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Abstract 

Five- and six-coordinated nitrosyl iron(I1) complexes of etioporphyrin I and electron-deficient porphyrins with 
one, two or four CF, groups at pyrrole /3-positions of a porphyrin have been prepared and the electronic 
absorption, MCD, IR and EPR spectra of their complexes have been measured at room temperature and 77 
K. Both the line shape and parameters varied with the number of CF3 substituents with a highly electron- 
withdrawing ability. Their data were evaluated by using the first redox potentials of free base porphyrin as a 
measure of the electron-withdrawing or -donating ability of the porphyrin peripheral substituents. 

Introduction 

The electronic properties of iron porphyrin complexes 
have been demonstrated to vary with the substitution 
of the porphyrin peripheral groups (cis effect) as well 
as with an exchange of one axial ligand for another 
or a variation of the electronic state of the axial ligands 
(tranr effect) [l-5]. The introduction of a substituent 
to the pyrrole P-position can be expected to bring about 
a greater &-effect than that of a substituent to the o, 
m or p position on the meso phenyl groups, because 
the former substituent can more directly participate in 
the porphyrin r-electron system than the latter. In 
preceding papers, we reported the spectral properties 
of iron(I1) and iron(II1) complexes of porphyrin sub- 
stituted with CF, groups on pyrrole p-position(s) [6-S]. 
Since a CF, group has a highly electron-withdrawing 
ability, the spectral properties of the iron porphyrins 
with a CF, group change markedly with the number 
of CF, substituents. In this study, we describe the 
electronic absorption, magnetic circular dichroism 
(MCD), IR and EPR spectral properties of the nitrosyl 
iron(I1) complexes of electron-deficient porphyrins with 
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one, two or four CF, groups at pyrrole p-positions (the 
dianion of the porphyrins; MTFP, BTFP and TIFP, 
respectively) and etioporphyrin I (EtPI). 

Experimental 

Fe(EtPI)Cl was obtained commercially and 
Fe(MTFP)Cl, Fe(BTFP)Cl and Fe(TIFP)Cl were syn- 
thesized as described before [7]. Imidazole (ImH) was 
recrystallized from chloroform-petroleum ether and l- 
methylimidazole (N-MeIm), pyridine (Py) and 2,4,6- 
trimethylpyridine (2,4,6-Me,Py) were stored over KOH 
and distilled at reduced pressure under nitrogen at- 
mosphere. All other chemicals used were obtained as 
the best available grade and were used without further 
purification. 

The electronic absorption spectra were recorded on 
a Hitachi U-3210 spectrometer at 23 f 1 “C. The MCD 
spectra were measured at room temperature with a 
JASCO J-500A spectropolarimeter attached to an elec- 
tromagnet (1.3 T) and a JASCO DP-501 data processor 
for data accumulation and manipulation. The MCD 
results are expressed as AE, (M cm T))‘, where 1 
T= 10 000 G. The IR absorption spectra of chloroform 

0 1993 - Elsevier Sequoia. All rights reserved 



10 

or 1-rnethylimidazole solutions of the complexes were 
measured in the region 1550-1750 cm-‘, using CaF, 
windows with a pathlength of 0.1 mm. They were 
recorded on a JASCO A-302 apparatus attached with 
a DP-A300 data processor for data accumulation and 
manipulation. EPR measurements were carried out on 
a JEOL RE-2X spectrometer with 100 kHz field mod- 
ulation at 77 K. For accurate measurements of the 
EPR parameters, the microwave frequencies were mea- 
sured with a digital frequency counter (Advantest, model 
TR-5211A) and the magnetic field was calibrated with 
an NMR field meter (Echo Electronics, EMF 2OOOA). 

Electronic absorption, MCD, IR and EPR samples 
were prepared as described before [9, lo]. 

Results and discussion 

As the numbers of electron-withdrawing CF, groups 
increases, the first redox potentials of free base por- 
phyrins become more positive [7]. In the following 
description, the redox potentials are used as a measure 
of the electron-withdrawing or -donating ability of the 
porphyrin peripheral substituents. 

Electronic absorption and MCD spectra 
Table 1 lists the electronic absorption spectral data 

of nitrosyl(porphyrinato)iron(II) complexes with and 
without an axial ligand tram to an NO group. 

