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The stopped-flow method has been used to study
the kinetics of the reaction between Pd(Il) and the
vitamin B¢ (VB¢) compounds, pyridoxol (P), pyri-
doxal (PL ) and pyridoxamine (Pm) at 37 °C and ionic
strength 0.15 M (NaCl) in acidic solutions. The ob-
served dependence of the rate constants, k,p,, on the
total concentration of the ligands, Ty, at a given pH
is as follows for each system.

Kobs(P)=A + BTp + CT}

kovs(PL)=D + ETpy, and
kobs(Pm) =F+ GTHn

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

Introduction

Some Pt(II) complexes have been shown in the last
decade to have anti-carcinogenic properties [1].
These properties were attributed to several charac-
teristics of these complexes; among which, their rela-
tive chemical inertness. On the other hand, some
Pd(II) analogous of active Pt(II) 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(II) analo-
gues [1]. The speculation offered was that Pd(II)
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(II)
complexes of the vitamin Bs 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-+2HCIl) 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(II) chloride (0.098
M) was prepared in 1.0 M HCI. The concentration of
Pd(II) was checked by gravimetric method as Pd-
(dimethylglyoxime), [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) X1072 M. The Pd(II)
concentration was kept constant at 491 X10™* 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),Cl,, Pd-
(HPL),Cl, and Pd(H,-Pm),Cl, as well as (PdCls)-
(HsPm)(H,0).

Results and Discussion

The Reaction of Pd(I11) with Pyridoxol

A yellowish-orange solution was obtained when
dilute solutions of PdCl, (~5 X 10™* M) were added
to pyridoxol solutions in the pH-range 3.0—6.0. In-
creasing the concentration of PdCl,, 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),Cl, [4]. The spectra of the sys-
tem is pH-dependent. 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. PdCl, itself exhibits a band at X455 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 A450 nm in the
pH range 2.5-5.0. The interaction of palladium(II)
species with pyridoxol species resulted in the forma-
tion of two rate steps, one of which is faster with rate
constants 1—2 orders higher than the slower. Figure 1
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Fig. 2. kopg(P) as function of Ty, at various pH’s.

shows the dependence of the observed pseudo-first
order rate constants of the faster step, kops(P) (sec™!)
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 kgps on Tp at various pH’s. This dependence may
be expressed by the following equation,

Kore(P) = A + BTp + CT2 (1)

TABLE 1. The Magnitude of the Values of the Parameters A,
B and C at various pH’s.

pH® AP B C R®

34 0004  044:003 1316105 0991
38 0007  1.02:002  29.00:096 0998
40 0008  124+002  51.85:092  0.999
41 0010 140:001  6502:0.26 0999
42 0011 1.44: 004  99.36:1.74 0999
43 0012  1.77:005 12470198  0.999
44 0013  221:003 167.16+1.07 0999
45 0014  329:003 18353:132 0999
46 0015  514:003 227.28:+1.20 0999
47 0016  678:005 26326+193  0.999
48 0017  854:005 307.00:207 0999
49 0018 11.53:004 331142183  0.999
50  0.020 1350:0.06 41412:224  0.999

#Interpolated values PObtaned from Fig. 2. “Correlation

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 (kops — A)/Te
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 49 X10~* M Pd(ID)) and in the pH range
used, several species coexist. The predominant species
of Pd(IT) are PdCl1?~ and PdCl;0H? and those of P
are H,P" and HP, Table (II). The reaction mechanism
which may account for the experimental findings
expressed by eqn. 1 is shown in Scheme 1:

a) PdCl}” +H,P*=PdHPCl; +H' +Cl™;  ky,k_;
[l xe
b) PdCL3~ + HP < PdHPCI; + CI"; ks, k_,
Ker
¢) PdCI3~ +2H,P* = Pd(HP),Cl, + 2H" + 2CI";
k3 ’ k—3
d) PdCI2™ + 2HP = Pd(HP),Cl, +2Cl™; kKa,k_4

Kon
¢) PdCl;0H?* + H,P* = Pd(HP)CI; + H,0; ks, k_s
f) PdCl;0H?>” +HP = Pd(HP)Cl; + OH ; kg,k_¢
g) PdCl;0H%™ + 2H,P" = Pd(HP),Cl, + H" + CI™ +
+H,0; k7,k_4
h) PdCl;0H>™ + 2HP = Pd(HP),Cl, + CI” + OH;
kB ’ k—B
Scheme I.

