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Abstract 

Fe(H), Fe(I) and Fe(O) porphyrins have been generated by stepwise reduction with a sodium mirror in vacuum 
and their ’ H NMR spectra have been recorded and analyzed. Fe(H) porphyrins (Fe(II)P) have been examined in 
three spin states, an S = 0 state in pyridine-d,, an S = 1 state in benzene-d, and an S = 2 state in tetrahydrofuran- 
$ (THF-d,). The analysis of isotropic shifts for low-spin Fe(II)P (S = 0) has indicated that no charge transfer 
has been observed. The ground state configuration is (d,J2(d,,dJ4. The contact shifts for intermediate-spin 
Fe(II)P (S = 1) reflect P -+ Fe II charge transfer. The proposed electron configuration is (d,)2(dd)2(d,, dJ2, 
which agrees with Miissbauer data. The pattern of contact shifts for high-spin Fe(II)P (S = 2) is consistent with 
0 spin transfer, which suggests that the d,,, orbital possesses an unpaired spin. The electron configuration is 
(d,,,)2(d,, dYz)2(dz~)‘(dx2_y2)1. Our results for Fe(II)P (S = 1,2) agree with the literature ‘H NMR data. In the case 
of Fe(I)P in THF, the separation of isotropic shifts into the dipolar and contact contributions has shown the 
dominance of the latter. The observed shifts indicate negative R spin density on pyrrole and meso carbon atoms 
of the ligand, which seems to be due to a strong x-z spin polarization effect. When this fact is taken into account 
the pattern of contact shifts is consistent with x spin transmission involving both P + Fe x charge transfer out 
of the ligand-filled molecular (3e(n)) orbital and Fe + P a* charge transfer into the ligand highest unoccupied 
(4e(rr*)) molecular orbital. The occurrence of the unpaired spin in this molecular orbital is consistent with z-radical 
anion formulation which was found by X-ray crystallography. An S = l/2 spin state determined by magnetic 
moment measurements agrees with the most probable electron configuration (d,)z(d,,d,,)3(d,,)2. In the case of 
Fe(O)P, the isotropic shifts were found to be small, providing evidence of some spin transfer. The ground state 
configuration is (d,,,)‘(d, ,dY,)4(dz,)2. 

Introduction 

The structure and redox properties of the iron 
porphyrins play a key role in understanding the 
function of hemoproteins [l]. Because hemopro- 
teins are complex biological systems, extensive use 
has been made of simple synthetic porphyrin deriv- 
atives [2]. Such model compounds can be used to 
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study electron transfer properties and the corre- 
lation between molecular structure, oxidation state 
and spin state. The information derived from syn- 
thetic porphyrins may be used to understand the 
molecular basis of structure-function relationships 
in hemoproteins [l-3]. 

Iron porphyrin complexes are found to exist in 
different oxidation states: Fe(III), Fe(II), and so- 
called Fe(I) and Fe(O) [l-3]. The studies of the 
electronic structure of iron porphyrins have involved 
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spectral [3-81, electrochemical and chemical [4,5, 
9,13,20-231 determinations, magnetic moment 
measurements [3,10-121, Miissbauer spectra [3,11, 
14,16,17,24], X-ray crystal analysis [3,11,12,14,15], 
resonance Raman characterization [ 18,191, EPR 
[3-5,10,15,19] and NMR [2,25-341 spectra. Many 
peculiarities and regularities of the properties 
of porphyrinatoiron(II1) and porphyrinatoiron(I1) 
complexes are known. All possible spin states have 
been determined. However, the electronic structure 
of so-called Fe(I) and Fe(O) porphyrins have never 
been particularly clear. These species have been 
obtained by reduction of Fe(I1) porphyrins by one 
or two electrons and can be designated as 
[Fe(II)P]- and [Fe(II)P]‘- respectively. There are 
many inconsistencies and ambiguities in the litera- 
ture data on [Fe(II)]- and Fe(II)]*-. The main 
question of whether iron or porphyrin ligand 
reduction has occurred in these species has had no 
clear answer until now. 

The proton NMR method, as a powerful tool for 
investigating molecular structure, can provide new 
information about the nature of Fe(I) and Fe(O) 
porphyrins. If iron porphyrin complexes in different 
oxidation and spin states are paramagnetic ions, 
considerable information on the rc bonding, ground 
state orbital configuration and structure-function 
relationship can be derived from the chemical shifts 
[2]. Fe(II1) porphyrins in all possible spin states 
have been studied by proton NMR [2,30,31,34]. 
The ‘H NMR spectra of high-spin (S = 2) and 
intermediate-spin (S = 1) ferrous porphyrin com- 
plexes have also been reported [2,32,33]. 

To aid in obtaining new information about the 
electronic structure of Fe(I) and Fe(O) porphyrins 
we have studied their ‘H NMR spectra. We have 
also examined the ‘H NMR spectra of ferrous por- 
phyrins in different spin states (S = 0,1,2). Fe(I1) 
porphyrins in high-spin state, which have been 
investigated by Goff and La Mar [33] were com- 
plexes of synthetic porphyrins with a 2-methyl- 
imidazole ligand [Fe(II)P(2-MeIm)]. Fe(I1) por- 
phyrins in an S = 1 spin state were prepared in 
benzene by reaction with aqeuous dithionite or the 
chromous reduction [32]. 
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FeOEP : R,=CI+JH,; R,=H 
Fe JPrP : R,= H; ~=Ct@H,Cti, 

Fig. 1. Structural formulae of iron porphyrins. 

