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Abstract 

The axial adduct formation of the iron(I1) com- 
plex of 2,3,9,10-tetraphenyl-1,4,8,11-tetraaza- 
1,3,8, IO-cyclotetradecatetraene (L) with imidazole 
in dimethyl sulfoxide has been investigated spectro- 
photometrically at various temperatures and pres- 
sures. In the presence of a large excess of imidazole 
the reaction with the two phases has been observed. 
The first faster reaction is the formation of the mono- 
imidazole complex of FeL2+, and the second slower 
reaction corresponds to the formation of the bis- 
imidazole complex. Activation parameters are as 
follows: for the first step with kl (25.0 “C) = (6.8 f. 
0.2) X 10’ mol-’ kg s-‘, AH*, = 47.5 + 4.9 kJ mol-i, 
A,S*i= 26 + 16 J K-i mol-‘, and Av*, (30.0 “C)= 
27.2 + 1.5 cm3 mol-‘; for the second step with k2 
(25.0 “C) = 26.8 + 0.8 mol-’ kg s-i, AH*2 = 91.6 f 
0.8 kJ mol-‘, AS*2 = 90 f 3 J K-’ mol-i, and AI’*? 
(35.0 “C) = 21.8 + 0.9 cm3 mol-‘. The large positive 
activation volumes strongly indicate a dissociative 
character of the activation process. 

Introduction 

There are a number of kinetic studies on axial 
ligand substitution reaction in six-coordinated iron- 
(II) complexes with macrocyclic ligands [ 11. In the 
previous paper [l], we have investigated the axial 
substitution of the iron(I1) complex of 2,3,9,10- 
tetraphenyl- 1,4,8,11 -tetraaza-1,3,8, IO-cyclotetrade- 
catetraene, FeL’+ (l), with imidazole and thio- 
cyanate ion in acetonitrile. It has been demonstrated 
that at the higher concentration of imidazole there 
exists self-associated imidazole which does not react 
directly with the complex. Since we anticipate that 
imidazole does not dimerize in dimethyl sulfoxide 
(Me2SO) which is much more basic than acetonitrile 
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I, FeL’+ 

[2], we have carried out kinetic studies on axial 
substitution of FeL2+ by imidazole in Me2S0. No 
report of tram effects for axial substitution on the 
basis of the activation volumes has appeared, 
although extensive kinetic studies have shown many 
examples of different lability in axial ligation [3-51. 
Herein we also present the pressure effect on the axial 
substitution. 

Experimental 

Material 
Reagent grade dimethyl sulfoxide (Wake Pure 

Chemical Industries, Ltd., Japan) was refluxed over 
calcium hydride (2 g/dm3) in an argon atmosphere 
for more than 3 h, distilled twice under argon, and 
stored in a dry box. The amount of water contained 
in Me2S0 used for the kinetic study was found to 
be less than 6 X 10e3 mol dmm3. Imidazole (Wake) 
was purified by sublimation under reduced pressure. 
Preparations of [FeL(CH3CN)2](PF6)2 and an- 
hydrous sodium perchlorate were described pre- 
viously [ 1 ] . 

Measurements 
W-Vis spectra were measured on a highly sen- 

sitive spectrophotometer (Type SM401, Union 
Giken, Japan). Reaction rates at atmospheric pressure 
were monitored by a stopped-flow spectrophoto- 
meter (Type RA401, Union Giken). Reactions at 
high pressures were measured with a high-pressure 
stopped-flow apparatus with spectrophotometric 
detection (Type FIT-3) [6,7]. Proton NMR spectra 
were recorded on an NMR spectrometer (JEOL 
FX-100). 
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718 nm) of the product produced in the presence 
of a large excess of imidazole is similar to that of 
FeL(Im)z2+ in acetonitrile. Thus the second step 
corresponds to the following reaction. 

I 
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Fig. 1. Visible absorption spectra of FeL2+ as a function of 

the concentration of imidazole. C’F~~ = 5.44 X 10vs mol 
dmW3; C&CF& = O(a), 0.195(b), 0.405(c), 0.603(d), 

0.820(e), 1.02(f), 1.21(g), 2.00(h), 3.00(i), 5.06(j). Inset: 
Relationship between absorbance and mole ratio. 

