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The incorporation reaction of zinc(I) and cadmium(II) into 21-(4-nitrobenzyl)-5,10,15,20-tetrakis(4-sulfonatophen-
y1)-23H-porphyrin (NO,Bz(Htpps)*~; HP*~) and the dissociation reaction of the metalloporphyrins ((MP]>~) have been
studied spectrophotometrically at /=0.1 moldm~> (NaNOj3). The formation rate of the metalloporphyrins is expressed
by the following equation: d[MP*~1/dz = ki;[M**][HP*~ ] + kfsou[MOH*][HP*~] — kfp[MP*~][H']. The rate constants
and the activation parameters of the reaction were found to be k%, = (4.860.06) x 10% mol ' dm®s™! (25 °C), AH* =
62.14:1.6 kimol ™!, and AS*=14.845.3 Tmol ™' K™'; kbyon =(6.39£0.14)x 10° mol ~! dm? s ™! (25 °C), AH* =22.840.9
kImol™!, and AS* = —90.243.1 Jmol "' K ; kf,p =122.342.3 mol ' dm®s ™! (25 °C), AH* =19.8+42.2 kJ mol ~*, and
AS*=—139£18 Jmol ™' K™ for zinc(Il) and k&q = (1.17£0.02) x 10° mol ™' dm’ s ™! (25 °C), AH* =42.5+1.3 kImol ',
and AS*=—5344.2 Tmol ' K™1; kdp =(2.5140.04)x107 mol~'dm®s~! (25 °C), AH* =14.6+0.5 kImol~!, and
AS*=—54.321.7 Jmol ™' K ™! for cadmium(Il).

Nitrobenzyl group lowers the basicity of porphyrin. The effect of the lowered basicity appeared strongly in the
following order for the formation rate and equilibrium constants of the metalloporphyrins: Cd** < Zn** < [ZnOH]*. A
hydrogen-bond formation between [ZnOH]" and the pyrrole proton in NO,Bz(Htpps)*~ is proposed for the reaction based
on the larger rate constant than the water-exchange rate constant enhanced by the hydroxide ion bound to zinc(Il), the small
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activation enthalpy, the negative activation entropy, and the dependence of porphyrin basicity.

N-substituted porphyrins show some characteristic behav-
ior compared to non-N-substituted porphyrins:? (1) the rate
of metalation of N-substituted porphyrins is 10>*—10° times
faster than that of non-N-substituted porphyrins due to the
deformed structure in which the pyrrole rings in N-substi-
tuted porphyrins incline up- and downwards from a mean
porphyrin plane; (2) the C-N bond in N-alkylporphyrins
is cleaved by metalation and heating? and the nitrobenzyl
groups is more easily released by the metalation of copper(Il),
even at room temperature;>* (3) N-substituted porphyrins are
more basic compared to non-N-substituted porphyrins;> and
(4) N-substituted porphyrins inhibit the role of ferrocheratase,
which is an enzyme that accelerates the heme synthesis.®
Thus, N-substituted porphyrins are versatile compounds.

The mechanism of metalation of N-substituted porphyrins
has been intensively studied in nonaqueous media by the
Hambright,” Lavallee,® and Tanaka®'® groups, and a dis-
sociative interchange mechanism has been proposed.'” The
observed rate constant (k) is given by

k = KOSKDkeX7 (1)

where Kys and Kp, refer to the equilibrium constants of the
outer-sphere association of porphyrins with metal ions and
the deformation of porphyrins, respectively; ke is the sol-
vent-exchange rate of metal ions. The rate of formation of
metalloporphyrin is slower by several orders of magnitudes

than that of complex formation with open-chain ligands.!*'?

