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The kinetics of the reaction of hydrogen peroxide with (5,10,15,20-tetrakis(4-N-methylpyridiniumyl)porp~ne(2+))oxotitanium(IV) 
( [Tirv0(tmpyp)]'+) leading to the corresponding 1: 1 monoperoxo complex, [Ti1v(02)(tmpyp),14t, has been investigated in aqueous 
solutions at I = 1.00 M at various temperatures and pressures. The peroxo complex formation is first order in the concentration 
of hydrogen peroxide and the titanium(1V) complex. Activation parameters for the proton-independent path (rate constant k) 
and the proton-catalyzed path (rate constant kH) were obtained as follows: k(25 "C) = 2.86 X M-' s-l, AH* = 40.1 f 1.0 
kJ mol-', AS* = -140 & 3 J K-' mol-', AV' = -18.6 & 0.3 cm3 mol-'; kH(25 "C) = 5.17 X 10 M-2 s-l, AHH* = 38.5 f 1.0 kJ 
mol-', ASH* = -83 f 3 J K-' mol-', AVH' = -3.9 f 0.2 cm3 mol-'. The rate-determining step is considered to be the insertion 
of hydrogen peroxide into the inner coordination sphere of titanium(1V). An associative-interchange mechanism is most probably 
operative. This reaction is also catalyzed by acetic acid as well as by bases such as hydroxide, acetate, some morpholinoalka- 
nesulfonates, etc. The catalytic effect is related to the strength of the relevant acids and bases. 

Introduction 
Current interest has been focused on dioxygen complexes of 

metalloporphyrins because of their relevance to the biological 
systems.2 These dioxygen complexes are known to be produced 
through the reaction of the corresponding metalloporphyrins with 
dioxygen, superoxide ion, or hydrogen peroxide. Reaction 
mechanisms of the dioxygen uptake by some metalloporphyrins 
have been extensively i n v e ~ t i g a t e d , ~  while little is known about 
the reactions with hydrogen peroxide. Most metalloporphyrins 
of early transition metals have strongly bound oxygen atoms as 
an axial ligand, and some of these are known to react with hy- 
drogen peroxide to  produce one type of dioxygen complex, Le., 
a peroxo Thus diperoxomolybdenum( VI) porphyrins 
have been obtained from the corresponding molybdenum(V) 
 porphyrin^,^^ while peroxotitanium(1V) porphyrins are formed 
through the oxo substitution by hydrogen peroxide.4b It has been 
demonstrated by labeling experiments tha t  the oxo group in 
Ti1VO(por)6 was in fact substituted by the peroxo group.& A n  
associative mechanism has been proposed for this reaction." we 
are interested in the formation kinetics of peroxo complexes of 
early-transition-metal ions' and have previously reported the 
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kinetics of the reaction of hydrogen peroxide with a water-soluble 
titanium(1V) porphyrin complex (Ti(1V)-TPyP6) in an acidic 
aqueous solutions.4* Here we report the  kinetics of the similar 
reaction of a Ti(IV)-TMPyP complex (1) over a wider p H  range 

R R 

R R = C;-CH,  

[TiIvO(tmpyp)j 4+ (1) 

extending to the basic aqueous solution. One of our purposes is 
to elucidate the mechanism of substitution of an oxo group in the 
metalloporphyrin by hydrogen peroxide in aqueous solutions. 

Experimental Section 
Reagents. Reagent grade sodium nitrate (Wako Pure Chemical In- 

dustries, Ltd., Osaka, Japan) was recrystallized twice from distilled 
water. Nitric acid of special purity (Wako) was used as obtained. About 
60% hydrogen peroxide solution containing no stabilizing agent (donated 
from Mitsubishi Gas Chemical Co. Inc, Kanagawa, Japan) was purified 
by distillation under reduced pressure. The hydrogen peroxide concen- 
tration was determined with a standard solution of potassium per- 
manganate. 2-Morpholinoethanesulfonic acid (MES or Hmes), 3- 
morpholinopropanesulfonic acid (MOPS or Hmops), and 3-((tris(hy- 
droxymethy1)methyl)amino)propanesulfonic acid (TAPS or Htaps) 
(Wako) used in pH buffers were recrystallized twice from aqueous eth- 
anol. 

