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A structural, thermodynamic, and kinetic study of a chromium(Ill) complex of 5,10,15,20-tetraphenylporphyrin,
[Cr(tpp)(CI)(L)], where L represents an imidazole ligand, is presented. The present study is aimed at elucidating the effect
of a steric strain induced by the 2-methyl substituent of the imidazole ligand on the molecular structure and the dynamics
of an axial ligand-substitution reaction. Crystals of the 1-methylimidazole complex [Cr(tpp)(Cl)(1-Meim)] (1) and 1,2-
dimethylimidazole coniplex [Cr(tpp)(CD)(1,2-Me,im)] (2) were obtained from a dichloroethane-toluene mixture containing
a slight excess of imidazole ligand in the monoclinic space group Cc, Z=4, a=18.306(2), b=13.311(2), ¢=21.391(5)
A, f=120.05(1)°, V=4512(1) A*, and in the orthorhombic space group P2:2,2;, Z=4, a=9.926(1), b=17.902(3),
c=25.247(4) A, V=4486(1) A’, respectively. The axial Cr—Niy, bond lengths for 1 and 2 are 2.103(4) and 2.139(5) A,
respectively. A steric hindrance has been demonstrated by a 0.036 A increase in the Cr—Njy, bond length and a tilting and
tipping of the imidazole ligand of 2 from the symmetrical position observed in 1. The substitution reaction of the axial
pyridine ligand of [Cr(tpp)(C1)(py)] by various imidazole ligands was studied spectrophotometrically in dichloromethane
or in toluene. A steric effect due to the 2-methyl substituent of the imidazole ligand was observed along with an increase in
the ligand-dissociation rate and a decrease in the binding constant of the imidazole ligand to the metalloporphyrin. These
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results were examined in terms of steric interactions between the axial ligand and the porphyrin core.

Metalloporphyrins are important model compounds for
understanding the biological functions of heme proteins. One
of the characteristic features of metalloporphyrins caused by
the porphyrin ligation is an acceleration of the axial ligand-
substitution reaction, which is closely related to the biologi-
cal functions, such as oxygen transport and storage by heme
proteins. Such a labilization effect amounts to several or-
ders of magnitude or more in rate, especially for those of
chromium(IIl),” cobalt(Il), and rhodium(IIl)? ions, which
are usually substitution inert. Kinetic studies on the axial-
substitution reaction of metalloporphyrins have been exten-
sively carried out in order to elucidate the mechanism of
the labilization effect. The reaction mechanism was evi-
denced or proposed on the basis of the rate law, activation
parameters, and the substituent effect of the reaction, and
the axial substitution reaction has been proved to proceed
via a dissociative or dissociative-interchange mechanism for
many metalloporphyrins. As for chromium(Il) porphyrins,
the mechanism of the axial substitution reaction has been
suggested to be a limiting dissociative mechanism, and a co-
ordinately unsaturated complex was assumed as a reaction
intermediate.'™'V In such a case, laser photolysis can some-
times be successfully employed to elucidate the properties
of the intermediate generated by the photodissociation of
the axial ligand, providing direct evidence for the reaction
mechanism.? .

In an attempt to obtain further information about the re-
action mechanism, it is worth investigating the substitution

reaction from the viewpoint of the steric effect, because it is
expected that such an approach will provide further insight
into the relationship between the molecular structure and the
reactivity of the molecule. The steric effect of the bulky
substituent of the axial ligand on the properties of metallo-
porphyrins has been mainly discussed based on the molecular
structure of metalloporphyrins, and very few examples are
known for the dynamics of the axial substitution reaction.”
The aims of this paper are (i) to establish the molecular
structure of chromium(Ill) porphyrin complexes and (ii) to
clarify the relation between the molecular structure and the
steric effect on the chemical reactivity of metalloporphyrins.
We report here on the structure of chromium(II) porphyrins
which have five-membered imidazoles as an axial ligand and
the equilibria and kinetics of their ligand substitution reac-
tions in an organic solvent.

Experimental

Reagents. Chloro(5, 10, 15, 20- tetraphenylporphinato)-
chromium(Il) [Cr(tpp)(Cl)] was prepared and purified according
to the reported procedure.® Pyridine (py, Wako Pure Chemicals,
Japan) and 1-methylimidazole (1-Meim, Aldrich) were dried with
solid NaOH and then distilled. 1,2-Dimethylimidazole (1,2-Mezim,
Aldrich), 5-chloro-1-methylimidazole (5-Cl-1-Meim, Aldrich), and
1-acetylimidazole (1-Acim, Aldrich) were used without further pu-
rification. Toluene was washed with concentrated sulfuric acid
and water and then distilled over sodium. Dichloromethane dried
over 3-A molecular sieves was distilled; then, a small amount of
2-methyl-2-butene (Aldrich) was added as a stabilizer. Crystals
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of [Cr(tpp)(C1)(1-Meim)] (1) were obtained by the following pro-
cedure. Sixty mg of [Cr(tpp)(C])] and 50 mg of 1-Meim were
dissolved in 4 cm® of hot 1,2-dichloroethane and 20 cm® of hot
toluene was added to the solution. After the mixture was filtered,
the filtrate was set aside in the dark for several days, allowing
a slow evaporation of the solvent. The precipitated purple crys-
talline product was collected via filtration and dried in vacuum at
room temperature for several hours. Anal. Calcd for [Cr(tpp)(C)-
(1-Meim)]-(1/4)CoH4Cly: C,72.18; H,4.37; N, 10.41%. Found: C,
72.02; H, 4.53; N, 10.30%. Crystals of [Cr(tpp)(C1)(1,2-Me,im)]
(2) were prepared by a procedure similar to that described above.
Anal. Calcd for [Cr(tpp)(C1)(1,2-Me,im)]-(2/3)C,HasCly: C, 70.11;
H,4.52; N, 9.75%. Found: C, 70.38; H, 4.23; N, 9.43%.