The extremely slow rate of metalloporphyrin formation is
due to a difficulty for a change in the structure of porphyrin
in the reaction process (i.e. small Kp value). The ratio of
k to ke is about 1073 for Cu(l), Zn(Il), Co(Il), and Ni-
(1) for 21-methyl-5,10,15,20-tetraphenyl-23 H-porphyrin in
N,N-dimethylformamide.'? Since these studies were carried
out in nonaqueous solvents, the effect of the basicity of N-
substituted porphyrins and of hydrolyzed metal ions on the
metalation process has not been clarified in aqueous solution.
In order to do this, we synthesized 21-(4-nitrobenzyl)-5,10,
15,20-tetrakis(4-sulfonatophenyl)-23H-porphyrin (NO,Bz-
(Htpps)*~), which is a suitable porphyrin for determining
the effect of a low basicity of porphyrins on the metalation
rate of porphyrins due to electron-withdrawing of the nitro-
benzyl group; we also studied the kinetics and mechanism of
the incorporation reaction of zinc(ll) and cadmium(II) into
NO,Bz(Htpps)*~ and the dissociation reaction of the zinc-
(II) and cadmium(II) porphyrins in aqueous solution. The
present paper focuses on the effect of the basicity of por-
phyrins on the metalation of N-substituted porphyrins and
the reactivity of [ZnOH]*.

Experimental

Reagents. 21-(4-Nitrobenzyl)-5,10,15,20-tetrakis(4-sulfonato-
phenyl)-23H-porphyrin was synthesized by modifying Lavallee et
al.’s method,” and purified with Sephadex LH-20 resin. The purity
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was checked by "HNMR and absorption spectra. The yield was
27.8%. 'HNMR data (8/ppm in DMF from TMS): 4.56 (2H, d,
2,6-benzyl), 7.34 (2H, d, 3,5-benzyl), —3.93 (2H, s, methylene
of benzyl), 8.2—8.5 (16H, overlapped for 2,3,5,6-phenyl), 7.93
(2H, s, 2,3-pyrrole), 8.79 (2H, d, 7,8-pyrrole), 8.60 (s, 2H, 12,
13-pyrrole), 8.84 (d, 2H, 17,18-pyrrole). Sodium nitrate was pu-
rified by recrystallization of analytical-grade sodium nitrates, and
used for adjusting the ionic strength. Zinc(ll) and cadmium(Il) ni-
trates were of analytical grade and used without further purification.
The concentrations of Zn** and Cd®* in stock solutions were de-
termined by titration with Hsédta. Buffer solutions were prepared
by the addition of nitric acid or sodium hydroxide to solutions of
sodium acetate for pH 4 to 6, MES (2-morpholinoethanesulfonic
acid) and PIPES (piperazine- 1,4-bis(ethanesulfonic acid)) for pH
6—7.5. These buffers have negligible complexing abilities and the
equilibrium constants and rate constants were not altered by the
buffers ((1.00—5.00)x 10~3 moldm™>). Most of the experiments
were carried out at a concentration of 1.00x 10™2 mol dm™? buffer.
All of the solutions were prepared in ultrapure water treated by a
Mili-Q SP TOC (Nippon Millipore Ltd., Japan).

Apparatus. The absorption spectra were recorded on a
Shimadzu UV-2100 spectrophotometer. The temperature was
controlled by a Neslab RTE-100 thermostat and the temperature
of the sample solution in a cuvette was directly measured us-
ing a needle-type thermometer. The pH values were determined
by a Radiometer Ion 85 Analyzer with a combined electrode
(GK2401 C). A 1.000x 102 mol dm™? nitric acid solution (I=0.1
(HNOs-NaNO3) was employed as a standard hydrogen-ion concen-
tration (—log [H'])=2.000). From the pH-meter reading in various
hydrogen-ion concentrations, a pH-meter and electrode system was
calibrated in terms of —log [H*] at an ionic strength of 0.1 mol dm 3
(HNO3-NaNOs)."*!¥

Kinetic studies were carried out by mixing two solutions for a
metalloporphyrin-formation reaction, i.e., one containing NO;Bz-
(Htpps)*~, sodium nitrate, and buffer, and the other containing
zinc(Il) or cadmium(II) nitrate, sodium nitrate, and buffer. For the
dissociation reaction of zinc(Il) porphyrin, a [Zn(NOzBthps)]3_
solution containing an excess of zinc(Il) was mixed with a nitric
acid solution. The change in the absorbance was monitored as
a function of time at 434 nm (Amax of [Zn(NO,Bztpps)]*~) and
444 nm (Amax of [Cd(NOsztpps)]3 ~) by an Otsuka Denshi RA415
stopped-flow apparatus.