Results 

Equilibria of FeL2+ with Imidazole in Me2 SO 
Figure 1 shows a series of visible absorption 

spectra for equilibria of FeL2+ with imidazole at 
various mole ratios of the total concentration of 
imidazole (Cd to the total concentration of FeL2’ 
(C&) with the constant concentration of FeL2+. 
The spectra show an isosbestic point at 650 nm until 
the mole ratio of 0.8 and two isosbestic points at 
630 and 744 nm appear at a higher concentration 
of imidazole (CIm/CFeL > 1.2). The absorbance at 
630 and 744 nm is plotted against the mole ratio 
in the inset of Fig. 1. As apparent from the inset, 
the produced complex over the range of C’b/CFeL 
< 1 should be the 1: 1 complex given by eqn. (1). 

FeL2+ + Im - - Fe L(Im)” (1) 

The mole ratio is given by the following equation 

C, 1 er - E El - f 
__ = ~ + 
CFeL CFe& e - E2 El - E2 

where e1 and e2 are the molar absorption coefficients 
of FeL’+ and FeL(Im)‘+, respectively and K = [FeL- 
(Im)“‘] [FeL’+]-‘[Im]-’ is the formation constant 
of FeL(Im)2+. By using the nonlinear least-squares 
method, we obtained er (mol-’ dm3 cm-r) = 8.28 X 
lo3 (630 nm), 1.69 X lo3 (744 nm), e2 (mol-’ dm3 
cm-‘) = 4.35 X lo3 (630 nm), 9.98 X lo3 (744 nm), 
and K = (2.3 f 1) X IO6 mol-’ dm3. The curves in 
the inset of Fig. 1 were depicted by using the ob- 
tained values. The absorption spectrum (h,, = 

FeL(Im)2+ + Im $ FeL(Im)? 2+ (2) 

NMR Spectra 
The proton NMR spectrum of FeL(CH,CN),- 

(PF,), in deuterated acetonitrile shows signals at 
4.12 and 2.1 ppm which correspond to the (Y- and 
/3-methylene protons, respectively. Addition of an 
excess amount of imidazole to this solution produces 
quantitatively the bisimidazole complex of FeL2+ 
and the methylene signals shift upfield to 3.91 and 
1.54 ppm, respectively. On the other hand, for the 
FeI_(CH,CN),(PF,), in Me2SO-de, no methylene 
proton signal was detectable. However, addition of 
more than 1 equivalent of imidazole gave the 
spectrum with the methylene signals at 3.97 and 1.55 
ppm which was the same as that of the FeL(Im)22+ 
in CD3CN. These findings indicate that FeL2+ in 
CH3CN is the low-spin diamagnetic complex, while 
in Me2S0 the FeL2+ is the high-spin paramagnetic 
complex. 

Kinetics 
Kinetic experiments were carried out at the ionic 

strength of 0.2 mol kg-’ with sodium perchlorate. 
In the large excess of imidazole we observed the 
reaction with the two phases. The first faster reaction 
is the formation reaction of the monoimidazole 
complex, FeL(Im)2+ (reaction 1) and the second 
slower reaction corresponds to the formation reaction 
of the bisimidazole complex, FeL(Im)22+ (reaction 

2). 
In the presence of a large excess of the FeL2+ 

complex over imidazole, only the monoimidazole 
complex is formed and the bisimidazole complex is 
not produced. The formation rate of the mono- 
imidazole complex is followed at the absorption 
maximum of the mono complex of 722 nm. Under 
the present experimental conditions the reverse 
reaction can be neglected judging from the forma- 
tion constant K. The pseudo-first-order plot gave a 
straight line. Thus the reaction is first-order with 
respect to imidazole. The rate law is given by 
eqn. (3). 

d [FeL(Im)2’] 

dt 
= kO(FeL)[lml 

where kO(FeL) is the conditional first-order rate 
constant containing the concentration of FeL’+. 
The plot of ke(F&) was found to vary linearly with 
[FeL’+] (see Fig. 2). Therefore, the rate constant 
is given as ke(F&) = kr[FeL2+], where kl is the 
second-order rate constant for reaction 1. 
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Fig. 2. Concentration dependence of first-order rate con- 
stants. Fe(II)L concentration dependence at 20 “C (a) and 35 
“C (b); imidazole concentration dependence at 25 “C (c) and 
35 “C (d). 

a.4 

t 
Z a.0 
c 
- 7.6 

-1.6 

r 
'N-2.o 
Y 

r 
- -2.4 

-2.8 

-3.2 

3.3 3.4 

T-1/1O-3 K-' 

Fig. 3. The Eyring plot. (a) For kl. (b) For kz. 