In the five-coordinated nitrosyl iron(I1) complexes 
without the axial ligand, both electronic and MCD 
spectra of the TIFP complex are similar to those of 
the EtPI complex in overall spectral pattern as shown 
in Figs. 1 and 2, though their absorption and MCD 
band maxima shift to the longer wavelength side on 
going from the EtPI to TTFP complex. (The splitting 
in the Soret region of the MCD spectrum of Fe(‘ITFP) 

(NO) (Fig. 2(b)) remains unexplained.) 
Upon addition of nitrogenous bases to a five-coor- 

dinated nitrosyl iron(I1) complex, the electronic spec- 
trum gradually changes to that with the spectral pattern 
characteristic of the six-coordinated complex. As shown 
in Table 1 and Fig. 3, the solutions containing the 
nitrosyl iron(I1) complexes of CF,-substituted por- 
phyrins and a high concentration of unhindered nitro- 
genous bases exhibited the electronic absorption and 
MCD spectra of the six-coordinated complex, while 
that containing the EtPI complex and a higher con- 
centration of bases exhibited the spectra of a mixture 
of five- and six-coordinated complex. In the system with 
the TTFP complex, even 2,4,6_trimethylpyridine which 
is one of the highly hindered bases can coordinate to 
iron(I1) to form a six-coordinated complex. These results 
indicate that the introduction of highly electron-with- 
drawing CF, groups to the porphyrin periphery causes 
the decrease in electron density on the pyrrole nitrogen 
and consequently an increase in the affinity of iron(I1) 
for an axial ligand. 

TABLE 1. Electronic spectral data of nitrosyl(porphyrinato)iron(II) complexes at room temperature= 

Porphyrin Euz(I)~ 

(V) 

Base Absorption maxima (nm) (c (mM-’ cm-‘)) 

Soret P a 

koord.’ 6-coord.d S-word.’ 5,6-coord. 5,6-coord. 

EtPI -1.39 nonef 388.4(90.3) 480.4(10.7) 530.0(11.1) 55Xq10.7) 
N-MeIm 390sh(81.3) 406.4(97.9) 477.2(9.78) 534.0(12.0) 558.4(11.3) 
N-MeImp 407.2( 130) 480sh(8.4) 534.0( 12.0) 560.8(10.7) 

ImH 390.0(95.3) 476.8(14.1) 527.6(11.9) 558.4(11.4) 

Py 394.4(86.1) 480.0(9.92) 532.8(11.0) 558.8(11.0) 

2,4,6-Me& 390.0(92.1) 480.0(12.0) 530.4(11.4) 559.2(1X3) 
MTFP - 1.22 N-MeIm 410.0(122) 540.0(11.8) 576.4(10.8) 

PY 408.4( 120) 472sh(9.3) 541.6(11.1) 577.2(10.3) 
BTFP - 1.08 N-MeIm 414.0(150) 543.6(11.9) 578.8(8.25) 

PY 411.6(133) 543.2(11.5) 573sh(8.7) 
TTFP -0.81 none’ 394.4(89.6) 465sh(14) 542.8(9.92) 565sh(9.4) 

N-MeImh 416.0(156) 542.4(11.6) 571.0(6.9) 
ImH 415.6(169) 543.2(13.1) 570sh(7.5) 

Py 414.0(182) 542.4(12.3) 568sh(8.1) 
2,4,6-Me,Py 398.8(90.6) 408.0(92.9) 472sh(14) 542.8(12.6) 568sh(10.7) 

“Solvent, CHC13; [Fe(P)(NO)] = 0.013-0.018 mM; [N-Melm] = 2.4 M, [ImH] = 0.23 M, [Py] = 4.0 M, [2,4,6-Me,Py] = 4.0 M; unless 

otherwise stated. bThe first redox potentials of free base porphyrins; ref. 7. ‘Soret-band maxima of five-coordinated 

complexes. %oret-band maxima of six-coordinated complexes. ‘Absorption band observed only in five-coordinated complexes. 