Oxo( 5,10,15,20-tetra-4-pyridylporphinato( 2-))titanium(IV) (Ti- 
(1V)-TPyp), TitvO(tpyp), was prepared as described previ~usly.~g 
(5,10,15,20-Tetrakis(4-N-methylpyridiniumy1)porphine(2+))0~0- 
titanium(1V) iodide, [TitVO(tmpyp)]14, was obtained by the following 
procedure. A 70-mg portion of the Ti(1V)-TPyP complex and a large 
excess of methyl iodide (5 cm3) were dissolved in 50 cm3 of N,N-di- 
methylformamide. The mixture was kept at 150 OC for 1 h, then cooled 
to room temperature, and mixed with 100 cm3 of ethyl ether. The 
precipitated product was collected on a funnel and washed with ethyl 
ether several times. Anal. Calcd for C44H36N80Ti14: C, 42.33; H, 2.91; 
N, 8.98. Found: C, 42.12; H, 3.28; N, 8.84. [TilVO(tmpyp)]I, displays 
a sharp and intense band at 944 cm-' in the IR spectra obtained for the 
solid in a KBr disk on a JASCO IRA-3 infrared spectrometer. This is 
assigned as due to the stretching of the Ti=O bond. This complex is 
soluble in aqueous solutions over the entire pH range. Visible absorption 
spectra were recorded on a highly sensitive spectrophotometer (type 
SM401, Union Giken, Osaka, Japan). Vis (A-/nm (log (s/M-' cm-I))): 
435 (5.47), 565 (4.31), 605 (3.65) (M = mol dm-), molar units). 

Measurements. The temperature of reaction solutions was controlled 
to within f O . l  OC. The ionic strength was maintained at 1.00 M with 
sodium nitrate and nitric acid. The hydrogen ion concentration at pH 
>2.0 was measured by an Orion Research pH meter (Model 701A) with 
a glass electrode (Metrohm, Type EA109) and a reference electrode 
(Metrohm, Type EA404). A 1.000 X M aqueous solution of nitric 
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Table I. Rate Constants k and kH at Various Temperatures" 
T/OCb 102k/M-1 s-l 1O-'kw/M-* s-I 

15.0 (20) 1.61 f 0.03c 2.87 f 0.06 
25.0 (24) 2.86 f 0.06 5.17 f 0.10 
35.0 (20) 5.10 f 0.08 8.72 f 0.13 

OH'/kJ mol-' 40.1 f 1.0 38.5 f 1.0 

'At 0.1 MPa. bThe number of data points at each temperature is 

M * / J  K-' mol-I -140 f 3 -83 f 3 

given in parentheses. CError limits are 1 standard deviation. 

acid at  I = 1.00 M was used as a pH standard solution. In all kinetic 
measurements reactions were followed spectrophotometrically under 
pseudo-first-order conditons. An SM401 spectrophotometer and a sam- 
ple mixing device (Type MX7, Union Giken) were used to obtain the 
kinetic data. The progress of fast reactions under pressures up to 120 
MPa was measured by a high-pressure stopped-flow apparatus exploited 
in our laboratory,' while a high-pressure static cell connected to a spec- 
trophotometer was used for slower reactions. 

Determination of Acid Dissociation C ~ ~ t p n t s  of MES, MOPS, and 
TAPS. The acid dissociation constants of MES, MOPS, and TAPS were 
determined potentiometrically at 25.0 OC and I = 1.00 M (NaNO,): 
pK,(HB) = -log. ([H+][B-][HB]-I/M), where HB and B- represent an 
acid and its conjugate base, respectively (All data are given in Figure 
S1.).* The pK, values obtained are as follows: pK,(MES) = 6.166 f 
0.003, pK,(MOPS) = 7.188 f 0.010, and pK,(TAFS) = 8.365 * 0.003. 

Results and Discussion 
Formation of the Peroxo Complex. [TiIVO(tmpyp)]14 was 

soluble over the pH range 1-12, and no substantial spectral change 
was observed with pH variation. It has been reported that, in the 
crystalline state of the Ti(IV)-OEP6 complex, TiIvO(oep), the 
titanium atom lies 60.3 pm from the mean plane of the porphyrin 
skeleton.4b Therefore, we conclude that in water the Ti(1V)- 
TMPyP complex exists as [TiIvO(tmpyp)14+ in which the tita- 
nium(1V) atom is pentacoordinated by the four nitrogen atoms 
and the oxygen atom; i.e., no water coordinates to the central metal 
and the oxo group is not protonated even at  very low pH. 