Measurements. UV-visible absorption spectra were recorded
on a Hitachi U-3000 spectrophotometer. Kinetic measurements
were performed with a stopped-flow spectrophotometer (Unisoku,
Japan). The temperature of the reaction solutions was controlled
to within +0.1 °C using a circulating thermostatted water bath.
The concentrations of the leaving and entering ligands were kept
in large excess over that of the chromium(Ill) porphyrin complex
to guarantee the pseudo-first-order conditions. The total concentra-
tion of the complex was in the range of (0.5—1.2) x 107> molkg™L.
The pseudo-first-order rate constnat (kops) Was evaluated by fitting
the absorbance-time traces with a non-linear least-squares pro-
gram. The reporducibility of the kobs value was better than +5%.
The concentration of water in the toluene or dichloromethane so-
lution, which was determined by the Karl-Fischer titrator (CA-06,
Mitsubishi Kasei, Japan), was kept as low as possible (usually less
than 3x 107 molkg™?).

X-Ray Structure Analysis. Single crystals (1 or 2) suitable for
X-ray analysis were mounted on a glass fiber using epoxy resin. Unit
cell constants of each complex were determined by a least-squares
refinement of the angular positions of 25 accurately centered inde-
pendent reflections. Intensity data were collected at ambient tem-
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perature on a Rigaku AFC7R (for 1) and an Enraf-Nonius CAD4
(for 2) diffractometer using graphite monochromatized Mo K« ra-
diation (A =0.71069 A) with an @20 scan mode. Systematic
extinctions and diffraction symmetry for the preliminary data sug-
gested alternatively the monoclinic space group Cc (No. 9) or C2/c
(No. 15) for 1 and unequivocally the orthorhombic P2;2;2; (No.
19) for 2. The noncentrosymmetric space group Cc chosen for 1
was later proved to be correct by a successful solution and refine-
ment of the model. Crystallographic data and experimental details
are listed in Table 1. Three standard reflections were monitored at
every 150 reflections for 1 and an interval of 2 h for 2 throughout
the data collection, and no significant deterioration was observed.
Absorption corrections were applied on the basis of ¢ scans for 1.
The position of the chromium was determined by direct methods
(SHELXS 86)” for each complex, and the remaining non-hydrogen
atoms were located by subsequent Fourier syntheses. The struc-
ture was refined on F by full-matrix least-squares techniques with
anisotropic thermal parameters for non-hydrogen atoms. All of
the hydrogen atoms were placed at calculated positions with the
isotropic displacement parameters of the carbon atoms to which
they were attached, but were not included in least-squares refine-
ment. The solvent dichloroethane molecules in 1 and 2 were badly
resolved. The positions and displacement parameters of the heavily
disordered atoms of dichloroethane molecules were fixed for the fi-
nal cycles of refinement. For 2, the Cl atoms of the dichloroethane
molecule were disordered over two sites with an occupancy ratio of
1/1. The calculations were carried out with the Xtal 3.2% software.
The structures of 1 and 2 are noncentrosymmetric, and the pre-
sented structures are significant at the 0.005 level when Hamilton’s
R factor test” is applied. The atomic coordinates, thermal parame-
ters, bond distances and angles, and F, — F; tables were deposited
as Document No. 71020 at the Office of the Editor of Bull. Chem.
Soc. Jpn.

Table 1. Summary of Crystal Structure Data

[Cr(tpp)(CD)(1-Meim)]-(1/4)CHsCly

[Cr(tpp)(C1)(1,2-Me»im)]-(2/3)C2HyCl2

Formula C4g_5H35N6C11,5CI‘
FW 807.03
Crystal system Monoclinic
Space group Cc (No. 9)
Crystal dimensions/mm 0.13x0.28 x 0.60
alA 18.306(2)
b/A 13.311(2)
c/A 21.391(5)
Bldeg 120.05(1)
V4 4

V/A® 4512(1)
uMo Ka)lem™! v 3.73
deacalgcm™? 1.19

T/IK 298

2 Onax/deg - 60

No. of reflections measd 6748

No. of reflections obsd [| Fo |> 30(] F, )] 4980

No. of parameters refined 503

R? 0.060

Ry® 0.080

59 2.90

Cs0.33H33.67N6Cl2.33Cr
862.13

Orthorhombic
P212121 (NO. 19)
0.18 x 0.30 x 0.50
9.926(1)

17.902(3)