where k;'s and k_;'s are the forward and backward
rate constants, Koy the hydrolysis constant of Pd(II),
and K 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(Cp +Cpp) _ d(Cyp)
dt 'at
Tpa — CopQu ( (CINQ. )
= +Q5)—-C +Q¢) (2
o (Q3+Qs) — Cp (HP)Kgy s} 2)

where Cp and Cgp are the ternary complexes Pd-
(HP)Cl; and Pd(HP),Cl,, respectively, and

Q =1+ (CI")/K¢r(HP),

Ker = [Coel [CT7]/[Cre] [HP],

Q; =1+Kou(OH XCI)™,

Kog = [PACI;0H>"] [CI"}/[PAC13"} [OH ],
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Q3 = k;(H,P) + k,(HP) + ksKou(HPXOH)/(CI7) +
+ ke [(HP)K o(OH)/(C17)

Qs =k, (HH/(CI) +k_,(CIN) +k_s +k_(OH")

Qs =k3(H,P)? +kq(HP)? + k,(H,PYXOH)/(CI") +
+ ksKor(HP)*(OH)/(CI")

and

Qs = k_3(H)(CI7)* +k_4(CI")* + k_o(H)CI") +
+k_g(OH)(CI).

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

Reaction log K Ref.
H,P* = HP+H* -4.85 7
HP=P +H* —-8.92 7
H,PL* = HPL+H* —415 7
HPL = PL” +H* ~-8.67 7
H3Pm? = HPm*+H* -3.62 7
H,Pm* == HPm + H* -8.19 7
HPm = Pm +H* -10.49 7
PdCI3™ + OH™ = PACI30H%  +CI” 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 buffermng effect of H,P* and HP and Tp
> Tpq), and if it is assumed that dCy/dt = 0. The



integrated form is,

n (CIIP)eq
(Crpleq — (Crrp e
_ Qs +Qs + _Q_g + Q4(C17) 3)
Q, Q, Q,(HP)K ¢

where (Cpp)eq and (Cpp); are the concentration of
Pd(HP),Cl, at equilibrium and time, t, respectively.
If eqn. 3 isanalyzed carefully it can be found that Q, =
1.0 under the experimental conditions used in this
work. The equation takes the following form if the
absorbances at equilibrium and time, t, (i.e. Aseq and
Asy) are directly proportional to (Cyp)eq 2nd (Cpplt.

0 (As)eq )
(As)eq — (As),
- Qs Q4(CI7)

— +Q;3+Qs + ———— } ¢t 4
Q 2o Q,(HP)K ¢y @

The observed rate constant may be correlated to
Q . Qi)
QA QHPK¢
Kb =

+ Q3 +Qg, e

RSy (k_o(H)2(CIY? +
TpKeKer + (CION(HY) + Kyp) ©

+k_4(CI")? + k(H)CI™ + k_(OH XCIN) +
(CIr(H') +Kp)

k_,(HHYC) +
TPKIPKCI+(C1_)((H+)+KIP)( ()

+k_,(CI") +k_s5s +k_¢(OH) +

Te
+ ——{k;(H") + ks KogK(CI) ! +
(H+)+K]p{ 1(H) + ks KoKy (CI7)
+k;Kp +keKogKp(OH™XCIT)™} +
T3
+—— {ky(HD? + kKouKw(HD(C) ! +
(H*)+Kn,{ 3(HY)? + kK ouKyw (HY) (C)

+kqeKip + k- KK o (OH™XCIT) ™} )
where Kyp is the Ist dissociation constant of H,P*
(Table 11).

The coefficients A, B and C can now take the fol-
lowing forms if TpKpKcp > (CITN(HY) + Kp);
A=k_3(H")2(CIN)? + k_4 (CIN)? +k_,(H*)CI") +

+ k_g(OH™XCI") (52)

(Kons(P) is not function of 1/Typ).

