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The stopped-jlow method has been used to study 
the kinetics of the reaction between Pd(II) and the 
vitamin B6 (VB6) compounds, pyridoxol (P), pyri- 
doxal (PL) and pyridoxamine (Pm) at 37 “Cand ionic 
strength 0.15 M (NaCl) in acidic solutions. The ob- 
served dependence of the rate constants, kobs, on the 
total concentration of the ligands, TL, at a given pH 
is as follows for each system. 

k&P) = A + BTp + CT; 

k,,,(PL) = D + ETPL , and 

k,,,,(Pm) = F + GTR, 

The parameters A, B, C, D, E, F and G are pH de- 
pendent. The dependence is mostly of the quadratic 
form. In order to account for the isolated complexes 
of the form Pd (H-VB&&, it has been suggested 
that in the case of Pd(II)-PL and Pd(II)-Pm systems, 
prior fast formation of Pd(H- VB6)C13 complex 
species has been assumed. 

Introduction 

Some R(H) complexes have been shown in the last 
decade to have anti-carcinogenic properties [ 11. 
These properties were attributed to several charac- 
teristics of these complexes; among which, their rela- 
tive chemical inertness. On the other hand, some 
Pd(I1) analogous of active Pt(I1) have been similarly 
examined to decipher their possible anti-carcinogenic 
effects but no significant activity was observed [2,3] . 
Although they are bacteriostatic at low concentra- 
tions and somewhat active against some carcinogenic 
cells, they are not comparable to their Pt(I1) analo- 
gues [l] . The speculation offered was that Pd(I1) 
complexes are too reactive in vivo and are unlikely 
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to be effective unless strong deactivating ligands are 
present. 

Quite recently we have synthesised two Pd(I1) 
complexes of the vitamin Be compounds, pyridoxol 
(P) and pyridoxal (PL). These complexes were shown 
to have inhibitory effects on some cell divisions [4]. 
It has also been shown that they are non-toxic. These 
findings encouraged us to study the kinetic factor 
involved in their formation, together with a new com- 
plex of Pd(II) with pyridoxamine (Pm). 

Experimental 

Materials 
Pyridoxol hydrochloride (P*HCl), pyridoxal 

hydrochloride (PL-HCl) and pyridoxamine dihydro- 
chloride (Pm-2HCl) were analytically pure chemicals 
and were used without further purification. Stock 
solutions of 0.1 M of the ligands were kept in the 
dark at 4 “c. Stock solution of Pd(I1) chloride (0.098 
M) was prepared in 1 .O M HCl. The concentration of 
Pd(I1) was checked by gravimetric method as Pd- 
(dimethylglyoxime)Z [5]. 

Measurements 
pH measurements were carried out employing 

Radiometer pH-meter type 62 equipped with a com- 
bined glass electrode (GK2 301 C). Calibration of the 
pH-meter was done successively by two Radiometer 
buffers at 4.01 and 7.00. Spectrophotometric mea- 
surements were carried out on Pye Unicam SP8-100 
spectrophotometer. Kinetic measurements were done 
using a Durrum stopped flow apparatus. The optical 
path length was 20.0 mm. The mixing syringe and 
cuvette were thermostatted at 37 ‘C. The observed 
pseudo-first order rate constants were calculated for 
data to 80% of the reaction completion. 

In all measurements the ionic strength was kept 
constant at 0.15 M NaCl. The concentration ranges of 
ligands used were (0.3-4.0) X lo-* M. The Pd(II) 
concentration was kept constant at 4.91 X 10M4 M. 
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The complexes of Pd(II) with P, PL and Pm were 
synthesised at pH - 4.0 as previously described [4]. 
The compositions of different complexes are compa- 
tible with the following formulas Pd(HP)aC12, Pd- 
(HPL)zC12 and Pd(H2*Pm)2C12 as well as (PdC14)- 

(HaPm)(H,O). 

Results and Discussion 

The Reaction of Pd(II) with Pyridoxol 
A yellowish-orange solution was obtained when 

dilute solutions of PdClz (-5 X 10m4 il4) were added 
to pyridoxol solutions in the pH-range 3.0-6.0. In- 
creasing the concentration of PdCla , keeping that of 
P in excess, usually leads after a while to the precipi- 
tation of orange-yellow crystals which have been 
identified as Pd(HP)2C1z [4] . The spectra of the sys- 
tem is pHdependent. At a given pH, the spectrum 
consists mainly of a shoulder to the P absorption 
band. This is in the wavelength range of 300-400 
nm. PdClz itself exhibits a band at X4ss nm, which 
loses its identity in the presence of the ligand in 
acidic solutions. It shifts to shorter wavelengths as pH 
increases. 