We prepared Fe(II), Fe(I) and Fe(O) porphyrins 
by reduction of Fe(II1) porphyrin chloride with 
sodium (see below). The ‘H NMR spectra in an 
S = 1 spin state in benzene-d, agrees with the data 
of ref. 32. The chemical shifts of high-spin S = 2 
ferrous porphyrins in tetrahydrofuran [Fe(II)- 
P(THF)] differ from the chemical shifts of 
[Fe(II)P(2-MeIm)] [33]. The ‘H NMR spectra of 
the ferrous porphyrins under study in an S = 0 spin 
state and Fe(I) and Fe(O) porphyrins are absent in 
the literature. 

The synthetic porphyrins selected for our study 
are complexes of 2,3,7,8,12,13,17,18-octaethylpor- 
phyrinato-Fe(III)Cl (FeOEP), 5,10,15,20-tetrapro- 
pylporphyrinato-Fe(III)Cl (FeTPrP), 5,10,15,20- 
tetraphenylporphyrinato-Fe(III)Cl (FeTPhP) and 
2,8,12,18-tetramethy1-13,17-diethy1-5-pheny1por- 
phyrinato-Fe(III)Cl (FePhTMDEP). The struc- 
tural formulae are presented in Fig. 1. The aims of 
the porphyrin choice will be discussed later. 

Experimental 

OEP [35], TPhP [36], TPrP [37] and PhTMDEP 
[38] were prepared by methods described in the 
literature. Iron insertion was performed in a di- 
methylformamide reflux with use of excess FeCl, 
[39]. The product was precipitated by dilute HCI 
solution. 
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Fe(II), Fe(I) and Fe(O) porphyrins were obtained 
in THF-da solution by means of contact with a 
sodium mirror in the reaction vessel. The optical 
cell and NMR tube were sealed to the reaction 
vessel. A piece of sodium metal and Fe(II1) por- 
phyrin chloride (4-6 mg) were introduced into dif- 
ferent parts of the reaction vessel. The latter was 
evacuated to below 10m4mmHg and then a film 
of pure sodium was obtained by sublimation. 
About IO-15ml of solvent was distilled from a 
storage bulb containing THF-d, and Na-K alloy. 
When the porphyrin had dissolved in the THF 
solution, it was poured into the part of the reaction 
cuvette with the sodium mirror and the reaction 

was allowed to take place. Successive additions of 
one, two or three electrons to Fe(II1) porphyrin 
chloride result in Fe(II), Fe(I) or Fe(O) porphyrin 
respectively. The electronic absorption spectra 
were examined during the reduction reaction. 
Contact of the solution with sodium was stopped 
as soon as the Fe(II1) porphyrin chloride was 
completely transformed into Fe(II), Fe(I) or Fe(O) 
porphyrins. The procedure of the porphyrin step- 
wise reduction has been described in detail else- 
where 140,411. 

The solutions of ferrous porphyrins in benzene- 
d6 and pyridine-d, were prepared by the following 
procedure. When Fe(II)P was produced in THF the 
solvent was distilled back from the reaction vessel 
and the latter was evacuated for two hours until the 
residual pressure reached 10e4 mm Hg with simul- 
taneous heating to 6O*C. Then the required 
quantity of benzene-d, or pyridine-d, was distilled 
into the reaction cuvette from the storage bulb. 
When the ferrous porphy~n residue was dissolved 
the solvent was poured into the NMR tube and the 
latter was sealed off. THF-d, and benzene-d, were 
purified by contact with Na-K alloy for several 
days in vacua. Pyridine-d, was not purified; it was 
degassed by successive freeze-thaw pumping cycles 
only. In the cases of THF-d, and pyridine-d, 
solution, the concentration of iron porphyrins in 
the NMR tube was (l-2) x 10p2M. The concen- 
tration of Fe(II)P in benzene-d, solution was less 
than 5-10 times that of the THF and pyridine 

solutions because of the low solubility of the 
ferrous porphyrin residue in benzene-d,. 

Electronic absorption spectra were recorded 
using Beckman UV 5270 and SF-10 spectro- 
photometers. A Bruker WM-360 NMR instrument 
with an operating frequency of 360.13 MHz was 
used to obtain the proton NMR spectra. The 
chemical shifts were referred to TMS as internal 
standard. 

Results and discussion 

Electronic absorption spectra 

Stepwise reduction of iron porphyrins results in 
a change in the electronic absorption spectra as 
described in the literature for FeOEP [8,19] and 
FeTPhP 13-51. The absorption spectra of Fe(II), 
Fe(I) and Fe(O)OEP which were measured by us 
correspond to published data [8,19]. We have 
observed apparent inconsistencies in optical specifi- 
cation of Fe(O)TPhP [3] and we will discuss this in 
detail later. The optical spectra of FeTPrP and 
FePhTMDEP are absent in the literature. We 
represent these spectra in Figs. 2 and 3. 