B = (ky(H") + ks KouKw(Cl) ™" +kqKpp +
+ksKouKp(OH)CI) ' YH) +Kp) ™! (5b)

C= (kg(H+)2 + k7 KOHKw(H+)(C1_)_l + k4KfP +
+ kg KouKEp(OH XCI) ' X(H) +Kp) ™ (5¢)

The plot of A(H*)™! vs (H*)™! (Fig. 4a) follows the
equation:
A =ag +2,(HY ™ +a,(HY)? ©

The values of aq, a, and a, are: 0, (12.72 £ 0.42)1073
and (7.59 * 0.42)1078, respectively, (R = 0.999).
Equation 6 implies that,

a0 =k_,(CI")=0

a; =k_q(CI)? =127 X 1072 (k_4 = 0.56)

a; =k_gKw(CI7) = 7.59 X 1078 (k_g = 2.84 X 107)
The coefficients B and C are also pH-dependent,in a
complicated way. The plot of B (H*) + Kp)XH")™!
vs. (H*)™! is quadratic and is shown in Fig. 4b. The
relation obeys the following equation:

B((H") + KpXH') ™! = b, + by (H') ™" +by(H) > (7)
where, by = 0, b, = (1.19 + 0.30)107* and b, =

(2.28 £ 0.30)107° respectively, (R = 0.997).
From eqn. 7 one may conclude that

bo =k, =0

b; =ksKogKw(Cl7)™ +k;Kp =1.19 X 107
and

b, =ks¢KouKpKw(Cl7)™!
If bl = ksKOHKW(Cl—)_l then k5 =141 X 108,
however, if by =k, Kyp, then k, = 8.42 X 108.

On the other hand, the plot of C ((H*) + Kpp)?
(H")™? vs. (HY) ™! (Fig. 4c) is also of the quadratic
type and has the following form:

C((H") +Kgp)?(H") 2 = Co + C, (HY ' + C,(H)?
()
where Cy =0, C; = (6.26 +1.53)1072 and C, (1.87

* 0.15) 1077, respectively, (R = 0.999). Again these
constants may be correlated to:

(kg =2.72 X 10%)

Co =kj3 =0,

C, =k, KouKw*(CIN)™! (k; = 1.05 X 108)
and

C, =kisKbh (k4 =9.37 X10?)

*pKw = 13.75 at 25 °C (Ref. 8).
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Klp)z(H+)*2 vs. (H")_l.

Since C((H") + Kp)*(H') is not a function of
(H") 3, the term kgKogK%(OH )XCI)™! is insigni-
ficant, in other words kg < ~10%%.

From the above findings, one may expect that the
reactions a, ¢ 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),-
Cl, 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),(OH),. 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 PdCl, (~5 X 10™* M) was added to pyri-
doxal solution in the pH range 3.0-6.0. A yellow
precipitate is obtained when Pd(II) concentration is
increased. The precipitate was identified as Pd(HPL),-
Cl, [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 Ags 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 Kopg(PL) (sec™') on pH and total concentra-
tion of pyridoxal, Tygy,. The dependence of Kqpg(PL)
(sec™!) on pH, on the other hand, is linear which is quite
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Fig. 6. kopg(PL) as function of Tpy, at various pH’s.

TABLE I111. The Values of the Parameters D and E in Their
Dependence on pH.

pH? D x 103 E RP

34 5.40 + 2.99 1.10: 012 0.982
3.6 6.96 + 2.79 147+ 011 0.991
3.8 7.88+ 2.65 1.85+0.11 0.995
40 8.78 + 2.64 2.25+0.11 0.997
4.2 10.09 + 276 263+ 011 0.997
4.4 11.23 £ 2.65 301+011 0.998
4.6 12.57+320 338+ 0.13 0.998
4.8 13.47 £ 3.75 378+ 0.15 0.998
5.0 14.37 + 3.98 4.17+:0.16 0998
5.2 15.93 + 4.44 454017 0.998
5.4 17.46 £ 5.00 4.92+0.20 0.997
5.6 1811+ 5.24 5331 0.21 0.997
5.8 19.19 £ 6.30 572+ 0.25 0.997
6.0 19.77 £ 6.59 6.15+ 027 0.997

#1nterpolated values using Fig. 6. bCortelation coefficients

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

Kobs(PL) =D + ETpy, ©)