The kinetic runs were carried out at h450 nm in the 
pH range 2.5-5.0. The interaction of palladium(I1) 
species with pyridoxol species resulted in the forma- 
tion of two rate steps, one of which is faster with rate 
constants l-2 orders higher than the slower. Figure 1 

3 4 5 
PH 

Frg. 1. koba(P) in theu dependence on pH and Tn. 

TP x10* M 

Fig. 2. k,bs(P) as function of T, at various pH’s. 

shows the dependence of the observed pseudo-first 
order rate constants of the faster step, k,,(P) (set-‘) 
on both pH and the total ligand concentration of P, 
Tp. The observed rate constants are not linear with 
respect to pH and Tp. Figure 2 shows the dependence 

of kobs on TP at various pH’s. This dependence may 
be expressed by the following equation, 

k,,(P) = A + BTP + CT; (1) 

TABLE I. The Magnitude of the Values of the Parameters A, 

B and C at various pH’s. 

pHa Ab B C RC 

3.4 0.004 0.44 * 0.03 
38 0 007 1.02 f 0.02 
40 0.008 1 24 f 0.02 
41 0.010 1.40 + 0.01 

42 0.011 1.44 + 0.04 

4.3 0.012 1.77 f 0.05 

4.4 0013 2.21 * 0.03 
45 0.014 3.29 f 0 03 
46 0015 5.14 f 0.03 
4.7 0 016 6 78 * 0.05 
4.8 0017 8.54 i 0 05 
49 0 018 11.53 + 0.04 

5.0 0.020 13.50 t 0.06 

13.16 * 1.05 0.991 

29.00 * 0 96 0 998 
51.85 f 0.92 0.999 
65.02 f 0.26 0 999 

99.36 f 1.74 0.999 
124.70 + 1.98 0.999 

167.16 i 1.07 0.999 
183.53 ? 1.32 0.999 
227.28 f 1.20 0.999 
263 26 t 1.93 0.999 
307.00 i 2.07 0.999 
331.14 + 1.83 0.999 
414.12 i 2.24 0.999 

%rterpolated values bObtamed from Fig. 2. ‘Correlatron 
coefficients. 
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However, to get the magnitude of the coefficients 
is not straightforward by regression analysis of the 
data, since the intercept may be in error, The mag 
nitude of A values were obtained graphically from 
Fig. 2 (listed in Table I) and plots of (kbbB - A)/Tp 
Vs. TP were made, Fig. 3. Table I depicts the values 
of slope (C) and intercept (B) of the linear plots, 
shown in Fig. 3 as a function of pH. 

In the presence of excess concentrations of Cl- 
(0.15 M 4.9 X 10m4 M Pd(I1)) and in the pH range 
used, several species coexist. The predominant species 
of Pd(I1) are PdCl:- and PdClsOH*- and those of P 
are H,PC and HP, Table (II). The reaction mechanism 
which may account for the experimental findings 
expressed by eqn. 1 is shown in Scheme 1: 
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cl 

4 

4 

f-l 

d 

h) 

PdCl:- + H2P+ + PdHPCl; + H’ + Cl-; kr,k-1 

11 KIP 
PdCl$- + HP + PdHPCl; t Cl-; kz , k-2 

31 KCI 

PdClt- t 2H2P+ +‘Pd(HP)2C12 + 2H’ + 2Cl-; 

ks, k-a 

PdCl:- t 2HP * Pd(HP)*Cl* + 2Cl-; k4, k--4 
11 Koa 

PdC130H2- + H2P+ = Pd(HP)Cl, + H,O; k5, k-5 

PdC130H2- + HP + Pd(HP)Cl; + OH-; k6, k_-6 

PdC130H2- + 2H2P+ + Pd(HP)*Cl* + H’ + Cl- + 
+ H,O; k,, k-, 

PdC130H2- t 2HP =+ Pd(I-IP)2C12 + Cl- + OH; 

ka, k-s 

Scheme I. 

where b’s and ki’s are the forward and backward 
rate constants, Kou the hydrolysis constant of Pd(II), 
and Ka the first stepwise formation constant of 
Pd(HP)*Cl*. The rate equation describing the reac- 
tion mechanism shown in Scheme 1 can be written 
as follows: 

d(C, + C,) d(Crm) 

dt 
=Q1,t 

Tm - CIIPQI (Cl-)Q4 
= 

Q2 
(Qs+ Q5) - Cna (HP)Kor (2) 

where Cm and Cnp are the ternary complexes Pd- 
(HP)Cls and Pd(HP)2C12, respectively, and 

QI = 1 + (Cl-)/Kc@‘h 

KCI = LPI P-J-1 I LPI WI 9 
Qz = 1 + Korr(OH)(Cl-)-’ , 

KOH = [PdC130H2-] [Cl-] / [PdClf] [OH] , 
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Fig. 3. (k,ba(P) - A)/Tr, as function of T,. 