The first step in the interaction between a solution 
of Fe(III)PCl and Na is the production of Fe(II)P 
by means of the reaction Fe(III)PCl + Na + 
Fe(II)P + NaCl. The spectrum of Fe(II)TPrP is 
shown by curve 1 in Fig. 1. These reduced species 
have a spectrum typical of ferrous porphyrins: a 

‘high-intensity Soret band, two bands of approxi- 
mately equal intensities in the region 520-580 nm, 
and low-intensity bands in the far-infrared. 
Maxima at 615nm are absent in the spectra of 
Fe(II)OEP and Fe(II)PhTMDEP. For Fe(II)TPhP 
the observed spectrum is 426 Soret, 540, 555sh, 
600sh, and 820 shnm (broad, low intensity) in 
agreement with refs. 3-5. 

The formation of Fe(I) porphyrins is accom- 
panied by further spectral changes. The spectrum 
of Fe(I)TPrP has the Soret band split into three 
components at 330, 400 and 430nm, and three 
bands at 625,705 and 730 nm (curve 2 in Fig. 2). In 
the case of Fe(I)TPhP, the spectrum is close to that 
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Fig. 3. Absorption spectra of: (1) Fe(II)TPrP in pyridine-d, 
and (2) benzene-d,; (3) Fe(II)PhTMDEP in pyridine-d,; and 
(4) benzene-d,. 

of Fe~I~TPrP (Soret band at 330,392 and 425nm, 
a band at 513 nm and broad weak bands at 578,672 
and 715 nm). The observed spectrum of Fe(I)TPhP 
resembles that of the so-called B form of Fe(I)TPhP 
obtained by electrochemical reduction in dimethyl- 
fo~amide.a 

Curve 3 in Fig. 2 shows the spectrum’ of 
Fe(O)TPrP. The Soret band is split into two com- 
ponents at 363 and 460 nm, two bands are observed 
at 520 and 545 sh nm, and two weak bands appear 
in the far-infrared at 705 and 800nm. In the 
spectrum of Fe(O)TPhP the corresponding bands 
are observed at 355 and 428 nm (Soret), at 5 16 nm, 
and at 715 and 775 nm (weak bands). The maxima 
of the intense bands agree with those of Lexa et al. 
[4], although the authors have not reported the 
absorbance curve and the weak bands. The 
spectrum over the range 350-600 nm is also similar 
to that of form A obtained by electrochemical 
reduction [S]. However, there are discrepancies in 

“It should be noted that during the controlled potential 
electrolysis the appearance of two species (A and B forms) 
was observed in succession both for Fe(I) and Fe(O) por- 
phyrins [4,5]. Under the chemical reduction with sodium, a 
detailed analysis of the spectra has shown the appearance of 
only one product, as for Fe(I) and Fe(O) porphyrins (see 
later). This agrees with data in ref. 19. 

z 1 

ml 400 sou 600 700 856 anfn 

Fig, 2. Absorption spectra of (1) Fe(II)TPrP, (2) Fe(I)TPrP 
and (3) Fe(O)TPrP in THF-$ solution. 

the Fe(O)TPhP spectrum as described by Reed in 
his review [3]. It seems that the spectrum which 
Reed has attributed to Fe(O)TPhP corresponds to 
more highly reduced species. It was pointed out 
that the solution of Fe(O)TPhP was green. We 
found that the colour of Fe(O) porphyrin solutions 
looked yellow for Fe(O)TPhP, orange for both 
Fe(O)TPrP and Fe(O)PhT~DEP, and brown for 
Fe(O)OEP. The brown colour of the Fe(O)OEP 
solution was also noted in ref. 19. During pro- 
longed contact of the studied Fe(O) porphyrins with 
sodium we have observed that two reduction stages 
occur. The chemical species which correspond to 
the first stage looked green. Their spectra are close 
to that reported by Reed [3]. These highly reduced 
iron porphyrins proved to be unstable species. 
During this time, bands of the Fe(I) porphyrins 
appear in the spectra and new bands are observed 
which we cannot yet assign to a chemical species. 
The possibility of iron porphyrin reduction below 
Fe(O) porphyrins is pointed out in refs. 4, 8 and 19. 

Fe(I) and Fe(O) porphyrins in benzene and 
pyridine solutions are also unstable species. The 
spectra of Fe(II)TPrP and Fe~II)PhTMDEP in 
benzene and pyridine solution are present in Fig. 3. 

‘H NMR is very sensitive to the presence of other 
reduction products in the solution under study 
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Table 1 
Proton chemical shifts (ppm, referred to internal TMS) of ferrous porphyrins in THF-d, (S = 2), benzene-d, (S = 1) and 
pyridine-d, (S = 0) 

Compound 

FeOEP 

FeTPrP 

FeTPhP 

FePhTMDEP 

Solvent 

THF 
Benzene 
Pyridine 

THF 
Benzene 
Pyridine 

THF 
Benzene 
Pyridine 

THF 

Benzene 

Chemical shifts 

Pyrrole Meso 

a-CH, B-CH, H 
12.50 2.54 18.87 
34.00 13.00 76.30 
4.02 1.95 10.04 

H a-CH, P-CH, Y-CH, 
48.92 - 3.79 0.47 0.16 

6.06 16.65 14.73 6.94 
9.51 4.72 2.40 0.83 

H o-H m-H P-H 
49.74 6.52 6.27 6.88 

6.29 20.19 12.10 12.32 
8.92 8.22 7.67 7.67 

H 15-H 10,20-H 
51.31 16.86 13.35 

a-CH, B-CH, o-H m-H P-H 
8.01 1.35 7.31 6.52 7.28 

2,8,12,18-CH, 
15.15, 15.16 

H 15-H 10,20-H 
Not observed 68.77 81.20 

a-CH, 8-CH, o-H m-H P-H 
30.57 11.39 19.34 12.13 12.49 

2,8,12,18-CH, 
51.78, 48.11 

because of the broadening effects. Hence, after 
careful analysis of the absorption spectra of all the 
reduced iron porphyrins, the process of reduction 
was controlled by the appearance of new species 
bands and the disappearance of bands of past 
products. 