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

M. S. El-Ezaby and H. M. Abu-Soud
H,PL

| K
i) PdCIZ~ +HPL 1

Pd(HPL),Cl3 + CI”
Kon Kon
(Fast reaction)

KI
ii) PACI;0H?~ + HPL === Pd(HPL)CL,0H + CI”

2) PA(HPL)CI + H,PL = Pd(HPL),Cl, + HCL;
KipL ki, ki,
b) PA(HPL)CI + HPL = PA(HPL),Cl, + CI,

|

¢) PA(HPL)C1,0H + H,PL = Pd(HPL),Cl, +H,0;
k3, kL3

d) PA(HPL)CL,OH + HPL = Pd(HPL),Cl, + OH™;
K, kg

K'OH k,2,k,—2

Scheme II

To account for the isolated complex Pd(HPL),Cl,
it was necessary to assume the prior fast formation of
Pd(HPL)Cl; and Pd(HPL)Cl,OH.

The rate equation describing the above reaction
mechanism, at a given pH, is
dCppr, _ (TPd - CI[PL) TpLQ

dt Q ((H") +Kpr)

- C[[PLQS
(10)

where Cppy, correspond to the concentration of Pd
(HPL)Cl, and Cpypy, correspond to PA(HPL),Cl, and

Q7 =kj(H") + k3K py, + k3Kou(OH YHYCI)™ +
+kaKprKou(OH XCI) ™,
Q) = 1+ Kpg(OH)CIY ™ =1

Qs =k (HYCI) +k,(CIN) + k'3 +k' 4(OH"),
and
Kon = (PA(HPL)CL, OH)(CI™)/(Pd(HPL)Cl; }(OH ™)
and Kppy, is the dissociation constant of H,PL", Table
II.

The integrated form of eqn. 10 is obtained if Tpq

(PA(HPL)Cl,) + (Pd(HPL)CI,OH) + (Pd(HPL),Cl,),
and dCppy /dt = 0

1n (Cypreq. _
(CIIPL)eq - (CIIP’L)t -
{Qs +Q7TpL/Q2((H") + Kppp )}t (11)
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Again, the observed rate constant may be corre-
lated with Qg + Q,Tp,/Q,((H*) + Kipy), i e

kobs(PL) =
=k, (H)(CIN) + kK, (CI) +k; +
+ Kk 4(OH) + Tpr (k1 (H") + KoK ey, +
+ k3Kor(H)OH }CI )™
[(1 + Kou(OH YCIY ™) ((H) + Kepp)] ™' (12)
Consequently, the coefficients of eqn. 9 are

D =k (H")(CIM) + k"5 (CI7) +K__3 + k4 (OH")
(13a)
E=(ki(H") + k3Kppr, + k3KouKy(CID) ™ +
+ KK prKpm(OHXCI) ™ X (13b)
X {(1 + Kou(OHT)CIT) ' X(H") + Kgpr)}

The term, Koug(OH™XCI™)™! is very small and may
be ignored.

The plot of D(H*)™! vs. (H*)™! (Fig. 7a) may be
represented by the following eqn.:

D=do +d,(H")™* +d,(H')?

The values of dg, d; and d, are 0, (17.5 £ 0.4)1073
and (248 * 0.42)107?, respectively. (R = 0.999). In
other words, k”,(CI7) = 0. (k5 +k_,(CI7))=17.5 X
1073, (K, = 11.67 X102 if k'3 = 0 and K5 =
17.5X1072 if k', = 0) and k'_ Ky = 248 X10™*
(ks = 1.39 X 10%).

The variation of E((H*) + Kp)(H")™! as function
of (H*)™! is shown in Fig. 7(b). The regression analy-
sis of the data indicated that

E=¢, +e;(H") ! +e,(H)™? (15)

The magnitude of the values of the coefficients €, €,
and e, are 0.66 * 0.05, (3.31 + 0.04)107* and
(8.84 + 0.54) X 107! These coefficients may corre-
spond to ky = 0.66, (kaKpr, + k3KouKw(CID™) =
3.31 X 107* and ksKprKou(Cl) ! = 8.84 X 1071,
However, if k;Kypr, is only equal to 3.31 X 107%,
then k; = 4.67 and if k3KogKw(Cl7)™! takes the
value of 3.31 X 107*, then k’3 may be equal to 5.57 X
10® if Koy = Kog. A rough value for ki may be
obtained if Ky = Koy, Le. k3 =4.7 X 1079,

It seems from the above discussion that the com-
plexation reactions of Pd(II) with PL are different
from that of Pd(II) 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),Cl, inhibits more cell
divisions of E. coli than Pd(HP), Cl,.