The reaction of hydrogen peroxide with oxotitanium(1V) 
porphyrins, TiIvO(por), affords the corresponding peroxo- 
titanium(1V) porphyrin, Ti1V(02)(por).4b The reaction of the 
Ti(1V)-TPyP complex with hydrogen peroxide at pH 1.0-2.1 
produces a similar peroxo complex, Ti1V(02)(tpypH4)4+.4g 
Therefore, in the present system the reaction of the Ti(1V)- 
TMPyP complex 1 with hydrogen peroxide is expressed as 

1 + H 2 0 2  [Ti1v(02)(tmpyp)]4+ + H 2 0  (1) 
2 

The visible absorption spectrum of 2 also does not change with 
pH as in the case of 1. The spectra of 1 and 2 are shown in Figure 
S2.* The kinetics of reaction 1 was studied with a large excess 
of hydrogen peroxide over the Ti(1V)-TMPyP complex. Equi- 
librium 1 is much favored to the right under the present exper- 
imental conditions, so the reverse reaction is negligible in the 
kinetic studies. First-order plots were linear at least for 3 half-lives. 
First-order rate constants were proportional to the concentration 
of hydrogen peroxide over the range from low3 to lo-' M at 
constant acidity. Therefore the rate law is described as 

4 [ 1 1 / d f  = d[21/df = kO(H)[11[H2021 (2) 

where bH) represents the conditional second-order rate constant. 
In Figure 1 is given the dependence of kO(H) on -log ([H+]/M) 
under conditions with no added pH buffer reagent. The slope of 
the plot tends to be -1 at higher acidity and 0 at lower acidity. 
This is well described by eq 3, where k and kH are rate constants 

(3) 

for the proton-independent path and for the proton-assisted path, 
respectively. Judging from the values of the proton dissociation 

/dr = ( k  + kHIH+l)[ll f H 2 0 2 1  
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Figure 1. Hydrogen ion concentration dependence of the second-order 
rate constant kqH) in the absence of any pH buffer agents at 15.0 OC (A), 
25.0 OC (0), and 35.0 "C (0) and in the presence of MES at 25.0 "C 
and C,, = 3.23 X lo-) M (O),  5.00 X lo-) M (O),  and 9.68 X lo-, M 
(0). Each point in Figures 1-3 is the average value of several deter- 
minations. 

constants for H302+ and H202? [H+][H20][H3O2+]-* N lo3 M 
and [H'] [H02-] [H202]-' = 10-1'.27 M, the contribution of H3O2+ 
and H02- can be precluded under the present experimental 
conditions. In the kH path the reaction may be assisted by the 
preequilibrium protonation to the oxo group of l.48 Values of k 
and kH and the corresponding activation parameters are tabulated 
in Table I. 

Peroxo Complex Formation in the hesence of Buffers. Results 
described above are obtained in the absence of any pH buffer 
agents. In the presence of agents such as MES, MOPS, TAPS, 
and acetate, the second-order rate constant k,,(H) is dependent not 
only on the hydrogen ion concentration but also on the concen- 
tration of buffers. Data collected in the MES buffer are shown 
in Figure 1. Values of k O ( ~ )  increase with increase both in pH 
and in the total concentration of MES, while kO(H) approaches 
the value observed in the absence of buffers when the pH becomes 
lower. This indicates the general-base catalysis of the conjugate 
base of MES (ma-) in the peroxo complex formation. Therefore, 
in the presence of MES the rate constant kO(H) is written as 

(4) 

where k ,  is the rate constant for the base-catalyzed path. The 
value of k,, was determined to be (7.61 f 0.14) X 10 M-2 s-l 
at 25.0 O C .  

A similar general-base catalysis was observed in both the TAPS 
and MOPS buffers, but enhancement in rates in these buffers 
cannot entirely be attributable to the general-base catalysis by 
taps- or mops-. In these systems the  pH of solutions is higher 
than that for the MES system: the range of -log ([H+]/M) is 
5.44-6.84 for the MES system, 6.45-7.93 for the MOPS system, 
and 7.48-8.69 for the TAPS system. Thus in the last two systems 
the specific base catalysis by hydroxide was also observed. The 
plot of (kO(H) - (k + kH[H'])} vs. [taps-] deviates systematically 
from a straight line (Figure S3).8 This deviation is attributable 
to the catalysis by OH-. The same situation prevails for the MOPS 
system. Therefore, kO(H) is generally expressed as eq 5 ,  where B 