Results

Equilibrium of [Cd(NO,Bztpps)]*~. The forma-
tion constants of [Zn- and Cd(NO,Bztpps)]*>~ are essen-
tial for determining the chemical species involved in the
reaction and elucidating the reaction mechanism. Since
we reported the formation constant of [Zn(NO,Bztpps)]>~
previously,' we determined, here, the formation constant of
[CA(NO,Bztpps)]*~ at 15,20,25, and 30 °C in /=0.1 NaNO;
moldm™> under the following conditions: Ccq=(1x10"3
to 2.0x1073) moldm™3, pH=6.98 ([PIPES]=1.00x10"3
mol dm™3), [NO,Bz(Htpps)*~]1=1.19x10~% mol dm 3.

The formation constant of the cadmium(Il) porphyrin is
defined as Kcgp=[CdP?~][H*][Cd** ]~ [HP*~]1~1,1® where
HP*~ and [CdP]3~ denote the free base porphyrin anion
NO,Bz(Htpps)*~ and the corresponding cadmium(lI) com-
plex anion, [Cd(NO,Bztpps)]’~, respectively. Since the
21-(4-nitrobenzyl)-15,10,15,20-tetrakis(4-sulfonatophenyl)-
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23H-porphyrin anion exists in the free base form, NO,Bz-
(Htpps)*~ (abbr. HP*~) and 22,24-protonated form, NO,Bz-
(H,tpps)>~ (abbr. H,P3~) in neutral pH,*'” the apparent mo-
lar absorptivity (€) at 444 nm, the absorbance divided by the
total concentration of porphyrin, is given by following equa-
tions for the formation of [Cd(NO,Bztpps)]*~:

oo Abs. & [HP*~ ]+ &[HP*~ 1+ gcap[CAP* ]

T Cup [HP*~ 1+ [HoP>~ ]+ [CdP*] M

_ &+ &K [H'] + scapKea[CA™][HY] ™!

1+ K [H* ]+ Kegp[CA*[H ]! 2)

where, &, &, and gcqp are the molar absorptivities of HP*~,
H,P*~, and [CdP]>~, respectively. The K, is protonation
constant of the free-base form of NO,Bz(Htpps)*~, defined
as K,=[H,P>*~][HP*~]~'[H*]~!, and the equilibrium con-
stant and the thermodynamic parameters are as follows:
log K,=7.75+0.02 mol~!dm3 (25 °C); AH°=—21.240.5
kJmol™'; AS°=774+1 Jmol~!K~1.'"® The observed ab-
sorbance is plotted against the concentration of cadmium(II)
in Fig. 1 at 15, 20, 25, and 30 °C. The value of Kcgp was
determined by a nonlinear least-squares minimization pro-
gram of Eq. 2, and was found to be log Kcgp=—2.19+0.05 (25
°C); AH°=21.140.7kJ mol~!; AS°=29.1+2.5J mol "' K1,
The solid lines in Fig. 1 were drawn by psing the determined
value of [CA(NO,Bztpps)]*~. The value are summarized in
Table 1 with the value of [Zn(NO,Bztpps)]*~; the species
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Fig. 1. Change in absorbance at various concentrations of
cadmium(Il) and temperatures of 15 (@), 20 (O), 25 (A),
and 30 (A) °C in I=0.1 moldm™> (NaNO;). pH=6.98;
[NO,Bz(Htpps)*~1=2.72x10~° mol dm ™.

Table 1. Equilibrium Constants and Thermodynamic Pa-
rameters of Protonation and Metalation of NO,Bz-
(Htpps)*~ with Zinc(Il) and Cadmium(I)”

log K" log Kzop® log Kcap
25°C 7.75+0.02 0.63+0.02 —2.19+0.05

AH° /kImol™! —21.240.05 31.8+0.8 21.04+0.7

AS° /T mol ™! K 77+1 116£3 29.1+2.5
a) I=0.1 moldm™3 (NaNO3). b) Unit in mol~!dm?.
c) Ref. 15.
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Fig. 2. Species distribution of NO,Bz(Htpps)*~ and [Cd-

(NO;Bztpps)’~ at [Cd**1=10"> moldm ™ and [NO,Bz-
(Htpps)*~1=1.00x 10~® mol dm ™ in various pHs.