25.247(4)

4
4486(1)
4.27
1.28
298

60
7530
3965
514
0.059
0.062
1.79

a) R=S||Fo| — |Fell/S|Fol.  b) Ru=[3W||Fo| — |Fe| /3 w|Fol 212, w=[0%(Fo)+{0.020(F,)}21~" for 1 and w=[02(F,)+{0.015(F;)}?1~!
for2. c) S=[>w||Fo|—|Fc||?/(m—nm)]"/? (m=no. of used reflections, n=no. of refined parameters).
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Results and Discussion

Figure 1 shows the molecular structure of 1 with the atom
labeling scheme used throughout this paper. The selected
bond lengths and angles for 1 are listed in Table 2. Figure 2
shows the perpendicular displacements (in units of 0.01 A)
of the atoms from the mean plane of the respective 24-atom
porphyrin core (Pere). The root-mean-square displacement
from P, for the entire core is 0.038 A. The chromium atom
is located 0.033 A from Py and 0.042 A from the plane of
four pyrrole nitrogens (Py) toward the chloride. The four
equatorial Cr—N lengths (2.057(7), 2.022(5), 2.004(7), and
2.042(5) A) are close to each other. As can be seen from

Table 2. Selected Bond Lengths (A) and Bond Angles (deg) for 1

Bond lengths
Cr-CI(1) 2.317(2) Cr-N(1) 2.057(7)
Cr-N(Q2) 2.022(5) CrN(3) 2.004(7)
Cr-N@4) 2.042(5) Cr-N(5) 2.103(4)
N(5)-C(45) 1.36(1) N(5)-C@47) 1.320(9)
N(6)-C(46) 1.36(1) N(6)-C(47) 1.326(8)
N(6)-C(48) 147(1)  C@45)-C46) 1.345(9)
Bond angles
CI(1)-Cr-N(1) 90.3(1) CI(1)-Cr-N(2) 91.2(1)
CI(1)-Cr—N(3) 91.9(1) CI(1)-Cr-N4) 91.3(1)
CI(1)-Cr—N(5) 177.3(2) N(1)-Cr-N(2) 89.0(3)
N(1)-Cr-N(3) 177.72) N(1)-Cr-N(4) 88.7(2)
N(1)-Cr—N(5) 90.12) N(2)-Cr-N(3) 91.7(3)
N(@2)-Cr-N4) 176.6(2) N(2)-Cr-N(5) 86.1(2)
N@3)-Cr—-N(4) 90.5(2) N(3)-Cr-N(5) 87.8(2)
N#)-Cr-N(5) 91.4(2) Cr-N(5)-C(45) 127.1(5)
Cr-N(5)-C(47) 127.1(5) C@45)-N(5)-C@7) 105.0(5)
N(©S)-C(45)-C(46) 109.1(8) N(6)-C(46)-C(45) 107.4(7)
C(46)-N(6)-C(47) 106.2(6) N(5)-C@AT-N(6) 112.3(7)
C(46)-N(6)-C(48) 126.8(6) CMAT-N(6)-C(48) 126.9(7)
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Fig. 2. Diagram of the 24-atom porphyrin core in [Cr(tpp)-
(ChH(1-Meim)] (1) showing displacements (in units of 0.01
A) of each atom from the mean plane of the core. Positive
values indicate a displacement on the imidazole side of the
plane.

Fig. 2, the axial imidazole plane is slightly tilted from the
normal to the mean skeletal plane of the porphyrin. The
dihedral angle between the imidazole plane and the 24-atom
core for the porphyrin is 78.8(2)". Such derivations have
been commonly noted for imidazole derivatives coordinated
to metalloporphyrins.’® The dihedral angle (¢) between the
imidazole plane and the plane defined by [N(1), Cr, N(3),

" N(5)1is 17.3(3)". The dihedral angles between the peripheral

phenyl groups and the mean plane of the 24-atom core are
within the normal range with values of 78.0(3)0, 80.5(3)0,

Fig. 1. Molecular structure of [Cr(tpp)(CD)(1-Meim)] (1).
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79.5(2)°, and 74.6(3)".

Figures 3 and 4 and Table 3 give the relevant structural
features for 2. As is commonly seen with six-coordinate
metalloporphyrins,!” the porphyrin core displays approxi-
mate S4 ruffling with the methine carbons alternating above
and below the mean plane of the 24-atom core with an aver-
age absolute displacement of 0.061 A. The rms displacement
for the entire core is 0.137 A. The chromium atom projects
slightly toward the imidazole ligand, being 0.052 and 0.011
A from P and Py, respectively. The Cr—Njy, bond length
of 2 is longer by 0.036 A than 1. The imidazole plane is

Table 3. Selected Bond Lengths (A) and Bond Angles (deg) for 2

Bond lengths
Cr-CI(1) 2.315(2) Cr-N(1) 2.058(4)
Cr-N(Q2) 2.024(5) Cr-N@3) 2.034(4)
Cr-N(4) 2.029(4) Cr-N(5) 2.139(5)
N(5)-C(45) 1.381(9) N(5)-C(#47) 1.323(8)
N(6)-C(46) 1.36(1)  N(6)-C47) 1.34709)
N(6)-C(48) 1.49(1) C(45)-C(46) 1.34(1)
C(47)-C49) 1.50(1)
Bond angles