~ o ( H )  = k + ~ H [ H + ]  + k,,[mes-] 

~ o ( H )  k + ~ H [ H + ]  + ke[B] + k o ~ [ o H - ]  ( 5 )  

refers to the conjugate base of an acid HB (charges on B and HB 

(9) Evans, M. G.; Uri, N. Trans. Faraday SOC. 1949, 45, 224. 
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Figure 2. General-base catalysis of the peroxo complex formation at 25.0 
OC. [B] is the concentration of the basic form of buffer agents. 
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Figure 3. Catalysis by the acetate buffer at 25.0 O C  and CHOAc = 4.03 
X lo-' M (0) and 1.45 X M (0). Solid lines are computer fits of 
the data to eq 6.  

are omitted hereafter), i.e., taps-, mops-, or mes-, and kB and koH 
are the rate constants for the reactions catalyzed by B and OH-, 
respectively. Values of rate constants ktap, k,, k,,, and koH 
were calculated by applying eq 5 to all data obtained in the TAPS, 
MOPS, and MES systems.I0 The following values were obtained: 

= (1 14 f 0.04) X lo2 M-2 s-l , kmop = (5.91 f 0.16) k 10 

0.35) X lo4 M-2 s-l at 25.0 OC. For the MES system the koH- 
[OH-] term is missing in eq 4 because of relatively low pH. The 
general-base catalysis is illustrated in Figure 2 as a plot of (kO(H) 

Now we shall describe the results obtained in the acetate buffer 
over the pH range 3.9-5.3, where the contribution of the term 

k"s -1 k M- s , = (7.61 f 0.14) X 10 s-', and koH = (5.13 f 

- (k  + ~ H [ H + ]  + ko~[oH- ] ) )  VS. [B]. 

(10) (a) The concentration of hydroxide ion was estimated by using the pK, 
value of 13.75 at I = 1.00 M and 25.0 OC (Nahsuh, N.; Matsumura, 
K.; Kunimatsu, M.; Tanah, M. Inorg. Chem. 1985, 24, 10). (b) 
Nakagawa, T.; Oyanagi, Y. "SALS (Statistical Analysis with Least- 
Squares Fitting)"; Program Library, Nagoya University Computation 
Center: Nagoya, Japan, 1979. 

Table 11. Rate Constants k and kH at Various Pressures' 
102k/ 10-'kH/ 

PIMPa mol-I ka s-' mol-2 ka2 SKI 

0.1 
19.6 
39.2 
58.8 
18.5 
98.1 
117.7 

AV/cm3 mol-' 

2.69 f 0.08b 
3.10 f 0.02 
3.65 f 0.03 
4.33 f 0.10 
4.81 f 0.03 
5.62 f 0.06 
6.48 f 0.13 
-18.6 f 0.3 

4.69 f 0.07 
4.88 f 0.07 
5.04 f 0.13 
5.09 & 0.12 
5.34 f 0.08 
5.51 f 0.10 
5.66 f 0.07 
-3.9 f 0.2 

"At 25.0 OC. bEach value is the average of two to seven determi- 
nations. 

koHIOH-] is practically negligible. In this system there is an 
appreciable effect of acid used in the buffer in addition to the 
general-base catalysis by acetate ion. The catalytic effect of the 
acetate buffer is shown in Figure 3 and is quantitatively accounted 
for by eq 6, where kHOAc and koAc are the rate constants of reaction 

kO(H) = k + ~ H [ H + ]  + k,o,,[HOAc] + ko~,.[OAc-] 

(6) 

paths catalyzed by acetic acid and acetate, respectively, K,(HOAc) 
is the acid dissociation constant of acetic acid," and CH0Ac is the 
total concentration of acetate buffer. The values of rate constants 
of kHOAc and koAc were estimated to be 2.59 f 0.15 and (1.10 
f 0.03) X 10 M-2 s-l, respectively, at  25.0 O C .  

Peroxo Complex Formation under High Pressures. Rate con- 
stants k and kH, obtained under pressures up to 120 MPa, are 
summarized in Table I1 and are plotted as a function of pressure 
(MPa) in Figure S4.* According to the transition-state theory 
the pressure effect on the rate constant k is related to the activation 
volume A V  by (a In k/aP), = -Al/ t /RT.  Since the logarithmic 
values of rate constants are linearly related to pressure, activation 
volumes are presumed to be pressure independent under the present 
experimental conditions. We obtained A V  = -18.6 f 0.3 cm3 
mol-' for k and AVH' = -3.9 f 0.2 cm3 mol-' for kH at 25.0 O C .  