distribution of [Cd(NOZthpps)]:"_ is shown in Fig. 2.
Kinetics of Incorporation of Zinc(II) and Cadmium(II)
into NO,Bz(Htpps)*~.  (a) Reaction of Zinc(I) with
NO,Bz(Htpps)*~.  The rate of incorporation of zinc(Il)
into NO,Bz(Htpps)*~ was studied in a large excess of zinc-
(II) in order to ensure the pseudo-first-order conditions. The
observed first-order rate constant (kg), determined from the
change in the absorbance at 434 nm, is plotted against the
concentration of zinc(Il) at pH 6.85 ([PIPES]=1.00x10—3
moldm™3) and at 15, 25, and 35 °C in Fig. 3. The rate
constant is proportional to the concentration of zinc(I), and
the reverse reaction is negligible. Figure 4 shows the pH
dependence of the observed first-order rate constant at 15,
20, 25, 30, and 35 °C. The rate constants gradually increase
with pH. The large rate constants at higher pH are ascribed
to the hydrolysis of zinc(Il) and the deprotonation of HyP3~.
The hydrolysis constant of aquazinc(Il) is K%, =[ZnOH*]-
[H*][Zn**]~!, 6.76x107'° moldm~3 (25 °C); AH°=56
kImol~!; AS°=12 Jmol~ ' K~1."® The acidic form of the

1. 4 L
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Fig. 3. Plot of the observed rate constant, ko, for the reaction
of NO,Bz(Htpps)*~ with zinc(Il) at 15 (@), 25 (O), and 35
(A) °C in I=0.1 moldm ™3 (NaNOs). pH=6.85; [NO,Bz-
(Hipps)*~1=1.14x10"° mol dm>.
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Fig. 4. Dependence of the rate constant, kCy!, on pH
for the reaction of zinc(Il) with NOsz(Htpps)4’ at 15
(®), 20 (O), 25 (4), 30 (A), and 35 (M) °C in I=0.1
moldm™? (NaNOs). Czx=1.01x107> mol dm™?; [NO,Bz-
(Htpps)*~1=1.14x107° mol dm ™2,

porphyrin, H,P3~, is an unreactive species, and the free-
base form, HP*~, reacts with metal ions. Thus, the rate of
incorporation of zinc(I) into NO,Bz(Htpps)*~ is expressed
by the following equations:

K—l

HP ™ = HP* +H' 3)
Ky
Zn** ——[ZnOHJ' +H' @
f
Zn** + HP*~ JE;[ZnP]3“ +H )
[ZnOHT" + HP*~ —@»[ZnP]3‘ +H,0 (©6)

The conditional first-order rate constant (kg) is correlated
with the above equilibrium and rate constants as follows:

(Ko + kzmouK5a[H 1™ Can
*T I+ K [H D +KE [HT 1)’

)

where Cz,=[Zn**]+[ZnOH*]. The rate constants, k5, and
kS.on. were determined by a nonlinear least-squares mini-
mization program of Eq. 7, and are summarized in Table 2
along with the activation enthalpies and entropies. The solid
curves in Fig. 4 are lines calculated from the determined
value.

(b) Reaction of Cadmium(Il) with NO,Bz(Hpps)*~.
The rate constants for the reaction of cadmium(Il) with
NO,Bz(Htpps)*~ (1.19x10~% mol dm~—3) were determined
at pH 6—7.5 in the presence of a large excess of cadmium-
(II) from the change in absorbance at 444 nm. The ob-
served rate constant is plotted against the concentration of
cadmium(Il) at pH 6.1, 6.6, and 7.1 (Fig. 5). Although
the rate constant increases linearly with the concentration
of cadmium(ll), the straight lines give interceptions at pH
6.1 and 6.6, [Cd(NO,Bztpps)]>~ is not formed completely
at low pH, and a reverse reaction occurs; this is also sup-
ported by an equilibrium study (see Fig. 2). The rate con-
stants measured at different pHs and temperatures (15, 20,
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Table 2. Kinetic and Activation Parameters for the Formation and Dissociation of [Zn- and Cd(NOsztpps)]3 -9

K /mol~! dm® s

k¢ /mol ™! dm®s ™'