CI(1)—Cr—N(1) 89.8(1) CI(1)-Cr-N(2) 91.0(1)
CI(1)-Cr—-N(3) 88.3(1) CI(1)-Cr-N@4) 89.8(1)
CI(1)-Cr-N(5) 175.5(2) N(1)-Cr-N(2) 89.8(2)
N(1)-Cr-N(3) . 178.2(2) N(1)-Cr-N4) 90.6(2)
N(1)-Cr—N(5) 93.2(2) N(2)-Cr-N(3) 90.1(2)
N(@2)-Cr—-N#) 179.2(2) N(@2)-Cr-N(5) 92.4(2)
N@3)-Cr-N@4) 89.4(2) N(3)-Cr-N(5) 88.6(2)
N(4)—Cr-N(5) 86.9(2) Cr—N(5)-C(45) 120.0(4)
Cr-N(5)-C(47) 134.4(4) C(45)-N(5)-C@7) 105.5(5)
C(46)-N(6)-C(47) 106.9(6) C(46)-N(6)-C(48) 124.1(6)
C(47)-N(6)-C(48) 128.9(6) N(5-C(45)-C46) 109.1(7)
N(6)-C(46)-C(45) 107.6(7) N(5)-C@A7)-N(@6) 110.9(6)
NE)-C@E7)-CM49) 127.0(6) N(6)-C@T-C(49) 122.1(6)

Steric Effect on Cr(Ill) Porphyrin Complex

almost perpendicular to the porphyrin plane in 2. The di-
hedral angle between the porphyrin core and the imidazole
plane is 88.1(2)°. The dihedral angle (¢) between the imida-
zole plane and the plane defined by [N(1), Cr, N(3), N(5)] is
41.5(3)". The axial Cr-N(5) bond is tilted by ca. 4 from the
porphyrin normal. The unequal Cr-N(5)-C(45) (120.0(4)0)
and Cr-N(5)-C(47) _(134.4(4)0) angles are due to the non-
bonded interaction between the imidazole 2-methyl group
and the porphyrin core, resulting in the tipping of the imi-
dazole ligand of ca. 7°. The dihedral angles between the

20 13
Fig. 4. Diagram of the 24-atom porphyrin core in [Cr(tpp)-
(C1)(1,2-Me,im)] (2) showing displacements (in units of
0.01 A) of each atom from the mean plane of the core.
Positive values indicate a displacement on the imidazole
side of the plane.

Fig. 3. Molecular structure of [Cr(tpp)(C1)(1,2-Me,im)] (2).
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peripheral phenyl groups and the mean plane of the 24-atom
core are within the normal range with values of 76.92)°,
67.4(2)°,61.9(2)°, and 74.7(2)° .

It is expected that introducing the sterically demanding 2-
methyl substituent onto the axial imidazole ligand causes the
intramolecular steric interactions between the methyl group
and the porphyrin core. We have summarized the structural
parameters of several imidazole complexes in Table 4. In the
present case, there are substantial differences between the
structures of 1 and 2, which can be ascribed to the 2-methyl
substituent. While the Cr—Cl and Cr—Np bond lengths are
not influenced by the presence of the 2-methyl group, the
bond length between Cr and the imidazole nitrogen atom of
2 is longer than that of 1. The difference in the Cr—Nj,, bond
length of 0.036 A is, however, smaller than that observed in
[Fe(tpp)(N3)(L)]. This can be ascribed to the shorter M—Njy,
bond length of the Fe(Ill) porphyrin complexes than the cor-
responding bond lengths of the chromium(Ill) porphyrins.
These steric interactions cause pronounced S4 ruffling of the
porphyrin core in order to avoid unfavorable interactions be-
tween the 2-methyl group and the porphyrin core in 2. Such
interactions are also well reflected in the orientation of the ax-
ial imidazole ligand in metalloporphyrin complexes. A con-
venient measure of the orientation of the axial planar ligand
is the dihedral angle (¢ ) between the imidazole plane and a
place containing opposing nitrogen atoms of the porphyrin
core and coordinated axial atom(s).2"” A value of 0" for ¢
corresponds to an eclipsed conformation and a value of 45 to
a staggered conformation. The value of ¢ for1is 17°, almost
eclipsing the equatorial Cr—Np bonds. This value is smaller
than would be expected on simple steric grounds. This situa-
tion is often met with the metalloporphyrin complexes having
axial imidazole derivatives.!” The theoretical explanation of
this tendency towards a small value of ¢ in the imidazole
complex was thought to be due to the M—Nj,, m-bond, which
favors eclipsed conformations.” Another important struc-
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tural feature imposed by the 2-methyl group is the tilting
and tipping of the imidazole ligand. While there seems to
be no appreciable tilting or tipping of the imidazole ligand
for complex 1, a tilting of 4° and a tipping of 7° in complex
2 indicate the presence of unfavorable nonbonded interac-
tions between the axial ligand and the porphyrin core. Such
tipping has also been reported for Fe(Ill) porphyrins, 141618
Co(Il) porphyrins,?® and [Fe(TpivPP)(L)(0,)]*® when steric
interactions due to the 2-methyl substituent of the axial imi-
dazole ligand are introduced in the complex. The effects
of the 2-methyl substituent on the molecular structure are
summarized as (i) an increase in the ¢ value, (ii) greater
ruffling of the porphyrin core, (iii) lengthening of the M—Njn,
bond length, and (iv) a tilting and/or tipping of the imidazole
ligand.