The measured activation volume is the sum of an intrinsic part, 
AVh,*, and an electrostrictive part, AVel*.12 AV&* is the change 
in partial molar volume caused by bond breaking or bond making 
in the transition state, and AV,,' is the change in volume with 
variation of solvation. Since hydrogen peroxide is noncharged, 
there seems to be little or no contribution of solvation change in 
the activation process. 

A large negative activation volume for the proton-independent 
path (k) points to an associative mode of activation with the 
transition state involving hydrogen peroxide bonded as a mono- 
dentate. A hydrogen peroxide molecule would approach a face 
of the square pyramid of [%1vO(tmpyp)]4+. This mechanism is 
also consistent with a large negative value of activation entropy 
of k. 

On the other hand, the kH path involves the protonation of the 
oxo group in 1 as a preequilibrium. Thus, the activation parameter 
for the kH path corresponds to the sum of the thermodynamic 
parameter of the protonatlbn of the oxo group in 1 and the ac- 
tivation parameter of the reaction of the protonated species of 1 
with hydrogen peroxide. The effect of protonation must involve 
a small positive contribution to A V ,  judging from the small 
negative partial molar volume of protonI3 and a small electro- 
striction on the oxo group, as expected from its very weak basicity. 

(1 1) KJHOAc) = [H+] [OAc-][HOAc]-' = 104~m*0~w5 M at I = 1.00 M 
and 25 OC (Portanova, R.; Di Bernardo, P.; Cassol, A,; Tondello, E.; 
Magon, L. Inorg. CHim. Acto 1974, 8, 233). 

(12) Swaddle, T. W. Coord. Chem. Rev. 1974, 14, 217. 
(1 3) V(H+) = -4.5 cm3 mol-I (Palmer, D. A.; Kelm, H. Inorg. Chem. 1977, 

16, 3139. Millero, F. J. Chem. Rev. 1971, 71, 147). 
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Table 111. Activation Parameters for Substitution at the Axial Coordination Site of Metalloporphyrins 
remarks 

no. reacn syst kJ mol-l mechanism and ref 
Av' l  

cm3 m o P  J K-' mg1-I 
1 [ C ~ ~ I ' ( t m p y p ) ( O H ~ ) ~ ] ~ +  + SCN- 107 f 3 129 4 8 15f4 D a 
2 [ C O " ' ( ~ ~ P S ) ( O H ~ ) ~ ] ~ -  + SCN- 153 f 9 120 f ji 15.4 f 0.6 D b, c 
3 [ Rh"'( tpps) (OH,) 21 3- + SCN- 137 f 2 -86 f 5 8.8 f 0.4 Id c, d 
4 [Cr"1(tpps)(OH,)z]3- + SCN- 140f 3 -106 f 12 7.4 f 0.1 Id c, e 
5 [ M ~ ~ O ( t m p y p ) O H ~ ] ~ +  + H 2 0 2  37 f 1 -63 f 3 -0.2 f 0.3 I s 
6 [Ti1VO(tpypH4)]4+ + H202 + H+ 34.9 f 0.5 -95 f 1 -3.3 f 0.2 Ia  g 
7 [Ti1vO(tmpyp)]4+ + H202 40.1 f 0.8 -140 f 3 -18.6 f 0.3 Ia  h 
8 [TirvO(tmpyp)I4+ + H 2 0 2  + H+ 38.5 f 0.6 -83 f 2 -3.9 f 0.2 I n  h 

M*l AH*l 

"Activation parameters are those for loss of a coordinated water molecule to produce a five-coordinated intermediate.7aJ4 Reference 15. 
CReference 16. "Reference 17. CReference 18. /Reference 1. ZReference 4g. "his work (see text). 

Table IV. Rate Constants" for the Acid- and Base-Catalyzed 
Formation of [Ti1v(0~)(tmpyp)14+ 

HB DK.IHB) kwa ka 

H30+ -1.73 (5.17 f 0.10) X 10 (5.33 0.11) X lo4 
HOAc 4.609 2.59 f 0.15 (1.10 f 0.03) X 10 
Hmes 6.166 f 0.003 4.2 X (7.61 f 0.14) X 10 
Hmops 7.188 * 0.010 2.1 X 10-lb (5.91 f 0.16) X 10 
Htaps 8.365 f 0.003 9.3 X (1.14 f 0.04) X lo2 
HzO 15.48 (5.33 f 0.11) X lo4 (5.13 f 0.35) X lo4 

"In units of M-2 s-I, at 25.0 OC. bEstimated by assuming a linear 
relationship in Figure 4. 