Zn* [ZnOHT* ca* [ZnP)*~ [CdPT*~
25°C (4.860.069) x 10> (6.3940.14) x 10° (1.1740.02) x 10° 122.3+£2.3 (2.5140.04) x 107
AH*
— 62.1£1.6 22.84+0.9 42.5+1.3 19.84+2.2 14.61-0.5
kImol™
AS?
e p— 14.8+5.3 —-90.24+3.1 —5.344.2 —139+18 —54.3%+1.7
Jmol™" K
a) 1=0.1 moldm—3 (NaNO3).
70 K
Cd* + HP*” =—[CdP)*~ +H". ®)
60 | cdp
50 | Taking the protonation of NO,Bz(Htpps)*~ (Eq. 3) into ac-
count, we have
IR 40 |
> LS T g
= 30 | = T+ K +kegp[H']. )]
20 ¢ The rate constants of k& and &, were calculated by a
10 least-squares minimization program of Eq. 9; the results are
summarized in Table 2. The calculated lines are given in
0 t ; + : : Fig. 6 as the solid lines. Since the hydrolysis constant of
0.0 0.5 1.0 L5 20 25 3.0 cadmium(l) is low and cadmium(Il) hydroxide precipitated
103[Cd2+]/mol dm’ at higher pH than 8, we were not able to observe a reaction
Fig. 5. Dependence of the observed rate constant, ko, on path of [CAOH™] under the present experimental conditions.

the concentration of cadmium(Il) at pH 6.1 (@), 6.6 (A),
and 7.1 (O), and at 25 °C in I=0.1 moldm > (NaNOs).
[NO2Bz(Htpps)*~1=1.19x 10~ mol dm 3.
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Fig. 6. Dependence of the observed rate constant, ko, on pH
at 15 (@), 20 (O), 25 (A), 30 (A), and 35 (W) °C in 0.1
mol dm~? (NaNO3). Ces=1.03x107> mol dm~3; [NO,Bz-
(Htpps)*~1=1.14x107% mol dm™>.

25, 30, and 35 °C) are given in Fig. 6. Free-base por-
phyrin reacts with aquacadmium(ll), and the hydrolysis of
the cadmium(I) ion is neglected at pH 6 to 7.5 because of
its small hydrolysis constant (K%;=[CdOH*][H*][Cd**]~!=
4.72%107 " mol dm—3)."® Thus, the reaction of cadmium(Il)
with NO,Bz(Htpps)*~ is expressed

Dissociation Reaction of [Zn(BzNO,tpps)]*~ and [Cd-
(NO,Bztpps)]*~.  The zinc(Il) porphyrin forms quantita-
tively at pH 6—7, but dissociates at pH< 3. Thus, the pro-
ton-assisted dissociation rate constant of [Zn(NO,Bztpps)]>~
was determined by the addition of nitric acid to a [Zn-
(NOsztpps)]“_ solution at 15, 20, 25, and 30 °C. The
rate constant is proportional to the concentration of the hy-
drogen ion (Fig. 7) and independent of the concentration of
zinc(Il). A self-dissociation process of [Zn(NO,Bztpps)]*~
that is independent of the hydrogen ion is negligible. The

35
3.0
25

=, 2.0

k of

15
1.0

0.5

0.0
0.0 0.5 1.0 1.5 2.0 25

10’[H']/mol dm™

Fig. 7. Dependence of the dissociation rate constant, ko,
of [Zn(NO,Bztpps)]*~ at various hydrogen ion concentra-
tion at 15 (@), 20 (O), 25 (&), and 30 (A) °C in I=0.1
mol dm ™~ (NaNOs). Cz,=1.00x 10~ mol dm™>; [NO,Bz-
(Htpps)*~1=1.92x107% mol dm>.
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value of k4 » was determined from the slope shown in Fig. 7.
Since the formation constant of [Cd(NO,BzBztpps)]*~
is small compared to that of [Zn(NO,Bztpps)]*~, [Cd-
(NO,Bztpps)]’~ partly dissociates in pH 6—7 (Fig. 2).
Thus, the proton-assisted dissociation rate constant of [Cd-
(NO,Bztpps)]>~ was determined together with the formation
rate constant, kL (Eq. 9). The rate constants and activation
parameters for the dissociation reactions of Zn(I)- and [Cd-
(NO,Bztpps)]*>~ are summarized in Table 2.