We previously reported a structural characterization of
[Cr(tpp)(CD(py)].*> Although the average Cr—Np bond
length of 2.026(11) A of the pyridine complex is close to
that of 1, the Cr—Npy bond length (2.140(5) A)is 0.037 A
longer than the Cr—Nj;, bond length of 1, which is occasion-
ally almost the same as that of 2. The value of the dihedral
angle (¢ (41")) and the degree of the porphyrin core ruffling
for [Cr(tpp)(CD(py)] are greater than 1. Any resemblance
in the structural features between [Cr(tpp)(Cl)(py)] and 2,
rather than 1, can be reasonably explained by the steric ef-
fect, because it is expected that the six-membered pyridine
ring experiences greater steric hindrance at the axial site
of the metalloporphyrins than the five-membered imidazole
ring due to the greater intramolecular nonbonded interactions
between the pyridine a-hydrogen atoms and the porphyrin
core.

It is well-known that the axial substitution reaction of
ligand L of the chromium(IIl) porphyrin complex by the en-
tering ligand X occurs relatively fast in non-coordinating
organic solvents according to Eq. 1.'%%9 In order to examine
the steric effect of the bulky substituent of the imidazole

Table 4. Summary of M—N Bond Distances, Relative Orientation of Imidazole Ligands, and Core Conformation in Metalloporphyrins

Compound M-Np? M-N.”  AM-N. ¢ a™? B9 @0 c® Ref.
[Cr(tpp)(CD(1-Meim)] 2.031(7) 2.103(4) 127.1(5) 127.1(5) 17.3(3) 10 This work
[Cr(tpp)(CD)(1,2-Meyim)] 2.036(5) 2.139(5) 0.036 134.4(4) 120.0(4) 41.5(3) 28 This work
[Fe(tpp)(N3)(1-Meim)] 1.988(5) 1.987(5) 126.8(4) 128.9(5) 38.3 40 12
[Fe(tpp)(N3)(1,2-Mezim)] 1.983(8) 2.070(8) 0.083 133.8(8) 119.1(8) 434 43 12
[Fe(oep)(Him)2]* 7 13
[Fe(oep)(2-MeHim),]* 2.041(1) 2.275(1) 134.15(10) 120.76(9) 22 7 14
[Fe(tpp)(Him),]* 1.994(3) 1.977(3) 127.3(3) 127.8(3) 5.7 4 15
1.993(3) 1.964(3) 125.7(3) 128.8(3) 414 7 15
[Fe(tpp)(2-MeHim), ]* 1.971(4) 2.013(4) 0.042 132.9(4) 120.6(4) 32 41 16
[Fe(tmp)(1-Meim),]* 1.988(20) 1.975(3) 127.0(2) 128.7(3) 23 4 17
1.987(1) 1.965(3) 128.3(3) 129.4(3) 41 9 17
[Fe(tmp)(1,2-Mezim)2]* 1.937(5) 2.004(5) 0.034 134.6(5) 119.8(4) 449 75 18
[Co(tpp)(1-Meim)] 1.977(3) 2.157(3) 127.8(3) 126.4(3) 0 13 19
[Co(tpp)(1,2-Mezim)] 1.985(2) 2.216(2) 0.059 132.6(2) 122.5(2) 20 14 20

a) M-Np is the average bond length (A) between the central metal ion and the porphyrin nitrogen atoms. b) M-NL is the bond length A)
between the central metal ion and the nitrogen atom of the axial imidazole ligand. c) AM-N{ is the difference in M—N_ value (&) between the
complex having 2-methyl group in its axial imidazole ligand and that having no 2-methyl group. d) « and S represent pairs of M—Njy—Cim

angles. e¢) Value in degrees. f) See in text.

units of 0.01 A.

g) Maximum absolute displacement of any core atom from the 24-atom core plane. Values in
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ligand on equilibria and kinetics of the axial substitution
reaction, we have investigated reaction 1 by the spectropho-
tometric method. In the present study, pyridine was used as