Q3 = k,(H,P) + k,(W) + k3KodH&%OH-)/(Cl-) + 
+ k6 [(HP)KoH(QH-Y(CU 

Q4 = k-1 (H+j/W) + k-2 (Cl-1 + k-5 + k,(QH) 

Qs = k3(H2P)* + k4(HP)* + k,(HaP)(OH)/(Cl_) + 
+ ksKorrW)‘(OI0/(Cl-) 

and 

Q6 = k3(H+)*(C1-)* + k4(Cl-)* + k,(H+)(Cl-) + 
+ ks(OH)(Cl-). 

TABLE II. The Equdibrium Constants of the Species Men- 
tioned in This Work. 

Reaction log K Ref. 

H2P+ = HP+H+ -4.85 7 
HP=P-+H+ -8.92 I 
H2PL+ * HPL + H+ -4 15 I 
HPL + PL-+H+ -8.67 7 
H3Pm* + HzPm++H+ -3.62 7 
H2Pm+ =+ HPm + H+ -8.19 1 
HPm + Pm-+ H+ -10.49 I 
PdCl:- + OH- + PdC130H2- + Cl- 5.70 6 

The rate eqn. 2 can be integrated if pH and TP are 
constants, which is actually the case (pH is constant 
due to the buffermg effect of HaP’ and HP and TP 
> Tpd), and if it is assumed that dCr/dt E 0. The 
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integrated form is, 
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B = (k,(H+) t ksK,Kv,,(C1-)-I + kZKm + 

t k6Kc,r..rKIP(OH-)(Cl-)-1 )((H+) + K&-l (5b) 

C = (k3(H+)2 + k,Kor.rKw(H+)(Cl-)-l + k‘,K& + 

+ k,K,K&(OH-)&I-)-‘)((H+) + KnJ2 (SC) 

In 
(CrrP)L?, 

(CrrP)Wl - (Cm), 

= ___ + Q!! + Q4(c1-) Q3 +Qs 

Q2 Qr QrW)Kcr 

(3) 

where GIP) eq and (Cm), are the concentration of 
Pd(HP)2C12 at equilibrium and time, t, respectively. 
If eqn. 3 is analyzed carefully it can be found that Q2 = 
1 .O under the experimental conditions used in this 
work. The equation takes the following form if the 
absorbances at equilibrium and time, t, (Le. As, and 
As3 are directly proportional to (CD), and (Crm)t. 

(As), 

In (As& - (As), 

Q6 

= a, 1 
+Qs+Qs + 

Q4(Cl-) t 

Q I WWCI I 
(4) 

The observed rate constant may be correlated to 

Q6 

a,’ 

Q4(Cl-) 

QIW’KCI 
+ Q3 + Qs, i.e. 

k obs = 

TPKIPKCI 

TPKIPKCI + (COW+) + KIP) 
(l~s(H+)‘(Cl-)~ + 

t k_4(Cl-)2 + k-,(H+)Cl- + k_,(OH-)(Cl-) + 

(Cl-W+) + JGPI t 
TP~~KcI + (Cl-)(@+) + KIP) 

(k-1 W+X’V + 

t k_2(Cl-) + k-s + k-&H-) + 

TP 

+ (H+)+K, 
{k,(H+) + k,K,K,(Cl-)-’ t 

+ k2 Km + k,KouKm(QH-)(Cl-)-’ } + 

T$ 

+ (H+)+Km 
{ kJ(H+)2 + k,KouKw(H+) (Cl)-’ + 

t k4K& + k,K&K,-&OH-)(Cl-)-I} (4) 

where Km is the 1st dissociation constant of H2P+ 
(Table II). 

The coefficients A, B and C can now take the fol- 
lowing forms if TpKmKor S (Cl-)((H+) + Km); 

A = k_3(H+)2(C1-)2 + k-4 (Cl-)2 + k_,(H+)(Cl-) + 

t k_,(OH-)(a-) (5a) 

(k,(P) is not function of l/TP). 