Discussion

Equilibrium Constants of [Zn- and Cd(NOsztpps)]3 .
The equilibrium constants of metalloporphyrins depend on
the structure of the porphyrins and the ionic radii of the
metal ions: Planar nondeformed porphyrins are suitable for
medium-sized metal ions to accommodate well into the por-
phyrin core. For example, the equilibrium constant of zinc-
(I) with 5,10,15,20-tetrakis(4-sulfonatophenyl)-21H, 23H-
porphyrin, which is a non-N-substituted porphyrin, is larger
than 10°-times compared to that of the cadmium(II) por-
phyrin, since the ionic radius of cadmium(Il) (92 pm) is too
large for the radius of the porphyrin core.!” The equilib-
rium constant of zinc(Il) with NO,Bz(Htpps)*~, however,
is only 660-times larger than that of the cadmium(II) por-
phyrin. Similarly, the equilibrium constants of zinc(Il) with
21-methyl-5,10,15,20-tetrakis(4-sulfonatophenyl)-23 H-por-
phyrin (Me(Htpps)*~) is 2.1x 103-times larger than that of
cadmium(Il).”® These N-substituted porphyrins, especially
NOzBZ(Htpps)4_, decrease the difference in the equilibrium
constants between zinc(I) and cadmium(Il) porphyrins com-
pared to nondeformed porphyrins, due to the deformation
of N-substituted porphyrins. Furthermore, the nitrobenzyl
group in NO,Bz(Htpps)*~ lowers the basicity of porphyrin
by 13.3-times compared to that of Me(Htpps)*~. However,
the equilibrium constants of the metalloporphyrins of zinc(II)
and cadmium(I) with NO,Bz(Htpps)*~ decrease 6.2- and
1.8-times for Zn(Il) and Cd(I), respectively. The effect of
the electron-withdrawing of the nitrobenzyl group in NO,Bz-
(Htpps)*~ appears strongly in the order Cd?* <Zn?* <H*.
Since cadmium(Il) can not fit well in porphyrin core, the
equilibrium constants of cadmium(II) with N-substituted por-
phyrins are small, and are not seriously affected by a change
in the porphyrin basicity.

Reaction of NO,Bz(Htpps)*~ with Zn?* and Cd**. Be-
cause of the deformed structure of N-substituted porphyrins,
the metalation reaction of N-substituted porphyrins proceeds
more rapidly than do non-N-substituted porphyrins. NO,Bz-
(Htpps)*~ is 430- and 221-times more reactive than H,tpps*~
for the metalation reaction of zinc(Il) and cadmium(II), re-
spectively. Similarly, the ratios of the metalation of Me-
(Htpps)*~ to Hytpps*~ are 1.85x 10° and 4.84 x 10 for zinc-
(I) and cadmium(I), respectively. Thus, the incorporation
rate of zinc(I) and cadmium(II) into N-substituted porphyrins
is faster by a few hundred to thousand times than non-N-sub-
stituted porphyrins; however, the enhancement of metalation
is small for cadmium(II). Furthermore, the ratio of the rate
constants of Me(Htpps)*~ to NO,Bz(Htpps)*~ is only 2.2

Bull. Chem. Soc. Jpn., 70, No. 6 (1997) 1357

for the incorporation of cadmium(Il). Cadmium(I) does not
require a very large change in the conformation of the por-
phyrin core before incorporating cadmium(Il), due to its large
ionic radius. Thus, the effect of a change in the structure of
porphyrins is small for the incorporation rate of cadmium(II).