[Cr(tpp)(CH(L)] +X = [Crtpp)(CH(X)] +L M

a leaving ligand L and 1-Meim, 5-Cl-1-Meim, 1-Acim, or
1,2-Me,im were used as an entering ligand X. Dichloro-
methane or toluene was used as a solvent. The equilibrium
constant (K) for reaction 1 was determined by a conven-
tional spectrophotometric method. The visible absorption
spectra of the chromium(III) porphyrin complexes are shown
in Fig. S1 which is deposited as Document No. 71020 at
the Office of the Editor of Bull. Chem. Soc. Jpn. The spec-
trophotometric titration of a [Cr(tpp)(Cl)(py)] solution with
substituted imidazole was conducted in the presence of pyr-
idine in large excess over the complex. In dichloromethane,
for example, the initial pyridine complex with a Soret band
at 457 nm was converted with good isosbestic points into a
species with a higher Soret band in the range of 453—457
nm. The progress of the reaction was monitored by observ-
ing the absorbance changes at several wavelengths of the
visible spectra as a function of the concentrations of leaving
and entering ligands. The equilibrium constants were deter-
mined by simultaneously analyzing the absorbance data at
several wavelengths between 350 and 500 nm from a least-
squares fit of the data. An analysis of the data confirmed
the stoichiometry indicated in Eq. 1. A quantitative determi-
nation of the equilibrium constant (K) was carried out in at
least two experiments for each imidazole ligand in the tem-
perature range between 15 and 35 °C. The thermodynamic
constants AH™ and AS~ were determined by van’t Hoff plots
of InK vs. 1/T (K). The values of the equilibrium constant
and thermodynamic parameters are listed in Table 5.

The rate constants of the substitution reaction of py on
[Cr(tpp)(CD(py)] by the entering ligand X (reaction 1) were
determined by a stopped-flow method. The rates of the reac-
tion were measured under various conditions where entering
and leaving ligands were present in large excess over the
porphyrin complex. The reaction was first order with respect
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to the porphyrin complex. The pseudo-first-order rate con-
stant (kobs) is plotted against the ratio of the concentration
of entering and leaving ligands in the bulk solution in Fig. 5
for X=1,2-Me,im. At a constant concentration of pyridine
in the bulk, the rate constants increase with an increase in
[1,2-Me,im], but level off at a higher 1,2-Me,im concen-
tration, while the rates decrease along with an increase in
the concentration of pyridine in the bulk at a constant 1,2-
Me,im concentration. These features can be interpreted by a
dissociative mechanism indicated by Eqs. 2 and 3. A steady-
state approximation to the five-coordinate intermediate [Cr-
(tpp)(CY)] gives Eq. 4. The values of k;, koks~1, and k4 at

T=35.0°C

kobs/s'1

[1,2-Me,im] / [py]

Fig. 5. Dependence of the first-order rate constant Kobs
on the ratio of [1,2-Me,im]/[py] at various teniperatures.
The concentration of the chromium(Ill) porphyrin com-
plex is (0.5—1.2)x1073 molkg_l. Total concentration
of 1,2-Me,im and py is in the range of 1x1073—4x 1072
molkg™!. The solid curves were calculated by using the
activation parameters obtained.

Table 5. Equilibrium Constants and Thermodynamic Parameters for Substitution Re-
action of the Axial Pyridine Ligand of [Cr(tpp)(CD)(py)] by the Entering Ligand

X¥
Solvent X pK.? K (25.0°C) AH° AS®
kImol ™! JK 'mol™!
CH,Cl;,  1-Meim 729  (2.354+0.08) x 10> —144+£05  —294+17
5-Cl-1-Meim  5.19  (2.53+0.12)x 10 —8.7+0.3 —24+1.1
1-Acim 3.6° 6.04+0.4° —6.0+£7.87 —5+26°
1,2-Meim 828  2.68+0.10 —6.9403 —149+1.0
Toluene  1-Meim 729 (3.31+0.04)x10*° —14.6+04 —0.7+14
1,2-Meyim 829  4.874+0.21 —34+08 1.7+2.7
a) Errors represent the standard deviation. b) pK, of the conjugate acid of X. c¢) Ref. 24.

d) Ref.25.

e) Ref. 26. f) Thermodynamic constants for 1-Acim reaction were estimated by

using kinetic parameters, because a slow side reaction which causes a slight change in absorption
spectra occurs for this reaction system. g) Ref. 27.
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[Crtpp)(CDDL)] Z: [Cr(tpp)(CD] +L ©
[Cr(tpp)(CD)] +XZ: [Critpp)(CH(X)] 3)
Fows = (et [X]+ ka(koks ™) [py])((kaks ™) [py] + (XD~ ()

each temperature were determined by fitting ks obtained
at various concentrations of pyridine and X to Eq. 4 using
a least-squares programs. In some cases, ks is too small
to be determined from the kinetic results, especially for X=
1-Meim. k4 in Eq. 4 was then substituted with & k3 [
and kinetic results were analyzed with K values obtained
independently by a spectrophotometric titration to determine
ky and kyks—!. Eyring’s plots of ki, kyks !, and k4 proved
linear within experimental error for all reactions. Therefore,
the enthalpy and entropy of activation were determined by
simultaneously fitting the variable-temperature data to Eq. 4
and the Eyring equation. The values of the rate constants
and kinetic parameters are summarized in Tables 6 and 7,
respectively.