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(IT) chloride yields
a yellowish brown solution. However, a yellow pre-
cipitate is not readily obtained under the same con-
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ditions of precipitation in Pd(II)-P or Pd(II)-PL
systems. Isolation of a brownish complex of possible
composition PAH3;PmCl, at pH ~2.0, and a yellow
one with the composition Pd(HPm),Cl, 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 (Tpg = 2 X
107* M — Tpp, = 2 X 1073 M) exhibit a band at Azgs
nm at pH = 1.62 while that of Pm alone has no ab-
sorption band in the Azn — Asso nm, and that of
PdCl, has an absorption band at A455 nm. The band
of the complex has twice the intensity of that of
PdCl,. However, by increasing the pH to 5 a large
increase in absorption is achieved while those of
PdCl, and Pm are more or less the same.

The kinetics run were taken at A = 500 nm in the
pH-range 2.2—4.2. Figure 8 shows the dependence of
kobs(Pm) (sec™?) on pH and total concentration of
Pm, Tpy,. Figure 9 is constructed from Figure 8 to
show the linear dependence of kg,s(Pm) on Tpy,
which may be empirically represented as follows:

kops(Pm) =F + GTpp, (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(H3Pm)Cl, at low pHs (<2.0) in addition to
the linear dependence of kop(Pm) on Tpyy, beside the
separation of another complex at higher pH s of the
composition Pd(H,Pm),Cl, may suggest that the ob-
tained 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.

AtpHs <20
PdCl3~ + H3Pm*" = PdCl;-HiPm
PdCl;0H?*” + H3Pm?** = PdCl;OH-HiPm
PdCl4-H;Pm = Pd(H,Pm)Cl, + HCl
PdCl;0H-H;Pm = Pd(H,Pm)Cl,(OH) + HCl
AtpH>20

Kipm u
Pd(Hsz)Clg, + Hng* = Pd(HzPITl)zCl; + Cl_,

| 6

Pd(H,Pm)C1,0H + H,Pm" = Pd(H,Pm),Cl; + OH™
Scheme II1

|

Pd(H,Pm)Cl; + HsPm?* = Pd(H,Pm),Cl, + H + CI";

Pd(Hng)ClgoH + H3Pm2+ = Pd(Hsz)2Cl; + Hgo,

3
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04

Observed Rate Constant (sec™')

To 10" M

Fig. 9. The linear dependence of kopg(Pm) on Tppy,.

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, Kqop(Pm) (sec™!) is
Kops(Pm) = Qg + Q9/Q,2, =F+ GTpm 17)
where Q; = 1 + K'gg(OH)(CI™)™ (which may be
assumed to be equal to one),

, _ (Pd(H,Pm)Cl, OH)CI")

o8 " T P4(H,Pm)(Cl, OH ")

QS =F= kILl(H+) + k,i.g + kt,.g, + k’L4(OH_)

(K +K'3(OH™)(CI") ™! Y(H")
= G =
& Tem [ (H") +Kip '
(ks + k3K o (CIT)™ (OH™))
(H') + K prm o

outer sphere complexes

inner sphere complexes

" ”
kl ’ k—'l
n n
k2 ’ k—2

" oan
k3 s k—3
"ogn
k4 3 k—4
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TABLE 1V. The Values of the Parameters F and G as a func-
tion of pH.

pHa F G R

2.5 5.23+£1.62 1.64+0.15 0.987
2.6 644+ 1.86 1.84 + 0.17 0.987
2.7 7.50+ 1.84 2.1410.17 0991
2.8 7.76 £ 206 2491019 0.991
29 9.51+1.66 278+0.15 0.995
3.0 9.53 +2.39 330+0.22 0.993
3.1 10.06 + 2.26 3.77+0.21 0.995
3.2 1064 + 2.00 4.39+0.18 0.997
34 1333+300 563+0.28 0.996
3.6 15.24 £+ 471 7.40 £+ 0.43 0.995
3.8 20.25+ 7.43 9.25+0.68 0.992
40 24.13+9.12 11.61 £ 0.84 0992
4.2 2565+ 11.21 1498+ 1.03 0.993
44 28.66 + 12.79 1843+ 1.18 0.994