The plot of A(H+)-’ vs (H+)-’ (Fig. 4a) follows the 
equation: 

A(H+)-’ = a0 t al(H+)-’ t a2(H+)-2 (6) 

The values of ao, a, and a2 are: 0, (12.72 + 0.42)10e3 
and (7.59 +- 0.42)10e8, respectively, (R = 0.999). 
Equation 6 implies that, 

a0 = k-,(Cl-) = 0 

ar = k_4(C1-)2 = 12.7 X IO-’ (k-4 = 0.56) 

a2 = k_sKw(C1-) = 7.59 X lOWa (k-s = 2.84 X 10’) 

The coefficients B and C are also pH-dependent, in a 
complicated way. The plot of B ((H+) t Kp)(H+)-’ 
vs. (H+)-’ is quadratic and is shown in Fig. 4b. The 
relation obeys the following equation: 

B((H+) + Krp)(H+)-’ = b,, + b,(H+)-’ + b,(H+)-2 (7) 

where, be 4 0, bl = (1.19 ? 0.30)10-’ and b2 = 
(2.28 + 0.30)10-’ respectively, (R = 0.997). 

From eqn. 7 one may conclude that 

be = kl = 0 

br = ksKoHKw(C1-)-’ t k2KIP = 1.19 X 1O-4 

and 

bz = k6KorrKIPKW(Cl-)-’ (k6 = 2.72 X 10’) 

If br = ksKorrKw(Cl~-’ then ks = 1.41 X 108, 
however, if b 1 =k2KIP,thenk2=8.42X10s. 

On the other hand, the plot of C ((H+) + Km)’ 
(H+)-2 vs. (H+)-’ (Fig. 4c) is also of the quadratic 
type and has the following form: 

C((H+) + KIp)2(H+)-2 = C,, + Cl (I-I+)-’ + C2(H+)-a 

(8) 

where Ce z 0, Cl = (6.26 + 1.53)10m3 and C2 (1.87 
+ 0.15) lo-‘, respectively, (R = 0.999). Again these 
constants may be correlated to: 

Co =k3 =O, 

Cr = k7KOr.rKW*(C1-)-1 

and 

C2 = kqKZp 

(k7 = 1.05 X 10s) 

(k4 = 9.37 X 102) 

*pKW = 13.75 at 25 “C (Ref. 8). 
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CH*l-’ x Id3 M 
(a) 

‘Ol 

0 20 40 60 80 100 

[H'f x IO' 

Cc) 

Fig 4. a) The plot of A(H+)-’ as function of (H+)-’ b) The 

plot of B((H+) + -l KIP) vs. (H+)_’ . c) The plot of C((I?) + 
Krp)2(H+)-2 VS. (H+)-‘. 

Since C((H’) + KIp)2(H’)-2 is not a function of 
(H+)-3, the term kaKor_rK&(OH)(Cl-)-l is insigni- 
ficant, in other words ks 4 -10”. 

From the above findings, one may expect that the 
reactions a, c and probably f do not contribute much 
in the model mechanism shown in Scheme 1. 
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The slower step starts usually at pH’s greater than 
4.4, which may imply slow hydrolysis of the Pd(HP)2- 
Cl2 complex. It has been proved by photoacoustic 
spectral studies that these complexes react readily 
with DNA at pH - 7.4 (4). However, we have not 
reached this pH in this work. A good speculation is 
that the complex which reacted with DNA is proba- 
bly of the composition Pd(HP)2(OH)2. No attempt 
has been made to interpret the kinetic data of the 
slow process. 

The Reaction of Pd(II) with Pyridoxal 
A yellowish solution was obtained whena dilute 

solution of PdC12 (“5 X lO+ M) was added to pyri- 
doxal solution in the pH range 3.0-6.0. A yellow 
precipitate is obtained when Pd(I1) concentration is 
increased. The precipitate was identified as Pd(HPL)z- 
Clz [4]. The spectra of the system is similar to that 
of Pd(II)-P system: they are both pH-dependent. 

The kinetic runs were carried out at &a nm in the 
pH-range 3.6-5.6. Figures 5 and 6 show the depen- 
dence of the pseudo first order observed rate con- 
stants kob(PL) (see-‘) on pH and total concentra- 
tion of pyridoxal, TPL. The dependence of k,&PL) 
(set-‘) on pH, on the other hand, is linear which is quite 

TPL 

/ 
I 

Fig 5. bbs(PL) rn their dependence on pH and T~L. 
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Frg. 6. k,,,,a(PL) as function of TPL at various pH’s. 

TABLE III. The Values of the Parameters D and E m Then 

Dependence on pH. 