General conclusions that may be drawn from the data pre-
sented above are best appreciated by an examination of Fig. 6.
The equilibrium constant and rate constants are related to the
basicity of the free ligand, here the pK, value of the con-
jugate acid of the ligand. We first consider the equilibria
of the reaction. For a series of imidazole ligands there is a
correlation between the value of log K and pK, among the
nonhindered ligands, although a limited number of ligands
were employed. The well-known relationship®® is there-
fore obeyed by the nonhindered imidazoles: log K=0.46
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pK.—0.96. We have previously studied the equilibria and
kinetics of the axial substitution reaction of [Cr(tpp)(C1)(L)]
by 1-Meim, where L represents substituted pyridines which
have substituents at their - and/or y-positions, and the lin-
ear free-energy relationship between equilibrium constants
(or rate constants) and the basicity of the pyridine ligands
was found.'” These results are also included in Fig. 6. For
substituted pyridines, the results yield a reasonably linear re-
lationship between log K vs. pK,: log K=—0.36 pK,+2.71.
A similar relationship was observed for the Co(ll) porphyrin
in toluene® and Fe(Il) porphyrin microperoxidase-8 in aque-
ous methanol.”>*® The trend observed for these reactions is
that the higher is the basicity of the ligand the higher is the
binding constant, which can be easily understood from the
viewpoint of the electronic effect of the substituents.

The effect of a bulky substituent bound to the a-carbon
atom adjacent to the coordinating nitrogen atom of imida-
zole is clearly seen in Fig. 6. The value of log K=0.43 for 1,
2-Me,im indicates that the steric hindrance has suppressed
log K by 2.4 below the “baseline” of the linear free-energy
relationship for the nonhindered imidazoles in dichlorometh-
ane. Usually, imidazole ligands having a five-membered ring
tend to bind more tightly to metalloporphyrins than do six-
membered pyridines. In the present case, the steric effect
due to the bulky substituent occasionally lowers the binding
constant of 1,2-Me,im to that comparable to the pyridine
complex. This is in accord with the structural feature of
these molecules, where the axial Cr—Ny, bond lengths for
[Cr(tpp)(CD(py)] and 2 are close to each other and longer
than that for 1. A similar steric effect was observed for

Table 6. Rate Constants for the Substitution Reaction of Pyridine of [Cr(tpp)(Cl)(py)] by X®

Solvent X k/sT1(25.0°C) kks7l(25.0°C) ki/sT!(25.0°0)

CHxCl,  1-Meim 1.664+0.05% 1.68+0.04 4.13x10739
5-Cl-1-Meim 1.631+0.04 4.10x10729
1-Acim 1.434+0.11 (1.9440.23)x 107!
1,2-Me,im 1.85+0.14 (3.3240.13)x 107!

Toluene  1-Meim? 8.8+0.59 0.93+0.02 2.68%x1072
1,2-Mezim 1.2240.09 1.584+0.24

a) Errors represent the standard deviation.

b) Average values calculated from those obtained for

each reaction system. c¢) Calculated by using values of &, kok3 ™!, and K. d) Date are taken

from Ref. 11.

Table 7. Kinetic Parameters for the Substitution Reaction of Pyridine of [Cr(tpp)(Cl)(py)] by the Entering Ligand X®

Solvent X AH? ASt AH} —AH!  ASI-AS! AH; AS}
olven
kJ mol ™! JK 'mol™! kJmol™! TK "mol™! kJmol ™! JK ' mol™!
CH,Cl, 1-Meim 97.24+1.4Y  85.1+4.5% 23+1.2 12.0+3.9 109.8+1.3 77.7+4.3
5-Cl-1-Meim 3.8+1.1 16.9+3.6 104.0+1.2 77.3+4.2
1-Acim —0.74£3.9 1+13 100.4+6.7 78422
1,2-Mezim 3.8+3.6 18+12 101.242.2 85.2+7.5
Toluene  1-Meim 86.9+0.9”  64.4+3.1Y  —1.641.0 ~6.1£3.3 101.7+1.9 65.9+6.4
1,2-Mesim —0.742.0 —0.7+54 91.842.0  66.9+6.6

a) Errors represent the standard deviation.

b) Averaged values calculated from those obtained for each reaction system.
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St A

log X

log X

1 2 3 4 5 6 7
PKa
Fig. 6. Relationship between equilibrium constant K, rate

constant ks, or the ratio of rate constants k2k; ! at 25.0 °C
in dichloromethane and the pK, of the conjugate acid of the
entering imidazole ligand X for the substitution reaction of
py in [Cr(tpp)(C1)(py)] by X in dichloromethane (A). Plots
of logK vs. pK, and logk_p vs. pK, for the substitution
reaction of L in [Cr(tpp)(CI)(L)] by 1-Meim at 25.0 °C in
toluene (B), where pKa is of the conjugate acid of various
substituted pyridines (L) and k_p represents the rate con-
stant for the dissociation of L from [Cr(tpp)(Cl)(L)]. Data
are taken from Ref. 11.