Proton NMR spectra 

The chemical shifts of ferrous porphyrins in 
S = 0, 1 and 2 spin states are listed in Table 1. The 
NMR spectra are illustrated in Fig. 4 for 
Fe(II)TPhP, as an example. In the case of Fe(II)P 
in pyridine-d, solution, the chemical shifts cover the 
range 0-lOppm, typical for the complexes of por- 

phyrins with diamagnetic metals. The spectra were 
run with 16K data points over 6024Hz, giving a 
digital resolution of 0.75 Hz. The signals are well- 
resolved and the assignments do not present any 
difficulties. 

The chemical shifts of Fe(II)P in THF and 
benzene solutions cover the range up to 76ppm. 
The spectral width used provides an accuracy of 
0.01 ppm. As a rule the proton signals are 
broadened in these solutions. However, when 
double resonance was used, the change of multi- 
plicity enabled us to assign the signals to corre- 
sponding substituent protons. 

The chemical shifts of Fe(I) and Fe(O) por- 
phyrins in THF-d, solution are presented in Table 
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Fig. 4. ‘H NMR spectra of Fe(II)TPhP in (a) THF-$, 
(b) benzene-d, and (c) pyridine-d, solution. *, solvent signals. 

2. The proton traces of Fe(I)P are observed from 
- 18.40 to 5543ppm. An example of the Fe(I)P 
spectrum is shown for Fe(I)PhTMDEP in Fig. 5. 
Fe(I)P spectra exhibit signals which are as broad as 
300Hz for the protons attached to the porphyrin 
macrocycle (meso-H, pyrrole-H, a-CH,). However, 
the resolution of the Fe(O)P spectra is close to that 
of diamagnetic metalloporphyrins (Fig. 6). The 
chemical shifts of Fe(O) porphyrins also cover the 
range typical for diamagnetic metalloporphyrins. 

In the analysis of the chemical shifts of paramag- ‘When the contact shifts of iron porphyrins are 
netic molecules, attention is focused on the effects available, attention is focused on the shifts of an 
of the unpaired eiectron on the resonance signal of attached proton and methyl (or methylene) groups 

the nucleus. Hence, we consider only the difference 
between the chemical shifts of the paramagnetic 
compound and those of the suitable diamagnetic 
molecule. In the case of the iron porphy~ns, the 
corresponding diamagnetic nickel(I1) complexes 
are usually used. The obtained difference is the 
isotropic shift (A~/H)iSo which is the sum of two 
interactions, those of the dipolar (A~~~)dip and the 
contact (A~~~~. The dipolar cont~bution arises 
from interaction of the net magnetic moment of the 
unpaired electron with the nuclear spin via a 
through-space dipolar mechanism. For effective 
axial symmetry the dipolar shift is given [42] by 

(A~/~)dip = - BzS;; I)(& -A) 

x (3 cos2 e - l)/r3 (1) 

where @ is the angle between the nucleus-metal 
vector and the z axis, r is the length of this vector, 
and g,, and g, are the EPR g values. This over- 
simplified equation neglects the second-order 
Zeeman interaction. 

The contact interaction arises from spin transfer 
between the paramagnetic atom and the ligand and 
thus provides info~ation on the meal-ligand 
bonding. The simplified equation [42] is 

AgPs(s + 1) 
3y, hkT (2) 

where A is the Fermi contact coupling constant 
which reflects the size and sign of the transferred 
spin density. Hence, under certain conditions, 
valuable information about the nature of the ligand 
molecular orbital (MO) can be provided from the 
contact shifts. The contact shifts which are of prime 
interest are obtained by subtracting the estimated 
(or calculated) dipolar shifts from the observed 
isotropic shifts. The dipolar shifts can be calculated 
using Eq. (1) if gr and g, are known. In the absence 
of magnetic anisotropy data, the dipolar contribu- 
tion can be estimated by the observed temperature 
dependence of the shifts. 
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Table 2 
Proton chemical shifts (ppm, referred to internal TMS) of Fe(I) and Fe(O) porphyrins in THF-d, 

