
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