For non-N-substituted porphyrins, the basicity of por-
phyrin is an important factor governing the rate of metal-
loporphyrin formation, which has been linearly correlated
to protonation constant of free-base porphyrin. The slopes
of the straight lines are 0.7 and 0.42 for copper(I)* and
cadmium(Il)®® in aqueous solution, respectively. How-
ever, the effect of the basicity of N-substituted porphyrins
has not been studied in detail, because of the difficulty
to synthesize porphyrins having a lower basicity, such as
NO,Bz(tpps)*~. The nitrobenzyl group in NO,Bz(Htpps)*~
withdraws an electron and decreases the basicity of por-
phyrin. The first protonation constants (log K»/mol~! dm?
at 25 °C) of the free-base N-substituted porphyrins are
7.76 for NO,Bz(Htpps)*~, 8.82 for Me(Htpps)*~, 9.93 for
21-phenyl-5,10,15,20-tetrakis(4-sulfonatophenyl)-23 H-por-
phyrin (Ph(Htpps)*™), and 9.94 for 15,21-diphenyl-5,10,20-
tris(sulfonatophenyl)- 23H- porphyrin (Ph(Htpps3)®~.!52023
The rate constants for the incorporation of zinc(Il) into N-
substituted porphyrins are 4.86x 10? for NO,Bz(Htpps)*~,
2.1x10% for Me(Htpps)*~, 5.3x10° for Ph(Htpps)*~, and
2.8%10° mol~! dm? s~ for Ph(Htpps3)>~.2*?> The rate con-
stants are plotted against the first protonation constants of the
N-substituted porphyrins together with the rate constants of
[ZnOHI* in Fig. 8. The rate constant increases with the
basicity of the N-substituted porphyrin; the slopes are 0.4
and 1.1 for Zn?* and [ZnOH]J", respectively. The basicity of
N-substituted prophyrins affects the metalation rate as well
as non-N-substituted porphyrins.?® Consequently, the for-
mation of an intermediate of a sitting-atop complex (SAT
complex) in which Zn?* or [ZrOH]"* interacts with N-substi-
tuted porphyrins is implied before the final incorporation of

log(k 7/s™") or log(k za0m/s™)

7 8 9 10 11
log(K »/mol" dm®)

Fig. 8. A correlation between the rate constant for the reac-
tion of Zn** (@) or [ZnOH]* (O) with N-substituted por-
phyrins and their first protonation constant (log K>) for (1),
NO,Bz(Htpps)*~; (2), Me(Htpps)*~; (3), Ph(Htppss)’~;
(4), Ph(Htpps)*~.
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the metal ions into the porphyrin core.

Reaction of [ZnOH]* with NO,Bz(Htpps)*~.  The
reaction of [ZnOH]* with NO,Bz(Htpps)*~ is faster than
Zn**, and the rate constant of [ZnOH]*, as shown in Fig. 8,
depends greately on the porphyrin basicity. The ratios of
the rate constants, k5, oy /kL,, are 13 for NO,Bz(Htpps)*~,
157 for Me(Htpps)*~, and 377 for Ph(Htpps)*~. Such a
rate enhancement is also reflected in the decreasing activa-
tion enthalpy of [ZnOH]*: AH*(ZnOH)/kJ mol—! are 22.8
for NO,Bz(Htpps)*~, 18 for Me(Htpps)*~, and 34 for Ph-
(Htpps)*~. These activation enthalpies of [ZnOH]* are less
than half of Zn?*. The increased rate constants of [ZnOHJ*
were also observed for other non-N-substituted porphyrins
by Thompson and Krishnamurthy?> and Hambaight et al.?6>"
They have ascribed the enhanced rate constants to a more
rapid water-exchange rate and differing geometry of the hy-
drolyzed zinc species. However, the increased rate constants
of [ZnOH]* for the metalation of porphyrins are too large for
the water-exchange rate enhanced by the bonding of hydroxo
ligand, as described bellow.

Tanaka and Yamada extensively studied the labilizing ef-
fect of a bound ligand, A, on the water-exchange reaction
at a metal M and have proposed the equation log k;lfizo:
log k™20 + ¥E(A), where kyi2© and log ky™° denote the
water-exchange rate of MA and M, respectively, and y is a
value which depends on metal M, and E(A) is the electron-
donor ability of ligand A.%** They determined the y value
of Zn?* (y=0.3) from a kinetic study of the reaction of Zn>*
with 1,10-phenanthroline. When A=OH ™, the value of E(A)
is 1.65. Thus, the water-exchange rate of [ZnOH]" increases
3-times compared to that of Zn?**. However, [ZnOH]* re-
acts with N-substituted porphyrins 13—377 times faster than
does Zn**.