Compound 

FeOEP 

FeTPrP 

FeTPhP 

FePhTMDEP 

Iron 
oxidation 
state 

I 
0 

I 
0 

I 
0 

I 
0 

I 
0 

I 

0 

Chemical shifts 

Pyrrole 

a-CH, 
- 2.30 

3.32 

H 
27.31 
12.02 

H 
29.46 
11.73 

H 
27.56 
10.95 

a-CH, 
- 1.62 

3.50 

2,8,12,18CH, 
- 4.77 

12,18-CH, 
2.13 

8-CH, 
1.98 
1.98 

15-H 
59.50 
14.67 

B-CH, 
3.02 
1.98 

2,8-CH, 
2.09 

Meso 

H 
55.43 
14.83 

a-CH, 
- 18.40 

2.96 

o-H 
14.30 
8.95 

10,20-H 
49.00 
15.08 

o-H 
14.27 
8.70 

B-CH, Y-CH, 
4.60 1.48 
2.92 1.49 

m-H P-H 
7.10 9.55 
7.61 7.76 

m-H P-H 
6.90 9.53 
7.62 7.75 

at the pyrrole and meso positions. It has been porphyrin 7~ MO, the contact shifts are charac- 
shown [2] that in the case of spin transfer to the terized by upfield proton and downfield methylene 
ligand CJ MO, the proton and methylene shifts, shifts which are of comparable magnitude. When 
being larger for the former than the latter, are the such contact shifts are observed at the meso 
same sign (downfield). For spin transfer to the position, the spin transfer occurs through por- 

x8 
/1 I I 

Sppm 56 46 30 20 10 0 -?O 

Fig. 5. Proton NMR spectrum of Fe(I)PhTMDEP in THF- Fig. 6. Proton NMR spectrum of Fe(O)PhTMDEP in THF- 
d, solution. *, solvent signals. d, solution. Solvent signals are omitted for clarity. 
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phyrin -+ metal (P + M) n charge transfer. The 
same shifts at the pyrrole position result from 
M --) P 7r* charge transfer. 

Thus, if we want to provide information about 
metal-ligand bonding we must have at our disposal 
a series of iron porphyrins with proton and methyl 
(or methylene) groups at both the meso and pyrrole 
positions. The selected synthetic porphyrins 
provide the necessary probes for the pyrrole and 
meso spin density. It should be noted that the 
FePhTMDEP complex is a suitable compound 
because the unsubstituted 3,7 positions, and the 
2,8,12,18-methyl and 13,17-ethyl substituents 
provide the necessary probes for the spin density 
at the pyrrole positions. In addition, using 
FePhTMDEP (and FeTPhP) provides a means for 
the determination of the dipolar shifts. It has been 
shown [2,30-341 that the phenyl protons are not 
involved in spin transmission, and isotropic shifts 
for these positions may be assumed to be wholly 
dipolar in origin. According to Eq. (1) the dipolar 
shifts are proportional to the relative geometric 
factors (3 co? 8 - 1)/j. Hence, if the dipolar shifts 
for the phenyl protons are determined and the 
geometric factors for all their positions are known, 
it is possible to calculate the dipolar contribution 
for all the remaining positions. The relative 
geometric factors have been computed for all the 
porphyrin positions using available X-ray data 
[2,30-341. 

We were encouraged in our analysis of isotropic 
shifts by similar investigations of Fe(III) and Fe(I1) 
porphyrins reported by La Mar and co-workers 
[2,30-341. We shall compare our results on the 
ferrous porphyrins in an S = 1,2 spin state with 
their data later. To avoid confusion it should be 
noted that we use the recommended b-scale which 
increases in a downfield direction relative to TMS, 
but La Mar and co-workers have used a &scale 
which increases in the opposite direction. In order 
to compare the sign of the isotropic shifts observed 
by La Mar and by us, we have to calculate 6,,, = 
6,, - BFe instead of &, = 6,, - I&. 

The chemical shifts of diamagnetic Ni(I1) por- 
phyrins have been measured in CDCl, solutions 

relative to internal TMS. NiOEP: 9.79 (s, H-5, 
10, l&20), 3.93(q) and 1.82 (t, CH,CH,-2,3,7,8, 
12,13, 17,18). NiTPrP: 9.24 (s, H-2,3,7,8,12,13, 
17,18) 4.46(t), 2.23 (sextet) and 1.10 (t, 5,10,15,20- 
CH,-CH,-CH3). NiPhTMDEP: 9.78 (s, H-10,20), 
9.73 (s, H-15) 8.53 (q, H-3,7) 8.01 (m, o-H, 5-Ph), 
7.70 (m, m, p-H-5-Ph), 3.48 (d, CH,-2,8), 3.47 
(s, CH,-12,18), 3.91(q) and 1.78 (t, CH,CH,- 
13,17). The chemical shifts of NiTPhP are taken 
from ref. 43. 

Iron (ZZ) porphyrins 

An S = 1 spin state 

Intermediate-spin Fe(I1) porphyrins in benzene- 
d6 are four-coordinate unligated complexes. The 
isotropic shifts of Fe(II)P are listed in Table 2. The 
observed shifts of ferrous porphyrins are similar to 
those described by La Mar and co-workers [2,32]. 
All isotropic shifts are downfield except for pyrrole- 
H shifts. This behavior of the shifts enables us to 
conclude that the contribution of dipolar inter- 
action to isotropic shifts is rather large. 

The shifts of most of the phenyl protons were 
found to originate in the dipolar interaction. Utiliz- 
ing calculated geometric factors, La Mar et al. [32] 
have obtained the dipolar contribution for all the 
remaining positions. Subtracting the dipolar from 
the isotropic shifts we obtained the contact shifts 
which are presented in Table 2. 