PH’ D x 10’ E Rb 

34 5.40 f 2.99 

3.6 6.96 + 2.19 

3.8 1.88 f 2.65 

40 8.78 f 2.64 

4.2 10.09 t 2 76 

4.4 11.23 + 2.65 

4.6 12.57~ 3 20 

4.8 13.47 f 3.75 

5.0 14.37 + 3.98 

5.2 15.93 It 4.44 

5.4 17.46 f 5.00 
5.6 18 11 + 5.24 

5.8 19.19 ?: 6.30 
6.0 19.77 f 6.59 

1.10 f 0 12 0.982 
1.47 + 0 11 0.991 

1.85 f 0.11 0.995 
2.25 f 0.11 0.991 
2.63 f 0 11 0.997 

3.01 i 0 11 0.998 

3.38 t 0.13 0.998 
3.78 f 0.15 0.998 

4.17 f 0.16 0 998 

4.54 f 0.17 0.998 
4.92 f 0.20 0.991 
5.33 f 0.21 0.991 
5.12 f 0.25 0.997 
6.15 f 0 27 0.997 

%terpolated values using Fig. 6. bCorrelation coefficrents 

different from that of the Pd(II)-P system, indicating 
different mechanisms. At a given pH, this dependence 
can be expressed as, 

k,&‘L) = D + ETPL (9) 

Table III depicts the values of the parameters D and E 
in their dependence on pH. The mechanism which 
may fit the experimental data is shown in Scheme II 
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HzPL 

i) PdClf- t H!L , KiC ’ Pd(HPL)&l,t Cl- 

ii) PdClsOH’- t HPL 2 Pd(HPL)C120H + Cl- 

a) Pd(HPL)Cl; t HsPL =+ Pd(HPL)&ls t HCl; 

11 
KIPL k;, k’, 

b) Pd(HPL)Cl; + HPL = Pd(HPL)2C12 + Cl-, 

11 K'OH k;, k:, 

c) Pd(HPL)C120H + HzPL * Pd(HPL)& t HzO; 

k;,k;, 

d) Pd(HPL)C120H + HPL =+ Pd(HPL)&12 + OH-; 

k:,lcr_, 

Scheme II 

To account for the isolated complex Pd(HPL)sC12 
it was necessary to assume the prior fast formation of 
Pd(HPL)Cls and Pd(HPL)C120H. 

The rate equation describing the above reaction 
mechanism, at a given pH, is 

(10) 
where C, correspond to the concentration of Pd 
(HPL)Cl* and CHILL correspond to Pd(HPL)#12 and 

Q, = k;(H+) + k;KIPL + k;K&..r(OH-)(H+)(C1-)-’ + 

+ k&K,LK&r(OH-)(Cl-)-l, 

Q; = 1 t K&.r(OH-)(Cl-)-’ = 1 

Qs = kr-r(H+)(Cl-) + k’,(Cl-) + k’a + k:J(OH-), 

and 

K& = (Pd(HPL)Cl, OH)(Cl-)/(Pd(HPL)Cl,)(OH-) 

and Km, is the dissociation constant of H,PL’, Table 
II. 

The integrated form of eqn. 10 is obtained if TM 
(Pd(HPL)CI,) + (Pd(HPL)Cl,OH) + (Pd(HPL),Cl,), 
and dC,/dt = 0 

ln (CnPL)err. 

(CnPL)es - (Cnn)t = 

tQs + Q,TPL/Qz(W+) + KmJb (11) 
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Again, the observed rate constant may be corre- 
lated with Qs + Q,Ter,/QZ((H+) + Km& i.e. 

= k’,(H+)(Cl-) t k&(Cl-) + k;, + 

+ &(OH) + TPL(k;(H+) + k;KpPL + 

+ k:K&r(H+)(OH-)(Cl-)-l 

[(l + KbrrW-)(Cl-)-i)((H+) + KIPLN -' (12) 

Consequently, the coefficients of eqn. 9 are 

D = k’_,(H+)(Cl-) + k’_, (Cl-) + k:, + k’_, (OH-) 

(13a) 
E = (k; (H+) + k;KIPL + k;K&&(Cl-)-’ t 

+ k~KIPLK~H(OH-)(C1-)-l X (13b) 

X ((1 + Kbrr(OH-)(Cl-)-‘)((H+) + KrpL)]-’ 

The term, K&.r(OH-)(Cl-)-l is very small and may 
be ignored. 