‘Solvent: CH,&. g[N-MeIm] = 4.8 M. “[N-MeIm] = 1.2 M. 
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Fig. 1. Electronic (a) and MCD (b) spectra of Fe(EtPI)(NO) 

in dichloromethane at room temperature. [Fe(EtPI)(NO)] 

= 0.0174 mM. 

As the electron-withdrawing ability of porphyrinato 
ligand increases, the absorption band maxima of the 
six-coordinated complexes shift to the longer wavelength 
side similar to those of the five-coordinated complex 
(Table l), which has been observed in the electronic 
absorption spectra of meso unsubstituted poryGyrins 
and their metal complexes [ll]. 

The ratio of absorption intensity, e(a)/@), decreases 
from the six-coordinated MTFP complex to the BTFP 
complex and to the ‘ITFP complex (Table 1, Fig. 3). 
Such a decrease in the ratio has been observed in the 
series of the free base porphyrin of MTFP to BTFP 
and to ‘ITFP and their iron(I1) complexes with bis l- 
methylimidazole [S]. This decrease which is accom- 
panied by the increase of porphyrin peripheral sub- 
stituents in electron-withdrawing ability can result from 
the decrease of the splitting in the HOMOs (a,, and 
a,,) as pointed out by Spellane et al. [12]. Thus the 
introduction of highly electron-withdrawing CF, groups 
to pyrrole P-positions leads to considerable perturbation 
of the porphyrin r-electron system. 

The spectral pattern of the MCD spectrum of 
Fe(TTFP)(NO)(N-MeIm) (Fig. 3) which contains low- 
spin iron(I1) resembles that of the low-spin iron(II1) 
complex of TTFP ([Fe(TTFP)(ImH),]‘) [7] rather 
than that of low-spin iron(I1) complex of TTFP 

I I I 
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Fig. 2. Electronic (a) and MCD (b) spectra of Fe(‘ITFP)(NO) 

in dichloromethane at room temperature. [Fe(TTFP)(NO)] 

= 0.0167 mM. 

TABLE 2. NO stretching frequencies of five-coordinated ni- 

trosyl(porphyrinato)iron(II) complexes and six-coordinated com- 
plexes with 1-methylimidazole at room temperature 

Porphyrin E,,,(I)” Five- 

(V) coordinate? 

Six- 

coordinates’ 

EtPI - 1.39 1670 1612 
‘ITFP - 0.81 1702 1648 

“See footnote b of Table 1. %olvent: chloroform. ‘Solvent: 

1-methylimidazole. 

(Fe(TTFP)(N-MeIm),) [S], though the MCD intensity 
of the Soret-band region is much weaker than that of 
the low-spin iron(II1) complex. This suggests that the 
charge of iron and NO in the Fe(ITFP)(NO)(N-MeIm) 
is Fe’+’ and NO’-, respectively. 

NO stretching frequencies 
Table 2 lists the NO stretching frequencies (vNO) of 

nitrosyl iron(I1) complexes of EtPI and ITFP in chlo- 
roform and in 1-methylimidazole. The v,, values in 
chloroform and in 1-methylimidazole correspond to 
those of five-coordinate complexes without an axial 
ligand and six-coordinate complexes with l-methylim- 
idazole as an axial ligand, respectively. 

The v,, of Fe(EtPI)(NO) and Fe(EtPI)(NO)(N- 
MeIm) were slightly lower than those of 
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TABLE 3. EPR parameters of five-coordinated nitrosyI(porphyrinato)iron(II) complexes in toluene at room temperature and 77 K 

Porphyrin &(I)” At room 

(V temperature 

At 77 K 

&o 40 
(C) 

g values Hyperfine coupling constant 

g1 g? gz, gz g3 Ai A, A* AZ 

(C) (C) (C) (C) 

14N0 EtPI - 1.39 2.0520 16.17 2.107 2.060 2.037 2.024 2.0103 14.6 14.9 19.2 16.9 

TTFP - 0.81 2.0564 16.69 2.109 2.064 2.038 2.026 2.0104 15.0 21.6 19.5 17.3 

15N0 EtPI - 1.39 2.0518 23.11 2.106 2.060 2.033 2.024 2.0102 21.1 20.0 26.2 23.0 

TTFP - 0.81 2.0563 24.31 2.108 2.063 2.035 2.026 2.0104 22.2 23.8 26.9 23.9 

“See footnote b of Table 1. 