Analysis of the contact shifts shows that upfield 
proton and downfield a-CH, contact shifts are 
observed at the pyrrole position. The shifts have 
comparable magnitudes. This indicates that a sig- 
nificant amount of positive 7~ spin density is placed 
on the pyrrole carbon atoms. Since the highest 
filled MO, 3e(n), exhibits a large positive 71 charge 
density on the pyrrole carbon atoms, but possesses 
nodes through the meso carbons, the contact shifts 
at the pyrrole positions indicate spin transmission 
involving P + Fe n charge transfer out of the 3e(n) 
MO. The downfield proton and upfield cr-CH, 
contact shifts at the meso position suggest a 
negative spin density on the meso carbons due to 
correlation effects. P + Fe z charge transfer was 
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Table 3 
Separation of isotropic shifts of Fe(U) porphyrins in an S = 1 and S = 2 spin state into dipolar and contact contributions (ppm) 

Substituent position 
(ligand) 

Pyrrole 
H(TPrP) 
H(TPhP) 
H(PhTMDEP) 
a-CH, (OEP) 
a-CH,(PhTMDEP) 

Meso 
H(OEP) 
15H(PhTMDEP) 
10,20-H(PhTMDEP) 
a-CH,(TPrP) 
o-H(TPhP) 
o-H(PhTMDEP) 
m-H(TPhP) 
m-H(PhTMDEP) 
p-H(TPhP) 
p-H(PhTMDEP) 

“Ref. 32. 
bRef. 33. 

S = 1 (benzene-d,) 

Isotropic DipolaP 

3.18 -21.80 
2.51 -21.80 

-30.10 - 13.20 
- 26.60 - 13.20 

- 66.54 -34.10 
- 59.04 -43.10 
-71.42 -34.10 
- 12.19 - 18.70 
- 12.39 - 11.20 
- 11.13 - 11.20 

- 4.43 - 5.00 
- 4.43 - 5.00 
- 4.82 - 4.70 
- 4.79 - 4.70 

Contact 

24.98 
24.31 

- 16.90 
- 13.40 

- 32.44 
- 29.44 
- 31.32 

6.51 
- 1.19 

0 
0.40 
0 

-0.12 
0 

S = 2 (THF) 

Isotropic 

- 39.68 
-41.00 
- 42.78 

- 8.57 
-4.10 

-9.11 
-7.13 
- 3.57 

13.03 
1.28 
0.70 
1.23 
1.18 
0.82 
0.42 

Dipolarb Contact 

3.10 - 42.78 
3.10 -44.10 
3.10 - 45.88 
1.90 - 10.47 
1.90 - 6.00 

4.90 - 14.01 
4.90 - 12.03 
4.90 - 8.47 
2.72 10.31 
1.60 -0.32 
1.60 -0.32 
0.80 0.43 
0.80 0.38 
0.70 0.12 
0.70 - 0.28 

found to require that the (d,,d,) orbitals have 
unpaired spin. This type of spin transfer occurs in 
low-spin Fe(II1) and high-spin Mn(II1) porphyrins 
[2,31,44]. The pattern of contact shifts provides no 
evidence for 0 spin transfer. This indicates that 
the d ,2_Y2 orbital is vacant. Taking into account the 
dominance of P + Fe rr charge transfer, and 
the Mijssbauer data [l l] and measurements of the 
magnetic moment [l 11, a reasonable configuration 
of the intermediate-spin Fe(I1) porphyrins is 

(d,)‘(d,,)‘(d,,dyr)‘. 

An S = 2 spin state 
It is known that Fe(I1) porphyrins in THF coor- 

dinate only one molecule of solvent [7,9,19]. These 
five-cordinate complexes exist in the high-spin 
state. The complexes of Fe(I1) porphyrins with 
2-methylimidazole are also high-spin. The isotropic 
shifts of Fe(II)P(THF) (Table 3) are close to those 
of Fe(II)P(2-MeIm) for the pyrrole positions [33]. 
The phenyl proton shifts are also comparable. 

However, a discrepancy is observed for the meso 
position. The downfield proton shift (- 9.11 ppm) 
measured by us differs strongly from the value 
(+ 7.0 ppm) obtained by La Mar, Walker and Goff 
[2,33]. These authors have calculated the dipolar 
shifts which we have used to determine the contact 
shifts of Fe(II)P(THF)“; the latter are listed in 
Table 3. 

The results show that the contribution of contact 
shifts dominates the isotropic effect. Both the 
downfield proton and a-CH, contact shifts, the 
former having a large value, occur at the pyrrole 
position. The downfield proton and upfield methyl- 
ene contact shifts, having comparable magnitudes, 
are observed at the meso position. The pattern of 
contact shifts indicates (T spin transfer at the pyrrole 
position and the occurence of a negative spin 

“The dipolar shifts of meso a-CHZ have been calculated by us 
from the data in ref. 32. 
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density on the meso carbons due to correlation 
effects. 

In the case of Fe(II)OEP(ZMeIm), [2,33] the 
relatively small upfield meso H contact shifts 
suggest a moderate positive n spin density at the 
meso position.” The discrepancy in the shifts at the 
meso position for Fe(II)OEP(2-MeIm) and Fe(II)- 
OEP(THF), both high-spin, appears to account for 
the difference in the intramolecular interactions in 
these complexes. The electrons of iron are bonded 
more strongly to 2-MeIm than to THF, which is 
reflected by the pattern of spin delocalization at the 
meso positions. It should be noted that for Fe(I1) 
porphyrin complexes with two THF molecules, the 
data derived from low-temperature (100 K) X-ray 
diffraction analysis [45] provide evidence for c- 
donation from the porphyrin ligands to the iron 
atom and significant Fe --+ P z charge transfer to 
4e(n*) MO (back-bonding). 