The plot of D(H+)-’ vs. (H+)-’ (Fig. 7a) may be 
represented by the following eqn.: 

D = de + dr (H+)-’ + d2(H+)-2 

The values of de, dr and d2 are 0, (17.5 f 0.4)10e3 
and (2.48 + 0.42)10e9, respectively. (R = 0.999). In 
other words, k~,(Cl-)=O. (k!_, + k!_2(Cl-))= 17.5 X 
IO-‘, (k’_, = 11.67 X lo-’ if c3 = 0 and k’, = 
17.5 X 10M3 if kL2 = 0) and k’_,Kw = 2.48 X 1O-4 
(kL4 = 1.39 X 10’). 

The variation of E((H+) t K&(H+)-’ as function 
of (H+)-’ is shown in Fig. 7(b). The regression analy- 
sis of the data indicated that 

E = ec t er (H+)-’ t e2(H+)-’ (15) 

The magnitude of the values of the coefficients eo, e, 
and e2 are 0.66 + 0.05, (3.31 + 0.04)10Y4 and 
(8.84 f 0.54) X lo-“. These coefficients may corre- 
spond to k; = 0.66, (kiKIPL + kiKbnK,v(Cl-)-l) = 
3.31 X lO+ and kkKIPLK&r(C1-)-l = 8.84 X lo-“. 
However, if kkKIPL is only equal to 3.31 X 10e4, 
then k; = 4.67 and if k;K&rKw(C1-)-l takes the 
value of 3.31 X 10e4, then k; may be equal to 5.57 X 
lo3 if K& s KoH. A rough value for k> may be 
obtained if K& = Ken, i.e. ki r.4.7 X lo-“. 

It seems from the above discussion that the com- 
plexation reactions of Pd(II) with PL are different 
from that of Pd(I1) with P, which implies that both 
complexes are not structurally identical. This was 
reflected on their inhibitory effects on the cell divi- 
sions of E. coli [4] . Pd(HPL)2C12 inhibits more cell 
divisions of E. coli than Pd(HP), C12. 

The Reaction of Pd(II) with Pyridoxamine 
Similar to the Pd(II)-PL system, the addition of a 

solution of Pm to a solution of Pd(I1) chloride yields 
a yellowish brown solution. However, a yellow pre- 
cipitate is not readily obtained under the same con- 
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(b) ( H*l“ D 

Fig 7. a) The plot of D(H+)-’ vs. (H+)-‘. b) The variation 
of E((H+) + KIpL)(H+)-’ as function of (H+)-' . 

04 

01 

TP, 

CL 
1 

A = 2.0 I M 

6 - I 0 I lo-z M 
A 

c 1 0 6 I IO-’ M 

D = 0 3 I 10-L M / 

2 3 PH 4 s 

Fig. 8. The dependence of kobs(Pm) on PH and Tpm. 
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ditions of precipitation in Pd(II)-P or Pd(II)-PL 
systems. Isolation of a brownish complex of possible 
composition PdHsPmC14 at pH -2.0, and a yellow 
one with the composition Pd(HPm)sCls at pH -4.0, 
was achieved on slow evaporation for at least 3 days 
under ordinary atmospheric conditions. The solubility 
of these complexes are much higher than those ob- 
tained from Pd(II)-P and Pd(II)-PL systems. The 
spectra of dilute solutions of Pd(II)-Pm (TPd = 2 X 
1O-4 M - TPm = 2 X 10e3 M) exhibit a band at Xass 
nm at pH = 1.62 while that of Pm alone has no ab- 
sorption band in the hsm - hsse nm, and that of 
PdClz has an absorption band at X4s5 nm. The band 
of the complex has twice the intensity of that of 
PdClz. However, by increasing the pH to 5 a large 
increase in absorption is achieved while those of 
PdClz and Pm are more or less the same. 

The kinetics run were taken at h = 500 nm in the 
pH-range 2.2-4.2. Figure 8 shows the dependence of 
kOu,(Pm) (set-‘) on pH and total concentration of 

Pm, Tnn. Figure 9 is constructed from Figure 8 to 
show the linear dependence of k&Pm) on TPm, 
which may be empirically represented as follows: 

k,,(Pm) = F t GTp, (at a given pH) (16) 

Table IV depicts the values of F and G at different 
pHs. 

The isolation of a solid complex of the composi- 
tion Pd(HsPm)C14 at low pH s (<2.0) in addition to 
the linear dependence of kob(Pm) on Tpm beside the 
separation of another complex at higher pH s of the 
composition Pd(H2Pm)2C12 may suggest that the ob- 
tamed kinetic data correspond to the formation of 
the latter complex from the former. The formation of 
the first complex is much faster than that of the 
second complex. The reaction mechanism compatible 
with the experimental data is shown in Scheme III. 