Fig. 3. Electronic (a) and MCD (b) spectra in chloroform at 

room temperature. Dotted line, Fe(MTFP)(NO)(N-MeIm) 

(0.0132 mM); dashed line, Fe(BTFP)(NO)(N-MeIm) (0.0145 

mM); solid line, Fe(TTFP)(NO)(N-MeIm) (0.0156 mM). 

Fe(PPIXDME)(NO) and Fe(PPIXDME)(NO)(N- 
MeIm) (1675 and 1618 cm-‘) [13]. The vNO of both 
five- and six-coordinated complexes of TI’FP were 
markedly higher than those of EtPI. This Q, change 
can be explained in the same manner as that on nitrosyl 
iron(I1) complexes with tetrakis@-substituted 
phenyl)porphyrin (@-X)TPP) [lo]. As the electron- 
withdrawing ability of the porphyrin peripheral sub- 
stituents increases, the iron-to-NO 7 backbonding is 
weakened and thus the electron density of iron d, and 
NO VT* orbitals decreases, followed by an observed 

TABLE 4. EPR parameters of six-coordinated nitrosyl- 

(porphyrinato)iron(II) complexes with 1-methylimidazole andpyr- 

idine in toluene at room temperature 

Porphyrin EIR(I)~ 

(V) 

EtPI - 1.39 

MTFP - 1.22 

BTFP - 1.08 

‘I-I’FP -0.81 

“See footnote b of Table 1. 

&a 

N-MeIm 

2.022 

2.020 

2.016 

2.012 

Py 

2.0371 

2.0353 

2.0302 

2.0247 

increase in vNo. The changes in uNo per unit volt in 
E&I) of free base porphyrins (55 cm-’ in the five- 
and 62 cm-’ in the six-coordinated complexes) are 
comparable to those for nitrosyl iron(I1) complexes 
with @-X)TPP (71 and 70 cm-‘, respectively) [lo]. 

EPR spectra: five-coordinated complexes 
Table 3 lists the EPR parameters of five-coordinated 

Fe(EtPI)(NO) and Fe(‘ITFP)(NO) at room temper- 
ature and at 77 K, together with the first redox potential 
of free base porphyrins. All the parameters were de- 
termined on the basis of the definition previously de- 
scribed [lo]. Those of Fe(TI’FP)(NO) were larger than 
those of Fe(EtPI)(NO), which can be explained as a 
result of the introduction of highly electron-withdrawing 
CF, group to the four pyrrole P-positions. The spin 
density on the nitrogen of NO was estimated to be 
about 3% from three hyperfine coupling constants at 
77 K according to the method of McNeil et al. [14]. 
This suggests that the unpaired electron of an NO 
group largely delocalizes toward the iron dZ2 orbital. 

As described in the section ‘NO Stretching Fre- 
quencies’, the electron density on the iron d, and NO 
rr* orbitals decreases on introduction of an electron- 
withdrawing CF, group to the pyrrole position, followed 
by a shift of the unpaired electron on the dZ2 orbital 
toward NO nitrogen. The slight increase of the spin 
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TABLE 5. EPR parameters of six-coordinated nitrosyl(porphyrinato)iron(II) complexes with 1-methyhmidazole in toluene at 77 K 

Porphyrin E,,z(V 

(V 

g values 

g1 g2 g3, 

Hyperfine coupling constant 

AZ a2 

(G) (G) 

i4N0 EtPI - 1.39 2.072 2.037 2.0041 1.968 1.976 22.2 6.90 

MTFP - 1.22 2.071 2.035 2.0036 1.966 1.973 22.3 6.90 

BTFP - 1.08 2.070 2.035 2.0034 1.965 1.972 22.6 6.96 

TTFP -0.81 2.067 2.030 2.0025 1.962 1.971 23.4 7.15 

‘sN0 EtPI - 1.39 2.073 2.034 2.0044 1.971 1.976 30.3 6.80 

T-TFP - 0.81 2.065 2.030 2.0028 1.966 1.972 32.6 7.06 

“See footnote b of Table 1. 
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Fig. 4. Relationship between theg,, values (at room temperature) 

of six-coordinated nitrosyl iron(I1) complexes with a base and 

the E,,,(I) values of free base porphyrin. Base: 0, l-methylim- 

idazole; 0, Py. The trend in the data is indicated by the dashed 

line. 

density on the NO nitrogen and the stabilization of 
the dZ2 orbital can lead to an increase in the hyperfine 
coupling constants and the g values. 