Therefore, the activation volume for the rate-determining step 
of the kH path is expected to be more negative than the obtained 
value of -3.9 cm3 mol-'. Thus the kH path should be also asso- 
ciatively activated. 

The values of activation volume for the axial substitution re- 
action of metalloporphyrins studied so far are summarized in Table 
I11 together with fl and AS*. The oxo substitution by hydrogen 
peroxide is associatively activated, while the axial water substi- 
tution reaction is known to be dissociative in ~haracter.~'~'"'~ 

GenedAcid and -Base catalyses Rate constants for the peroxo 
complex formation catalyzed by acids (HB) and bases (B) are 
summarized together with pK, values of H B  in Table IV., In 
Figure 4 is given the Brransted plot: the relationship between the 
rate constant of reaction catalyzed by bases B (kB) and the pK, 
values of HB. The plot includes also the rate constant for the 
water-catalyzed path (kHp): kH, = k[H20]-' = 5.33 X 10-4 M-2 
s-'. The slope of the straight line in Figure 4, the so-called 
Bransted coeficient a, was estimated to be 0.33 f 0.03 by a linear 
least-squares treatment if the point for H20 is excluded (vide 
infra). The transition state of the base-catalyzed path should 
involve such species as 1, H202, and B (B = CH,COO-, mes-, 
mops-, taps-, OH-). At the transition state (3) the base (B) 

3 

interacts with hydrogen peroxide in the inner sphere, thus playing 
an imprtant role in proton abstraction. Since water is also a base, 
it is likely that it contributes to the rate in a similar manner. 
However, the hydrogen peroxide in the transition state may make 
hydrogen bonds not only with a water molecule through the 
lonepaired electrons of the latter but also with the hydrogen atom 
of another water molecule via the lonepaired electrons of hydrogen 
peroxide. Thus it is reasonable that the general-base catalysis 

(14) Ashley, K. R.; Berggren, M.; Cheng, M. J.  Am. Chem. Soc. 1975,97, 
1422. 

(15) Ashley, K. R.; Au-Young, S .  Inorg. Chem. 1976, 15, 1937. 
(16) Leipoldt, J. G.; van Eldik, R.; Kelm, H. Inorg. Chem. 1983,22,4146. 
(17) Ashley, K. R.; Shy ,  S.-B.; Leipoldt, J. G. Inorg. Chem. 1980,19, 1613. 
(18) Ashley, K. R.; Leipoldt, J. G.; Joshi, V. K. Znorg. Chem. 1980, 29, 1608. 
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Figure 4. Brsnsted plot of peroxo complex formation rate constants for 
acid catalysis (0) and base catalysis (0). 

of water is less effective than expected from plots in Figure 4. 
As described earlier, the hydrogen ion assists the peroxo complex 

formation by the protonation of the oxo group of 1. Acetic acid 
may act as a general-acid catalyst in the same way. The k path 
is regarded as the reaction catalyzed by water through hydrogen 
bonding to the oxo group of the metalloporphyrin. As shown in 
Figure 4, the Brransted plot for the acid catalysis (log (kH,/M-' 
s-I) vs. pK,) gives a linear relationship with a slope of -0.30 f 
0.04. If the relationship is also applicable to the MES, MOPS, 
and TAPS systems, the contribution of the acid (HB) in these 
buffers to the rate through general-acid catalysis is expected to 
be less than 2% of the observed rate in the MES system and to 
be much less in the MOPS and TAPS systems under the present 
experimental conditions. Therefore, it is reasonable that such a 
general-acid catalysis was not observed in these buffer systems. 