Let us focus our attention on the electron con- 
figuration. Large amounts of (T deiocalization to 
the pyrrole position for both high-spin Fe(II)P(2- 
MeIm) and Fe(II)P~THF) indicates that the d,,_,, 
orbital exhibits a lone spin. The same 0 spin 
transfer was found for high-spin Fe(III)P [2], pro- 
viding evidence for an unpaired electron in the 
d x2_Y2 orbital. Thus, the electron configuration of 
the high-spin Fe(B) porphyrins is probably (d,xY)2 
(d,,d,,)2(d,2)i(d,~Z_-yZ)‘. But, as La Mar and Walker 
have noted [2], it is also conceivable that the 
electron configuration could be (d,, ,d,, )3 (d,YY )’ 

(d&d+,J’. 

An S = 0 spin state 

Ferrous porphy~ns in pyridine solution are six- 
coordinate complexes Fe(IT)P(Py,). The isotropic 
shifts are given in Table 4. All shifts are downfield. 
However, the very small magnitudes of the shifts 
provide no evidence for the pronounced charge 
transfer. The ground state is (dx,)2(d,,,dyZ)4. 

“The meso a-CH, contact shifts have not been presented in 
refs. 2 and 33. 

Table 4 
Isotropic shifts of Fe(H) po~hy~ns (ppm, internal TMS) in 
an S = 0 spin state in pyridine-d, solution 

Substituent position 
(ligand) 

Shift 

Pyrrole 
~(TPrP) 
H(TPhP) 
a-CH,(OEP) 

Meso 
H(OEP) 
a-CH,(TPrP) 
o-H(TPhP) 
m-H(TPhP) 
PCI-H(TPhP) 

- 0.27 
-0.10 
- 0.09 

- 0.28 
- 0.26 
- 0.42 
-0.17 
-0.17 

Iron (I) porphyrins 

The isotropic shifts of Fe(I) porphyrins are 
presented in Table 5. The pattern of the isotropic 
shifts suggests that a major portion of the shifts 
originate in the contact interaction. For separation 
of the isotropic shifts we have calculated the 

Table 5 
Separation of isotropic shifts of Fe(I) porphyrins in THF-$ 
into dipolar and contact cont~butions 

Substituent position Isotropic Geometric Dipolar Contact 
(ligand) shift facto? shift shift 

Pyrrole 
I-I(TPrP) - 18.07 - 7.03 - 5.69 - 12.38 
~(TPhP) - 20.70 - 7.03 - 5.69 - 15.01 
H(PhTMDEP) - 19.03 - 7.03 - 5.69 - 13.34 
a-CH,(OEP) + 6.23 - 4.25 -4.89 + 11.12 
~-CH*(PhTMDEP) + 5.53 - 4.25 - 4.89 + 10.42 

Meso 
H(OEP) - 45.61 
15-H(PhTMDEP) - 49.77 
10,20-H(PhTMDEP) - 39.22 
a-CH,(TPrP) + 22.86 
o-H(TPhP) - 2.05 
o-H(PhTMDEP) - 6.26 
m-H(TPhP) - 6.50 
~-H(PhTMDEP) + 0.80 
p-H(TPhP) + 0.40 
p-H(PhTMDEP) - 1.83 

- 11.00 
- 11.00 
- Il.00 
- 6.04 
- 3.61 
- 3.61 
- 1.67 
- I.67 
- 1.48 
- 1.48 

-8.91 
-8.91 
-8.91 
- 4.89 
- 2.93 
- 2.93 
_ 1.35 
- 1.35 
- 1.20 
- 1.20 

- 36.76 
- 40.86 
- 30.31 
+ 27.75 

+ 0.88 
- 3.33 
-5.15 
+2.1.5 
+ 1.60 
- 0.63 

“Geometric factor (3cos2@ - I)r-’ IO” cm-’ is taken from 
ref. 32. 
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dipolar contribution using Eq. (2). The relative Thus, if we pay no attention to the negative sign 

geometric factors was taken from ref. 2. The values of spin delocalization, the pattern of spin transfer is 

of g,, and g, have been measured by many authors consistent with P 3 Fe 7~ charge transfer from the 

[3,4,10,15,19]; we have used the values g, = 2.26 highest filled ligand MO (3e(n)) and Fe + P rr 
and g,, = 1.93 [19]. The calculated dipolar and charge transfer to the highest unoccupied MO 
contact shifts are also given in Table 5. (4e(n*)). 