At pHls < 2.0 

PdCl:- t HsPm 2+ = PdC14.HgPm 

PdClsOH’- t HsPm2+ Ft PdClsOH~HsPm 

PdC14.HsPm * Pd(H2Pm)C12 + HCl 

PdC130H*H3Pm =+ Pd(H2Pm)C12(OH) + HCl 

At pH > 2.0 
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Fig. 9. The linear dependence of k,-,b@n) on Tp,. 

Again the rate equation and its integrated form 
describing the mechanism in Scheme III is similar to 
that obtained for Scheme II. The observed rate con- 
stant, k,,(Pm) (set-‘) is 

,, 
k&Pm) = Qs + Qs IQ2 = F t G’I’p, (17) 

where Q;’ = 1 t K’&(OH-) (Cl-‘))’ (which may be 
assumed to be equal to one), 

KI;IH = 
(Pd(H* Pm)Cl* OH)(Cl-) 

Pd(H,Pm)(Cls)(OH-) ’ 

Qs = F = k’L,(H+) t k’L2 t k[l, + k”,(OH-) 

Qs =G=Thn 
[ 

(k’l t k;(OH-)(Cl-)-‘)(H+) + 

(H’) + K, 

t 
(k; t k:K’&(Cl-)-‘(OH-)) KIPm 

(H’) + KIP~ I 

outer sphere complexes 

inner sphere complexes 

a) Pd(H2Pm)C1s + HaPm2+ + Pd(H2Pm)2Cll t H+ t Cl-; k’;, k:, 

KIP~ 
IL 

b) Pd(H2Pm)C1s t H2Pm + =+ Pd(H2Pm)& + Cl-; k;, k”, 

11 GH 

c) Pd(H2Pm)C120H t HsPm2+ + Pd(H2Pm)?C1i t H20; k;, k:, 

d) Pd(H2Pm)C120H + H2Pm + = Pd(H2Pm)2C1; + OH-; k[;, kr4 

Scheme III 
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TABLE IV. The Values of the Parameters F and G as a func- 
tion of pH. 

PH’ F G R 

2.5 5.23 f 1.62 1.64 k 0.15 0.987 
2.6 6 44 f 1.86 1.84 f 0.17 0.987 
2.7 7.50 + 1.84 2.14 k 0.17 0 991 
2.8 7.76 + 2 06 2.49 f 0 19 0.991 
29 9.51 f 1.66 2 78 f 0.15 0.995 
3.0 9.53 + 2.39 3 30 f 0.22 0.993 
3.1 10.06 f 2.26 3.77 f 0.21 0.995 
3.2 10 64 + 2.00 4.39 f 0.18 0.997 
3.4 1333?300 5 63 f 0.28 0.996 
3.6 15.24 f 4.71 7.40 + 0.43 0.995 
3.8 20.25 f 7.43 9.25 f 0.68 0.992 
40 24.13 + 9.12 11.61 i 0.84 0 992 
4.2 25.65 * 11.21 14 98 i 1.03 0.993 
4.4 28.66 + 12.79 1843 i 1.18 0.994 

*Interpolated pHs from Fig. 8. 

and KIPm is the first dissociation constant of HsPm’+, 
Table II. Table IV lists the values of the coefficients 
F and G at different pH’s. 

The plot of F(H+)-’ as a function of (H+)-r fol- 
lows approximately a quadratic relation, as shown in 
Fig. 10a. This relation is represented as follows: 

F(H+)-r = fe t f,(H+)-’ t fi (H+)-’ (18a) 

where fe, fr and fi have the values “0, (2.0 f 0.1) 
lo-*, (3.49 f 0.44)10-‘, respectively. These coeffi- 
cients may correspond to k!_, , (k!!* + k”s), and 
k”,Kw, i.e. 

k”, ~0 

k”, t k:, = 2.0 X lo-* 

k’14Kw = 3.49 X IO-’ and 

k’l, = 1.96 X 10’ 

Similarly, the plot of G((H+) + KIpm)(H+)-’ us. 
(H+)-' , Fig. lob follow this equation: 

G((H+) + Km&H+)-’ = g, + g, (H+)-’ + g2 (H+)-* 

(18b) 

The coefficients ge, gl and g2 have the values 
(0.47 + 0.12), (3.72 f 0.04)10--3, and (1.16 f 0.02) 
lo-‘. Again, these coefficients may be correlated 
with k’,’ (go), kk,‘KIP, (therefore ky = 15.51) and 
(k’;K&Cl-)-’ t k;KI;IHKW(C1-)-’ (~1.16 X lo-‘), 
respectively. In the case of g,, if k’;Kw(C1-)-’ = 0 
then k{K’&Kw(C1-)-’ = 1.16 X lo-’ and k; E 2 
(if K’& = KoH), however, if k;K);IHKW(Cl-)-l = 0, 
then k: = 9.8 X 10’. 