EPR spectra: six-coordinated complexes 
Tables 4 and 5 list the EPR parameters of six- 

coordinated nitrosyl iron(I1) complexes with l-methyl- 
imidazole and pyridine as an axial ligand tram to NO 
group at room temperature and at 77 K, together with 

2.08 c 

07 

2.m 
t 

c 

7’ / 
x0’ 

4’ / / / / 
0’ 

/ 
3’ 

,o,=o- 
.’ 

.’ 
-0 

.’ 
0’ 

1.97 

5: 

Fig. 5. Relationship between the g, and g, values (at 77 K) of 

six-coordinated nitrosyl iron(I1) complexes with a base and the 

E,,(I) values of free base porphyrin. Base: 0, 1-methylimidazole; 

0, Py. The trend in the data is indicated by the dashed line. 

the first redox potential of free base porphyrins. (The 
data of the pyridine complexes at 77 K are shown in 
Figs. 5 and 6.) All the parameters were determined 
on the basis of the definition previously described [lo]. 

Figures 4-7 illustrate the E,,(I) dependence of the 
g values and hyperfine coupling constants of six-co- 
ordinated nitrosyl iron(I1) complexes. As the electron 
deficiency of porphyrin increases, these g values in the 
six-coordinated complexes decrease and the giSO value 
and (8, +g2+g3)/3 values approach the free spin value, 
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Fig. 6. Relationship between the g, values (at 77 K) of six- 

coordinated nitrosyl iron(B) complexes with a base and the 

E,,(I) values of free base porphyrin. Base: 0, l-methylimidazole; 

0, Py. The trend in the data is indicated by the dashed line. 

while the g value in the five-coordinated complexes 
increase as described above. As shown in Fig. 7, A, 
and a, values increase as the electron deficiency in- 
creases in a similar way to the case of the five-coor- 
dinated complexes. 

As described above, an increase in the electron- 
withdrawing ability of the porphyrin periphery results 
in a decrease in the electron density on the iron d, 
and NO rr* orbitals, followed by a shift of the unpaired 
electron on the dZ2 orbital toward the NO nitrogen. 
The increase in the unpaired electron density on the 
NO nitrogen leads to an increase in hyperfine coupling 
constants. The decrease in the electronic density on 
the iron d orbital can be compensated by electron 
donation from the axial ligand (1-methylimidazole or 
pyridine) tram to the NO group through the dZ2 orbital. 
The resulting destabilization of the dZ2 orbital can induce 
the observed decrease in the gisO and (8, +gZ+g3)/3 
values toward the free spin value. 

In a preceding paper [lo], we reported the depen- 
dences of the uNO, g values and hyperfine coupling 
constants of five- and six-coordinated nitrosyl iron(I1) 
complexes of a series of tetrakis(p-substituted 
phenyl)porphyrins (@-X)TPP) on the redox potentials 
(EIR(I)) of the free base porphyrins. The E&I) of @- 
X)TPP and CF,-substituted porphyrins were measured 
employing the reference electrode of Ag/AgNO, [15] 

23.0 

0 
. 

aw 
22.5 

I I I I I I 1 
-0.8 -1.0 -1.2 -1.4 

E,,2(I) / volt 

Fig. 7. Relationship between the A, and a2 values (at 77 K) of 

six-coordinated nitrosyl iron(B) complexes with a base and the 

E&I) values of free base porphyrin. Base: 0, 1-methylimidazole; 

0, Py. The trend in the data is indicated by the dashed line. 

and Ag/AgCl [7] and the solvent of dimethyl formamide 
and dichloromethane, respectively. On considering the 
differences of the conditions used for the measurement 
of the potentials, the E&I) dependences obtained for 
the nitrosyl iron(I1) complexes of CF,-porphyrins de- 
scribed above seem to be almost similar to those for 
the complexes of @-X)TPP. 
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