It is very difficult for an oxo group to dissociate from the central 
metal So it is reasonable that the oxo substitution by 
hydrogen peroxide occurs by an associative-interchange (I,) 
mechanism via a transition state having both the entering and the 
leaving ligands adjacent to each other on the same side of the 
porphyrin." Leaving of the oxo group is accelerated by its in- 
teraction with acids, while entering of a peroxo group is assisted 
by the proton abstraction from hydrogen peroxide in the inner 
sphere by bases. A proposed transition state for the oxo sub- 
stitution by hydrogen peroxide is presented as 3 for the base 
catalysis and 4 for the acid catalysis. The substitution of the oxo 
group by peroxide would be assisted to some extent by the proton 

(19) A mixture of the chloroform solution of the Ti(1V)-TPyP complex and 
the '70-enriched water was refluxed at 60 O C  for 1 week. The extent 
of the oxygen exchange between the oxo grou of the complex and the 
bulk water was examined by monitoring the NMR spectra of the 
complex, but only less than 10% of the oxo group was proved to be 
displaced under the present experimental conditions (Inamo, M.; Fu- 
nahashi, S.; Tanaka, M., unpublished results). 
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Interactions of a Copper Antitumor Drug with DNA: 
[ 1-( a-Pyridylmethylene)-2-( a-pyridyl)hydrazine]copper(II) Chloride Does Not 
Intercalate 
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The interaction of the copper metallodrug [ l-(cu-pyridylmethylene)-2-(cu-pyridyl)hydrazine]copper(II) chloride with DNA (calf 
thymus, salmon sperm, Col E, plasmid) was selectively examined by UV-vis spectroscopy (binding constants, spectral changes, 
and flow dichroism), viscometry, and NMR spectroscopy (,'P NMR and Redfield 'H NMR of the imino H). None of the physical 
measurements were consistent with an intercalation binding mode. The data were most consistent with an outside binding mode 
involving interaction of the drug with the phosphodiester group. The drug proved to be remarkably effective at broadening the 
31P NMR signal of DNA. In contrast, Cu2+ ion selectively broadened the GN( 1)-H signal of DNA, consistent with proposals 
in the literature that Cuz+ binds to GC base pairs in DNA. Regardless of binding mode, the bound form of the drug is protonated 
at the noncoordinated hydrazine nitrogen. Although informative, this study did not provide a rationale for the very potent 
cytotoxicity of the drug toward certain tumor cell lines. 

Introduction 
The interactions of metal complexes with DNA are important 

both for their medicinal effects and as probes of DNA interactions 
and dynamics. A variety of drugs of such varied structure as 
cis-dichlorodiammineplatinum(I1) (cisplatin),' bleomycin,* and 
m e t a l l o c e n e ~ ~ ~ ~  of titanium and vanadium have shown wide 
spectrum antineoplastic action with DNA as the proposed bio- 
logical target. In addition, other antitumor drugs such as the 
anthracyclines, which are thought to act at least partially a t  the 
DNA level in vivo, form metal complexes that have a pronounced 
effect on their DNA interactions5 

Metal complexes with planar aromatic bases have been used 
extensively as probes of DNA structure. Copper complexes of 
1 ,lo-phenanthroline, for example, cause DNA degradation in the 
presence of oxygen and a reducing agent, and the rate of deg- 
radation is dependent on the helical conformation (A, B, or Z).6 
Barton et al. have shown that A- and A-[tris(phenanthroline)- 
ruthenium(II)](2+) cations exhibit enantiomeric selectivity in 
intercalative binding to left- and right-handed helical forms of 
DNA.7 Dervan and co-workers have synthetically coupled an 
EDTA derivative to the intercalator methidium cation.* This 
new agent, when complexed with iron, can also degrade DNA and 
has been extensively used in "footprinting" experiments to establish 
binding-site specificity for a variety of compounds that interact 
with DNA. 

Porphyrin compounds that have no or easily removed axial 
ligands can also bind to DNA, presumably by intercalation, and 
are useful probes of DNA dynamics."' Lippard and co-workers 
have conducted an extensive study of metallointercalators con- 
taining Pt(I1) and have carefully defined the structural require- 
ments for intercalation to occur.'* 

Emory University. 
'Georgia State University. 

It  has recently been shown that the copper complex of the 
tridentate ligand l-(a-pyridylmethylene)-2-(a-pyridyl)hydrazine 
(PCPH) inhibits DNA synthesis in neoplastic cells in tissue culture 
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at concentrations similar to or less than those normally used for 
cisplatin and b l e~myc in . '~* '~  The copper complex also causes 
dramatic inhibition of tumor growth in vivo in mice and, at  the 
dosages used, produces no observable toxic side effects in the 
animals. CuPCPH, for example, gives 50% inhibition of DNA 
synthesis in cultured human melanoma cells at  a concentration 
of only 0.05 ng/mL or several thousand times less than the 
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