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Abstract

The stopped flow technique has been used to
study the kinetics of complex formation of iron(III)
with pyridoxal-5-phosphate (PLP) in the pH range
1.00—2.50, and in the temperature range 18 °C—
30 °C, at an ionic strength of.0.50 M (NaCl). From
the initial concentration dependence of PLP (Tpyp)
of the reaction rate it can be shown that two Kinetic
steps can be represented as:

' _ '
kobs =m;+m; Tprp

where m; and m;’ are pH-dependent parameters. The
calculated activation data are AE™* = 23.2 £ 1.8 kcal
mol™! and 10.98 + 0.53 kcal mol™! for the first and
second Kinetic steps, respectively and AS* are
—20.50 £ 596 e.u. and 2462 + 1.81 e.u., respec-
tively.

Introduction

Pyridoxal-5'-phosphate (PLP), a vitamin B¢ com-
pound, interacts with many amino compounds to
form Schiff bases. The interaction is usually carried
out in the presence of metal ions. The resulting metal
complexes of Schiff bases have been the subject of
several reports due to their importance as model
systems for PLP<atalyzed enzymatic reactions such
as transamination and deamination [1]. PLP itself
has considerable complexing ability with some metal
ions but only limited investigations have been
reported [2—4]. A study of binary metal complex
formation is essential before any further study of
Schiff base complex formation involving PLP. In this
work we report the kinetics of the interaction of PLP
with Fe(II) in aqueous solution. Iron(IIl) binary
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complexes with other vitamin By compounds have
been reported quite recently and their mechanisms of
complex formation were elucidated in acidic medium
[5,6].

Experimental

Materials

Pyridoxal-5'-phosphate (PLP) was an analytically
pure chemical (E-Merck) used without further purifi-
cation. The stock solution of PLP (0.10 M) was kept
in the dark at 4 °C and was taken by weight. The
stock solution of FeCl; was checked for concentra-
tion by complexometric methods [5]. Ionic strength
was kept constant at 0.50 M NaCl.

Measurements

The pH measurements were made using Radio-
meter pH meter model 62 equipped with a combined
glass electrode (GK 2301C). Calibration was done by
Radiometer buffersat pH 2.0 and 4.0. Kinetic measure-
ments were made using a Durrum Stopped Flow
Apparatus. The optical path length was 20 mm. The
mixing syringes and cuvette were thermostatted using
a Grant circulating thermostat. The observed rate
constants were calculated for kinetic data up to 80%
of the reaction completion. The absorption spectra
were carried out in a Pye-Unicam 8-100 in the 500—
200 nm range. The concentration of the iron(III)
chloride was kept constant at 3.0 X 107* M while
that of PLP was in the range (3.0—8.0) X 107> M.
The kinetic data were taken in the temperature range
18-30 °C.

Results and Discussion

The addition of PLP to a solution of Fe(Ill)
readily produced a reddish color which intensified
when the pH of the medium was raised. The spectrum
of the PLP—Fe(Il) system is not much different
from that of PLP alone in the wavelength range
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300—500 nm except that a slight general increase in
absorbance is observed, due to iron complexation
with PLP, in the same wavelength range. Precipitation
of probably a hydrolyzed species occurred at pHs >
1.9 on standing. The wavelength 470 nm was selected
for taking the kinetic runs where the ligand and metal
absorptions were minimum and the absorption was
due mainly to the complex species. Two reaction
kinetic steps were observed when pseudo-first order
conditions were preserved (i.e. concentration of PLP
is much greater than that of Fe(III)). The fast kinetic
step started at lower pHs than the slower one. Figure
1 (a and b) shows the observed pseudo-first order rate
constants of the two rate steps, kops!, their depen-
dence on pH and initial concentration of PLP (Tprp).
Figure 2 (a and b) shows the dependence of kq! for
the two rate steps on initial concentration of PLP at
interpolated values of pHs. The behaviour may be
interpreted in terms of the following empirical
relation:

kovs' =m; + m;' Tprp 1

where m; and m;’, are constants at a given pH (Table
I). In order to propose a mechanism for Fe(III) inter-
action with PLP, a brief account of the different Fe-
(I1I) and PLP species in the pH range 1.0—2.5 should be
given. In this range Fe(III) may be expected to exist
primarily in the form of free aquated chloro com-
plexes (Fe(H;0),_;(Cl);) in addition to the aquated
chloro monohydroxy species (Fe(H,0),_;— 1 (OH),-
(Cl);). The concentration of the dimer species and
dihydroxy species may be assumed negligible in this
acidic pH range. The ligand species on the other hand,
in the same pH range, are likely to be H;PLP*, H;PLP
and H,PLP . The pKs of PLP are 1.60, 3.58, 6.41
and 9.24 [4]. Since chlorocomplexes of Fe(IIl) are
not strong enough [7] to exist in solution in ap-
preciable amounts, it is not unreasonable to assume
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that free aquated Fe(III) and partly aquated mono-
hydroxy species coexist in the pH range 1.0-2.5.
Several mechanistic models were tested to account
for the present kinetic data. The one which closely
describes the first step is as follows:

-H* ~H
H,PLP* — H,PLP° —— H,PLP"
K Kon

a) Fe¥* + HyPLP — FeH,PLP*; Ky k_,

b) FeOH? + H,PLP — FeH,PLP*"; Ky, k_,
Kcon th + OH™

c¢) FeOH?*" + H;PLP — FeOHH,PLP*"; ks, k_3

d) Fe(OH),** + H,PLP — FeH,PLP** + 20H";
ke, k_
Koou !l + OH™ ks

¢) Fe(OH)," + H,PLP = FeOHH,PLP** + OH;
kS ’ k—S

Scheme 1

where k; and k_; are the forward and backward reac-
tion constants, Kcog the formation constant of the
hydroxy complex species (FeOHH,PLP?*"), and K,
is the first deprotonation constant of PLP. At
constant pH and under the pseudo-first order reaction
kinetic (Tpyp >> Ty,) the rate equation describing
the above mechanism is:

T, -C
E3= o Tprp(Tre — C202)03 B ng @
ds 0,0, 0,

where C, and C, are the concentrations of FeH,-
PLP3* and FeOHH,PLP**,

*Although the concentration of Fe(OH),* is assumed
negligible, it may play a role in the reaction mechanism.

TABLE I. The Values of m; and m;’ Obtained from Fig. 2 (a and b) at Various Interpolated pHs at T, = 3.0 X 107*Mand T =

25 °C.

pH my mI' X 10—2 (ml' X Ql X (H+)2/a,) myp mu, X 10_2 mH' X 10_2/¢11
1.2 0.13 1.38 1.95

1.3 0.18 1.81 1.38

14 0.30 2.38 1.01

1.5 0.30 3.38 0.79

1.6 0.35 5.13 0.66

1.7 0.45 6.75 0.51 0.18 0.62 112
1.8 0.75 7.88 0.35 0.23 0.72 1.19
19 1.40 8.41 0.23 0.30 0.81 1.23
2.0 2.20 8.42 0.13 0.37 0.91 1.28
2.1 2.90 8.42 0.079 0.48 1.02 1.35
2.2 3.50 8.33 0.048 0.56 1.22 1.53
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Fig. 1. (a) The dependence of kobsl on the initial concentration of PLP and pH at 25 °C. (b) The dependence of kobsu on the

initial concentration of Tpy,p and pH at 25 °C.
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Fig. 2. (2) The dependence of kops! on Tprp at interpolated values of pHs. (b) The dependence of Kops!! on Tpyp at interpo-

lated values of pHs.
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a, = (H)Kn/(H")? +K;n(H") + Ky1nKon)

01 =((H")? + K on(H") + K1ounK20m)/(H)?

Q; = (Kcou(OH) + 1)/Kcou(OH™)

Qs =k +(ky + k3)K on/(H")
+ (kg + k) K 1ouKoou/(HD)?

Q4 =(k_y +k_5(OH™) + k_4(OH)?)/K cou(OH )
+k_3+k_s(OH)

The integrated form of eqn. 2 is as follows:

C oo

In __(L = Kopg! (3)
(C2)o — (C2)e

where (C,).. and (C,), are the concentrations of

FeOHH,PLP?** at infinite time and time #, and

Kobs' = Qa/Q2 + €103 Tprp/C1 “)
=my +my Tprp

where
my=Qa/Qr=k_y +(k_; +k_3Kcou)(OH)
+ (k_a + k_sKcouXOH )? ®)

(if Kcou(OH ) is much less than one in the pH range
used) and m; = &,;@3/Q@; or upon rearrangement.

H")?my' Q1 /ey = (ka + ks)K 10K 20n
+(ky + k3)K ou(H") + kKi(H)?  (6)

The regression analysis of the intercept data vs.
(H*)™! reveals the following values for the coeffi-
cients, k_; = 0, K (k_y + k3Kcon) = (3.7 £ 5.5)
1073 (K, = ionic product of H,0 = 107'-" [7]) and
(k_a + k_sKcop)Kw = (1.63 £ 0.40)1075. On the
other hand, the regression analysis of m;'Q,(H")?*/a,
vs. (H*) yields the following values for the coeffi-
cients of eqn. 6: (kg + k5)K 10uK20u = 0, (k; + ks3)-
K,og =21 =2 and k, =170 £ 35_It seems from the
above findings that paths a, b, and c are effective in
complex formation of iron(IIT) with PLP since k_,
k_, and k_3 are probably much less than k,, k, and
k3. On the other hand, k_4 + k_sKcon =~ 10° while
the term (kg + k5)K ouKisom is much smaller
indicating the importance of the hydrolysis reaction
on the formation of FeH;PLP** and FeOHH;PLP? .
The second kinetic step may be described by the fol-
lowing mechanism:

FeH;PLP + H,PLP <= Fe(H;PLP),; ke, k_s

Kcon u OH™

FeOHH;3;PLP + HyPLP == Fe(H;PLP), + OH ;
k7 ’ k—7
Scheme 2

The rate equation describing the mechanism in
Scheme 2 is:
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dcC. Tpe — C k
— = o, TpLp ( T 3)( ° + k7)
ds 0, Kcou(OHY)

~ C3(k—¢ + k_7(OH")) @)

where C; is the concentration of Fe(H,PLP), and
TFe = (FeOHH;;PLP) + Fe(H3PLP)2
The integrated form of eqn. 7 is

).
I ——" =g, T 8
"o -Gy ™ ®

where
Kobs'' = (k_g + k_7XOH")
% ( ks +k )T ©)
t— > t&7)pLp
Q2\Kcou(OH)
Equation 9 is correlated with eqn. 1 where

w

=k ¢ +k_(OH Y=k_g+k_5, — 10
myy 6 7( ) 6 7 ) (10)
and

1] al k6
my' = | —— +k7) a1

0, \Kcou(OH)
or
myy oy = ke + k7K conKw/(H)
(if1 >KCOH(OH_)) (12)

The coefficient of eqn. 9 was evaluated from the
linear plot of my; vs. (H*)™! to be: k_g = (3.1 £2.6)
107% and k_.K,, = (3.33 £ 0.25)10 where k_, =
2.0 X 10,

In addition k4 and k,KcouK, were determined
from the linear plot of (my;'/ay) vs. (H*)™!. Their
magnitudes are: kg = (0.96 + 0.02) and k7:KcoupKw
= (0.33 + 0.02) where k; >> 3.7 X 10? (if Kgog =
K omn). It is clear that the formation of Fe(H;PLP),**
is opposed by the formation of Fe(OH)}H;PLP)*
where k¢/k_¢ = 31 and k,/k_; > 1.85 X 107°. Table
I depicts the effect of T on both kinetic steps.
Figures 3a and b show the plot of In (hkoy,s /eTkg) vs.
T7! for both kinetic steps. The experimental activa-
tion energy obtained from Fig. 3a and b for both
steps is (23.3 = 1.8) kcal mol™! and (10.98 % 0.53)
kcal mol™?, respectively. The entropy of activation
AS* is —20.50 + 596 e.u. and 24.62 + 1.81 eu.
respectively. These results indicate that the formation
of Fe(H3PLP),%* is energetically more favorable from
Fe(H;PLP)** than Fe(H,PLP)** from Fe3*, Fe(OH)**
or Fe(OH),"*. However, the entropy of activation is
less favorable for the formation of Fe(H;PLP),**
than for Fe(H;PLP)** and Fe(OHYH;PLP)**.
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Fig. 3. (a) The plot of In(h kypsl/e Tky,) as a function of (71) for the first kinetic step. (b) The plot of In(h kgpell/e Tky,) as a

function of (T!) for the second kinetic step.

TABLE II. The Effect of Temperature Variation on the
Observed Rate Constants of both Kinetic Steps at Tprp =
45%1073M, Tpe=3.0X10"* M and pH = 2.0.

Temp. (°C) Kobsls™D) Kopsl(s™)
18 2.07 0.384

20 2.30 0.440

22 3.20 0.500

25 5.70 0.621

27 7.00 0.736

30 9.20 0.822
Conclusion

In this work H;PLP has been selected as the
ligating species with Fe(III) rather than H,PLP™, The
choice was made because of the readily available
H;PLP species in the pH range used as well as on the
compatibility of this species with the interpretation
of the kinetic data. Since there are three ligating sites
on PLP, the pyridinic nitrogen, the phosphate group
and the phenoxy group, iron(III) may coordinate to
any one of them. The interaction of two or more
iron(III) species with one PLP molecule is unlikely

to occur since the ligand is highly protonated in the
pH range used in this work. The ligating site may
reasonably be suggested to be the phosphate group
since in this pH range (1.0-2.5) the first deprotona-
tion step is due to the dissociation of one of the
phosphate group protons. This conclusion is sound
since the kinetic data of the Fe(IlI)—pyridoxal
system [6] is quite different from that of the present
system since in the former the ligating site is probably
the phenoxy group.
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