The values of kr at various temperatures were 
obtained: ki (mol-’ kg s-l): (1.45 + 0.03) X lo6 
(35 “C), (9.36 f 0.38) X lo5 (30 “C), (6.83 + 0.19) X 
lo5 (25 “C), (5.30 +0.13)X lo5 (20 “C), and the 
Eyring plot is given in Fig. 3a. The enthalpy of 
activation AH*r and the entropy of activation AS*, 
for reaction 1 are 47.5 + 4.9 kJ mol-’ and 26 f 16 
J K-l moT1, respectively. 

Values of kr at various pressures are plotted 
against pressure in Fig. 4a. The relationship between 

d[FeL(Im)a2+] 

dt 
= HO [FeWm)2’l (4) 

where k,(,, is the conditional first-order rate 
constant involving the concentration of imidazole. 
The values of komj at various concentrations of 
imidazole are plotted against the imidazole concen- 
tration in Fig. 2. The plots are linear without inter- 
cept. Thus we have ko(Imj = k2 [Im], where k2 is 
the second-order rate constant for reaction 2. The 
k2 value was obtained from a plot of komj versus 
[Im] as shown in Fig. 2. 

Values of k2 were obtained at various temper- 
atures and pressures. In Fig. 3b, ln(kz/T) is plotted 
against T’ and in Fig. 4b, the plot of In k2 versus P 
at 35.0 “C is given. The enthalpy (AH*,), entropy 
(AS*?), and volume (AV*,) of activation for re- 
action 2 were estimated to be 91.6 f 0.8 kJ mol-‘, 
90 f 3 J K-’ mol-‘, and 21.8 f 0.9 cm3 mol-‘, 
respectively. 
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Fig. 4. Pressure dependence of rate constant. (a) For kl 
at 30.0 “C. (b) For k2 at 35.0 “C. 

rate constant and pressure is given by the following 
equation: (S In k,/6P)T = -AV*JRT. Since, as 
apparent from Fig. 4a, the plot of In kl against P 
is linear, the activation volume AV*, is independent 
of pressure. We obtained AI’*:,= 27.2 f 1.5 cm3 
mol-’ at 30.0 “C. 

The rate for formation of the bisimidazole com- 
plex was monitored at the maximum absorption 
wavelength (718 nm) of FeL(Im)22+ under pseudo- 
first-order conditions of excess irnidazole concentra- 
tion. After the initial fast reaction, a second, slower 
reaction was observed. Since the pseudo-first-order 
plots are excellently linear for more than 3 half-lives, 
the formation of the bisimidazole complex is first- 
order with respect to the monoimidazole complex. 
Thus we have 
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We also estimated the second-order rate constant 
in the absence of sodium perchlorate. The rate con- 
stant was in good agreement with that obtained at 
the ionic strength of 0.2 mol kg-’ with sodium per- 
chlorate. The absence of any salt effect is consistent 
with the imidazole reacting as free base. 

petted. However, since a large positive volume of 
activation (27.2 cm3 mol-‘) was obtained, the 
FeL2+ is the six-coordinate high-spin complex in 
Me2S0. 

Discussion 

In the reaction of FeL’+ with imidazole in aceto- 
nitrile, there is a trend of leveling of rates with in- 
creasing concentration of imidazole as an incoming 
ligand [l]. This behavior has been ascribed to the 
formation of self-associated imidazole at the high 
concentration of imidazole which is unreactive 
to the complex. However, in MeaS the rates are 
linearly dependent on the imidazole concentration. 
Since Mess0 is much more basic than CHsCN, the 
formation of hydrogen-bonded aggregates of imida- 
zole is prevented. 