8Interpolated pHs from Fig. 8.

and Kypp, is the first dissociation constant of HyPm?*,
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*)™! fol-
lows approximately a quadratic relation, as shown in
Fig. 10a. This relation is represented as follows:

FH*)™ =fo + f,(H)™' +f,(H")? (18a)

where fy, f; and f, have the values ~0, (2.0 * 0.1)
1072, (349 * 0.44)1077, respectively. These coeffi-
cients may correspond to k”,, (k”, + k”3), and
kZ4Kw, ie.

k", =

k", +k”3=20x%x10"2

k" ,Kw =349 X107 and

k"4 =196 X107

Similarly, the plot of G((H*) + Kpm)(H*)™' vs.
(H*)™?, Fig. 10b follow this equation:

G((H") + Kipp XHY) ™! =go + g, (H) ! +g,(H)™?
(18b)

The coefficients go, g; and g, have the values
(047 £ 0.12), (3.72 £ 0.04)1073, and (1.16 * 0.02)
1077, Again, these coefficients may be correlated
with ky (=0), k5K pm (therefore k3 = 15.51) and
K3 Kw(CI) ™ + kK oaKw(CID) ™! (221,16 X1077),
respectively. In the case of g,, if k3Kw(CI") ! =0
then k3 KougKw(ClI7)™! = 1.16 X1077 and kj =2
(if K'og = Kop), however, if ksK'ogKw(C17) ! =0,
then k3 = 9.8 X 105,

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(H, Pm),Cl,.

129

75

60

45

Fnty'

30

20

@

GUIHY +K,p,) (H*) %10

IS

5 10 15 20 25
(b) (H*7" x107?

Fig. 10. a) The plot of F(H*) ! as function of (H*) . b) The
plot of G((H") + Kypp,) (H) ' vs. (HY .

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(IT) may interact differ-
ently with vitamin Bs 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,_;OH?* + 2(H,(P or PL))" =
PdCl,_;OH,* (Hy(P or PL)),°
PdCl,_,OH}* + HyPm?* =PdCl,_;OH,;*(H3Pm)°

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

Scheme Rate Constant Values K
I kK, kg 0,0
k; k_, 8.42x10%,0 >8.42 x108
ks k.3 0,0
ke kg 9.37x10%,0.56 1.67x 10°
ks ks 1.41x108,0
ke ks 2.72x 103, 637x107*
427 x108
ke kg 1.05 x108,0 >1.05 x 108
ks k_g =105, >107
2.84x1077
I K Ky 0.66,0
K, k., 467,1167x1072 389
Ky ki 557x10%,~0  ~6x10°
K, k.,  47x1071 ~3.36 X 1075
139x10°
11 I ~0, ~0 0
K, k' 15.51,2x1072  7.75 x 102
K3 k' 9.8 x10%,2 x1072 4.9 x 107
ki kK4 2,1.96 x 107 ~1077

This mechamsm is confirmed by the separation of
only (PdCl,-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),Cl, from aqueous solu-
tions at pH ~ 4.0. The finding, however, indicated
that the rates of formation of 1:1 as well as 2:1
PA(I1)-P complexes are of comparable magnitudes.
On the other hand, the observed rate constants of the
reactions of PL and Pm with Pd(II) species are not
quadratically dependent on their respective Tpy, and
Tpm. These findings were not, however, in accor-
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dance with the isolation of their 2:1 complexes;
(Pd(HPL),Cl1,)° and (Pd(H,Pm),Cl,)*". However,
this was explained as being due to the fast formation
of 1:1 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 trans
effect played a role in the formation of Pd(VBg),Cl,
complexes. As soon as the first ligand displaced one
of the CI™ mainly in the Pd(II) species it labilizes the
trans CI™ for the attack of the second ligand. 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 magnitude 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 reactions in the three schemes shown in
Table V.
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