The large enhancement by a hydroxide ion bound to zinc-
(1) suggests another reaction mechanism for the metalation
of N-substituted porphyrin with [ZnOH]* in addition to the
labilization of a water molecule by OH™. The possible mech-
anism is a hydrogen bonding of a pyrrole proton in porphyrin
with the oxygen atom in [ZnOH]*:

[ZnOH]" + NO,Bz(Htpps)*~

K
— [Zn(l) ---H of pyrrole in NO,Bz(Htpps)]*~

H
intermediate

L [Zn(NO,Bztpps)*~ +H,0 (10)

Taking the formation of the intermediate into account, the
over-all rate constant (k) in Eq. 1 can be rearranged as follows
for the reaction of [ZnOH]* with NO,Bz(Htpps)*~:

k= KKosKDkex . (1 1)

The k value increases with the equilibrium constant K.
N-substituted porphyrins are deformed, and the pyrrole
rings are tilted toward up and down from the mean por-

Metalation of N-Nitrobenzylporphyrin

phyrin plane. Thus, the formation of hydrogen bonding
becomes easy for N-substituted porphyrins. The hydrogen-
bonding mechanism can also be supported by large nega-
tive activation entropies (Jmol~! K1), such as —90.2 for
NO,Bz(Htpps)*~, —11.8 for Ph(Htpps)*~, and —80 for Me-
(Htpps)*~. The large slope for [ZnOH]* compared to that
of Zn?**, as shown in Fig. 8, indicates the stabilization of
an intermediate of Eq. 10 with the basicity of N-substituted
porphyrins by hydrogen bonding.

The zinc(Il) hydroxide ion reacts with N-substituted por-
phyrin more associatively than does aquazinc(Il). Since the
such enhancement by a hydroxide ion has not been observed
for the reaction of open-chain ligands, such as 1,10-phenan-
throline with [ZnOH]", the deprotonation process of pyrrole
is an important factor in the metalation of porphyrins.

Dissociation = Reaction of [Zn(I)- and Cd(D)-
(NO,Bztpps)*~. The rate constant of the dissoci-
ation reaction (k¥p) was determined for [Zn- and Cd-
(NO,Bztpps)]>~. Since the ionic radius of cadmium(Il) is
larger (=92 pm) than that of zinc(I) (r=74 pm), cadmium-
(I) can be easily replaced with a proton. The ratio of the
rate of the proton-assisted dissociation reaction of Cd**
to Zn* is 2.05x10° for NO,Bz(Htpps)*~. We previ-
ously reported on the proton-assisted dissociation reaction
of zinc(I) and cadmium(II) complexes of non-N-substituted
porphyrins.'” The reaction rate constants were 5.49x10'?
and 9.37 mol~2dm®s™! for [Cd- and Zn(tpps)]*~, respec-
tively; the ratio of the rate constants of cadmium(Il) and
zinc(Il) is 5.8x10'!. The large difference has been devel-
oped to a trace-determination method of zinc(ll) in a large
excess of cadmium(Il).3® Although N-substituted porphyrins
diminish the difference in the dissociation rate constants be-
tween zinc(Il) and cadmium(Il) porphyrins, the difference
in reactivity of zinc(Il) and cadmium(II) porphyrins is still
large compared to those of the metal complexes of other
open-chain ligands.'?

Conclusion

The kinetics and equilibrium studies concerning the re-
action of zinc(Il) and cadmium(Il) with NO,Bz(Htpps)*~
have clarified the following interesting points: 1) Although
the lower basicity of the N-nitrobenzyl-substituted porphyrin
decreases the equilibrium constants and the rate constants of
zinc(Il) and cadmium(Il) porphyrins, the effect is smaller
for cadmium(Il) due to its large ionic radius compared to
that of zinc(I). 2) Hydroxozinc(I) shows a higher reactivity
for metalation of N-substituted porphyrins than do the val-
ues observed for 1,10-phenanthroline and those calculated
based on the bound-ligand effect on complex formation. 3)
The enhanced reactivity of [ZnOH]* suggests hydrogen-bond
formation between the pyrrole proton in the porphyrin and
the oxygen atom in [ZnOH]* as a pre-equilibrium. The hy-
drogen-bond formation mechanism is also supported by the
small activation enthalpy, the negative entropy, and the large
dependence on the basicity of porphyrins.
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