Six-coordinate iron(I1) macrocyclic complexes 
are mostly low spin, but several examples of both 
five- and six-coordinate high-spin iron(I1) complexes 
with macrocyclic ligands have been reported [14- 
20]. NMR studies indicate that the iron(I1) complex 
(1) in Me,SO is high spin, while FeL’+ in CHsCN 
is low spin. As described in the previous work [l], 
the rate for addition of imidazole to FeL’+ in CHsCN 
is very slow in comparison with that for solvent 
exchange of high-spin iron(I1) ion (see Table I). 
The first imidazole addition is the rate-determining 
step and the second is not rate limiting. Addition 
of a large excess of imidazole results in the formation 
of the six-coordinate bisimidazole complex FeL- 

(Im), . ‘+ On the other hand, the first step (reaction 
1) in Me,SO is ca. 4 orders of magnitude faster than 
the second step (reaction 2). These facts imply that 
FeL2+ in Me,SO is high spin, while FeL(Im)2+ is low 
spin. If the high-spin Fe(II)L complex is five coor- 
dinate in Me,SO, the unoccupied sixth coordination 
site can be attacked by an entering ligand in reaction 
1. In such a case, the mechanism should be associative 
and so negative volume of activation may be ex- 

As apparent from the data in Table I, several rate 
comparisons can be made. Reaction 2 is 4 orders 
of magnitude slower than reaction 1. The axial 
substitution reaction in acetonitrile is also as slow 
as reaction 2. Recently, Butler and Linck [3] have 
proposed, for axial substitution reactions of Fe- 
(TIM)X22+ (TIM = 2,3,9,10-tetramethyl-1,4,8,1 l-te- 
traazacyclotetradeca-1,3,8, lo-tetraene, X = CH,CN, 
H,O, CO), that the much stronger n-accepting ligand 
in a tram position causes a much lower rate of 
substitution than does the weakly n-accepting ligand. 
This reduction in rate of substitution at a site fruns 
to a strongly rr-accepting ligand is consistent with 
several other studies of low-spin d6 complexes such 
as Fe(DMGH),X(py) (DMGH = dimethylglyoxime, X 
= py, benzyl isocyanide) [21], and Ru(NH&X(H,- 
0)2+ (X = py, CO) 1221. Therefore, it seems reason- 
able that imidazole and CH,CN are stronger n- 
accepting ligands than Me2S0. 

AH* and AS* for reaction 1 are very similar to 
those for solvent Me2S0 exchange on hexakis(di- 
methyl sulfoxide)iron(II) ion of the high-spin state. 
On the basis of available volumes of activation for 
solvent exchange (see Table I), Merbach et al. have 
claimed that solvent exchange reaction of Fe(I1) 
ion proceeds via an interchange mechanism. Unfor- 
tunately the activation volume for solvent Me,SO 
exchange of Fe(I1) ion is not available. In reaction 
1, a large positive volume of activation of 27.2 cm3 
mol-’ strongly indicates that the reaction is activated 
by the dissociative mode of activation. Thus the 
mechanism of reaction 1 is less associative than for 
simple solvent exchange on solvated iron(I1) ion. 

The activation volume for reaction 2 is much 
the same as for reaction 1 although their reaction 
rates are very different. This reflects a very similar 
transition state for both reactions. This is reasonable 
because the large and rigid macrocyclic ligand is 
blocking the associative attack of an entering ligand 
to the central metal ion. The activation volume of 

TABLE I. Activation Parameters 

Reaction system k (25 “C) 
(mar’ kg s--l) 

AH* 

(kJ mol-‘) 

As+ AV* Reference 
(J K-l mar’) (cm3mol-‘) 

Reaction 1 (6.8 + 0.2) x 10s 47.5 f 4.9 26 f 16 27.2 r 1.5 this work 

Reaction 2 26.8 f 0.8 91.6 f 0.8 90 t 3 21.8 + 0.9 this work 

Reaction in CH3CNa 0.69 76 f 4 7+ 13 13.7 ? 0.9 1 

Me2S0 exchangeb 1.0 x 106 47.2 * 2.5 29 f. 8 8 

CH$N exchangeb 6.6 x 105 41.4 5.3 3 10 

Hz0 exchangeb 

9, 

4.4 x 106 41.4 f 1.2 21.2 * 4.8 3.8 * 0.2 11 

MeOH exchangeb 5.0 x 104 44.4 13 0.4 12,13 

aFormation of the imidazole complex of FeL2+ in CH3CN. bSolvent exchange on the hexakis(solvent)iron(II) ion. 
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13.7 cm3 mol-’ for the reaction in CH3CN is smaller 
than that in Me,SO. An acetonitrile molecule is 
smaller than an Mess0 molecule. Thus, the bulkier 
the solvent molecule, the larger the activation vol- 
ume. 
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