The aforementioned analysis of the kinetic data of 
the Pd(II)-Pm system indicated that the reactions a 
and d in Scheme III are not significant in the forma- 
tion of the Pd(H2Pm)*C12. 

(a) 
20- 

(H+)-’ I: IO-’ 

Fig. 10. a) The plot of F(H+)-’ as functton of (H+)-‘. b) The 
plot of G((H+) + KIPm) (H+)-r vs. (H+)-' . 

Conclusion 

Table V summarizes the rate constants and the 
possible formation constants corresponding to dif- 
ferent equilibria described in the aforementioned 
three schemes. 

It is quite obvious that Pd(I1) may interact differ- 
ently with vitamin B6 compounds P, PL and Pm. 
However, there may be a unique mechanism exhib- 
ited by all ligands which presumably involves the fast 
formation of an outer complex as follows. 

PdCl,_rOH:+ + 2(H2(P or PL))’ + 

PdCl,_rOHr*(H2(P or PL))*’ 

PdCl,_rOH:+ + H3Pm2+ =+PdCI,_rOHr*(H3Pm)” 

where n = 4 and 1 = 0 or 1 (in acidic solutions). 
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TABLE V. Summary of the Rate Constants Evaluated m This 

Work. 

_ 

Scheme Rate Constant Values K 

I kr k-r 0,O 

ka k-z 8.42 x 1oa,o >8.42 x 1Oa 

ks k-a 030 
k4 k-4 9.37 x 102, 0.56 1.67 x lo3 

ks k-s 1.41 x 108,o 
k6 k-e 2.72 x 103, 6.37 X lo-+ 

4.27 x 10” 
k7 k-7 1.05 x 108, 0 >1.05 x lo8 

ka k-a -10’5, >lO’ 

2.84 x lo-’ 

II ki El 0.66,O 
k; kl-2 4.67, 11.67 X lo-* 38 9 
k)3 klz 5 57 x103 -0 =6 x lo3 

kh k’--4 4.7 x 10-16. -3.36 X 10” 

1 39 x lo5 

III k’; k’l_r -0, -0 0 

k; kl12 15.51,2 x 1O-2 7.75 x lo2 

k’j kL3 9.8 x 10’) 2 x 1O-2 4.9 x 10’ 

k; k”4 2,1.96 x lo7 -lo-’ 
-~ 

This mechanism is confirmed by the separation of 
only (PdC14*H3Pm) from aqueous solutions at pH’s < 
2.0. The mode of interaction of P with Pd(II) species 
to form an inner complex is quite different from that 
of PL and Pm, in that the reaction rate constant is 
quadratically dependent on Tp. This is compatible 
with the isolation of Pd(HP)2C12 from aqueous solu- 
tions at pH - 4.0. The finding, however, indicated 
that the rates of formation of 1 :l as well as 2:l 
Pd(II)-P complexes are of comparable magnitudes. 
On the other hand, the observed rate constants of the 
reactions of PL and Pm with Pd(I1) species are not 
quadratically dependent on their respective TpL and 
Thn. These findings were not, however, in accor- 
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dance with the isolation of their 2:l complexes; 
(Pd(HPL), C12)’ and (Pd(H2 Pm)2 C12)2+. However, 
this was explained as being due to the fast formation 
of 1 :l complex which slowly reacts further with 
another molecule of the ligands to form 2.1 com- 
plexes. 

It is not unreasonable to assume that the frans 
effect played a role in the formation of Pd(VB6)2C12 
complexes. As soon as the first ligand displaced one 
of the Cl- mainly in the Pd(I1) species it lab&es the 
Pans Cl- for the attack of the second hgand. In such 
a case, the ligation will be through the pyridinic nitro- 
gen since ligation through the meta-oxy group is not 
sterically favored. The difference in the rate behavior 
may be attributed to the magmtude of the electron 
density on the pyridinic nitrogen, where it is plausible 
to suggest that Pm > PL > P under the experimental 
conditions used. If the ligation site is the pyndinic 
nitrogen, the formation constants of the complexes 
should be reasonably high. This has been obtained for 
some of the reactrons in the three schemes shown in 
Table V. 
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