Co(Il)-TPP® and Fe(l)-TPP*" complexes. In the case
of Co(I) porphyrins, a five-coordinate complex is produced
through the reaction of a four-coordinate porphyrin complex
with an entering ligand, and the binding constant for 1,2-
Me,im is smaller than that for 1-Meim by a factor of 4,
while in the case of Fe(Ill) porphyrins, imidazole binding
occurs in two steps, i.e., the first and second reactions give
[Fe(tpp)(C1)(L.)] and [Fe(tpp)(L),]Cl, respectively, and the
presence of the 2-methyl group of the imidazole ligand causes
adecrease in the equilibrium constant of each reaction step by
a factor of 3 and 60, respectively. For the present chromium-
(I) porphyrins, the decrease in the K value due to the 2-
methyl group amounts to a factor of 88 and 68 in CH,Cl,
and toluene, respectively. Both for the Fe(Ill)-TPP and Cr-
(I)-TPP cases, a six-coordinate complex is formed, while
the product is a five-coordinate complex in the Co(Il)-TPP
case. Itis expected that the five-coordinate metalloporphyrin
complexes suffer a smaller steric hindrance caused by the
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bulky groups adjacent to the aromatic nitrogen of the axial
ligand than the six-coordinate metalloporphyrins, because
the metal atom is displaced out of the porphyrin plane towards
the axial ligand for the five-coordinate complex. Therefore,
the weaker steric effect observed in the Co(II)-TPP case
could be partly explained by these structural features of these
complexes.

As in the case of the equilibria of the substitution reaction,
the substituent effects on the kinetics of the axial substitu-
tion reaction are straightforward. As shown in Fig. 6, the
rate constant for the dissociation of the imidazole ligand (k4)
is linearly correlated to the basicity of the ligand among non-
hindered imidazoles. A similar correlation was previously
observed for the dissociation of substituted pyridines from
[Cr(tpp)(C1)(L)] in toluene.'” The slope of the straight lines
in Fig. 6 is —0.47 and —0.36 for imidazoles and pyridines,
respectively. The steric effect of the methyl group adjacent
to the aromatic nitrogen of imidazole causes an acceleration
of the off-rate of the ligand by a factor of ca. 200 with re-
spect to the “baseline” of the linear free-energy relationship
for the nonhindered imidazoles. The fact that the 1,2-Me,im
ligand dissociates much more easily than does 1-Meim is
reflected by the difference in the molecular structure, espe-
cially the difference in the Cr—Nj, bond length, which should
be caused by the steric hindrance of the 2-methy! group in
1,2-Me,im to the porphyrin core. The activation parameters
also support these features. The trends observed in AHi for
the dissociation of imidazoles suggest that the electron-with-
drawing group on the imidazole ring decreases the metal-
ligand binding strength in these complexes for nonhindered
imidazoles. The 2-methyl substituent causes a steric effect
that decreases AHE by about 10kJ mol~" from the “baseline”
of the LFER. This decrease is the main factor controlling
the acceleration of the off-rate of the ligand due to the steric
effect.

On the contrary, the values of kyk; ! are independent of
the substituents of the imidazoles, even for a sterically hin-
dered imidazole. This indicates that the rate constant k3 of
binding of the imidazole ligand by the five-coordinate inter-
mediate [Cr(tpp)(C1)] shows no electronic or steric effects.
These findings can be explained by the mechanism in which
the rate-determining step of this ligand binding reaction may
be the diffusion of two reacting molecules to make a pre-
cursor complex. Such a high reactivity of the intermediate
[Cr(tpp)(C1)] towards various nonhindered substituted pyri-
dines has previously been discussed based on the substituent
effects.'? A small difference in the reactivity towards imi-
dazole and pyridine ligands, which is demonstrated by the
values of kyk;~!, is also supporting evidence for the diffu-
sion-controlled mechanism.

NMR studies on the Fe(Ill) and Co(Ill) porphyrin com-
plexes have examined the axial bond weakening due to the
steric effect of the 2-methyl group of imidazole ligands.” A
comparison of the ligand dissociation rate between 1-Meim
and 1,2-Me,im reveals that the acceleration effect due to
the 2-methyl substituent amounts to an increase by a factor
of 920 for [Fe(tpp)(L);]Cl in CDCl; at 25 °C and 1400 for
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[Co(tpp)(L)2]C1 in CDCl; at 90 °C. In the present case,
ks for 1,2-Me,im is 80-times that for 1-Meim at 25 °C in
CH,Cl,. The acceleration effect for chromium(III) porphyrin
is therefore much smaller than that for the bis-ligated com-
plexes, such as [Fe(tpp)(L),]Cl and [Co(tpp)(L).]C1. These
features are in accord with the degree of the Sy ruffling of
the porphyrin core. As can be seen in Table 4, the S4 ruf-
fling observed in the bis-ligated complex [Fe(tpp)(L),]* is
greater than that of [Cr(tpp)(CI)(L)]. The S4 ruffling of the
porphyrin core is a favorable solution to the steric demands
involved in the formation of metalloporphyrins having hin-
dered imidazoles. This means that the destabilization by
some hindrance to the planarity of the porphyrin core due
to the 2-methy group of the axial imidazole ligand is much
more pronounced for the bis-ligated metalloporphyrins. An
increased dissociation rate may be mainly caused by the fact
that this strain will be released during the ligand-dissociation
process, leading to a sterically less demanding five-coordi-
nate intermediate. Therefore, a greater acceleration effect of
the 2-methyl group on the ligand dissociation rate for Fe(IIl)
porphyrin and Co(IIT) porphyrin complexes can be explained
by the more extensive steric interactions between the axial
ligand and the porphyrin core for these bis-ligated complexes
than for the present chromium(Ill) porphyrin complexes.
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