As mentioned above, the shifts of the phenyl 
protons can be used to test the dipolar contri- 
bution. Indeed, the dipolar shifts prevail at the 
ortho position for Fe(II)TPhP and the para 
position for Fe(II)PhTMDEP. However, the 
contact shifts at the remaining positions of the 
phenyl ring suggest an appreciable contact contri- 
bution to the isotropic shifts. Shift direction alter- 
nates around the phenyl ring, also indicating an 
appreciable contact contribution. Analysis of the 
pyrrole and meso contact shifts indicates the 
apparent dominant contact contribution at these 
positions. Large downfield meso H shifts and 
upfield meso a-CH, shifts of comparable mag- 
nitude are evidence for the pronounced negative rc 
spin density on the meso carbons. The same shifts, 
although smaller in magnitude at the pyrrole 
position, indicate a negative rc spin density on the 
pyrrole carbons as well. This pattern of a sizable 
negative n spin density at both the pyrrole and 
meso positions has not been observed before. The 
negative sign of the spin density cannot be used as 
an argument against spin transmission. If the sign 
was positive the spin transfer mechanism would 
involve P -+ Fe n charge transfer at the pyrrole 
positions and Fe + P rr* charge transfer at the 
meso positions. We believe that the former and 
the latter both actually take place. The negative 
sign of the n spin density should not cause con- 
fusion; it may be due to a strong Z-rc spin polariza- 
tion effect. It should be noted that many organic 
n-anion radicals exhibit a negative rc spin density, 
for example those of pyrene [46,47]. The occurrence 
of a negative a spin density follows logically from 
quantum-chemical MO calculations 1471.” 

We shall now discuss the electron configuration. 
The occurrence of a spin transfer suggests that the 
d X+2 orbital is vacant and a lone electron occupies 
the (d,,d,,) orbitals. The most probable electron 
configuration is (d,)2(d,,d,,r)3(d,z)2. A lot of 
experimental data obtained by various methods 
agree with this configuration but some argue 
against it. A system with such a configuration has 
an S = l/2 spin state. The EPR spectra at 77 K, 
which were first measured in ref. 10 and then in refs. 
4, 15 and 19, correspond to the low-spin (S = l/2) 
Fe(I). Comparison with isoelectronic d7 Co(II) por- 
phyrins indicated lone electron localization in the 
d, orbital. Both the disappearance of the EPR 
signal and the magnetic moment magnitude at 
higher temperature led at first to the proposal that 
the spin state changed to an S = 3/2 state at 200- 
300 K [3,10]. However, it was found by a sub- 
sequent study [3] that the samples used for the 
magnetic moment measurements in ref. 10 appear 
to be mixtures containing mostly high-spin Fe(II)P. 
When the samples were prepared with caution, a 
room temperature magnetic moment was found to 
be much closer to that expected of an S = l/2 
system [3,15]. The changes in resonance Raman 
spectra on freezing the THF solution were assigned 
to the spin transition from 3/2 to l/2 [19]. The 
authors [19] concluded that an unpaired electron 
occupied the d.++ orbital, which is inconsistent 
with our data. 

“In the case of pyrene z-dianions, a decrease in the total A 
electron density has been observed at the same positions that 
show a negative n spin density for n-radicals [48]. 

We suggest the following explanation for these 
experimental observations. The NMR data at 
300 K provide evidence for occupation of an extra 
electron in the (d,,,d,,Z) orbital. The magnetic 
moment measurements suggest an S = l/2 state. 
The EPR results at 77K are consistent with 
unpaired spin localization in the d,, orbital. If the 
unpaired spin occurs in the (d,,d,,) orbital at high 
temperature and in the d, orbital at low tem- 
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perature we have reason to assume that thermal 
migration of the lone electron from the d,, to 
the (d,,d,) orbital occurs on thawing of the 
frozen solution. Both the electron configurations 

(d,)2(d,,Yd,,)3(d,)2 at 300K and (d,)*(d,,,d,J4 
(d12)2 at 77 K exhibit an S = l/2 spin state. The 
(dlL,dyi) orbital can be higher in energy than 
d, at 300K in keeping with the intermediate- 
spin Fe(II)P configuration. It may be assumed that 
the change in temperature results in a change 
in the relative energies of the (d,,,d,.,) and dzz 
orbitals. 

We shall now discuss the electronic structure of 
Fe(I) porphyrins in more detail. Fe + P rc* charge 
transfer places the sizable rc spin density in the 
highest unoccupied MO of the porphyrin. The 
occurrence of extra electron charge in the ligand 
MO implies a n-radical anion character of the 
Fe(I)P complex. The structural parameters, which 
have been derived from X-ray crystallography, 
provide independent evidence for n-radical form- 
ation [3,15]. Recently [49] we have studied n-radical 
anions, and n-anions of Zn and Mg porphyrin 
complexes in which metal atom reduction is 
unlikely, and extra electron charge resides in a 
ligand rc HOMO. The results of our study [49] show 
that the change in the bond distances under 
reduction is consistent with the data reported in 
refs. 3 and 15. Thus, available data demonstrate 
[15] that the question of whether a redox reaction 
occurs at the iron atom or at the porphyrin ligand 
in [FeP]- appears to have no simple answer. P + Fe 
n: charge transfer suggests the reduction of iron. 
Alternatively, Fe + P rc spin transmission indicates 
the reduction of the ligand. Thus, in agreement 
with Mashiko et al. [15], such a reduced species may 
be thought of as a resonance hybrid of a d7 Fe(I)P 
and an S = 1 d6 Fe(I1) n-radical anion having suf- 
ficient metal/radical orbital overlap to give an 
overall S = l/2 state: 

[Fe(I)P]- c-) [Fe(II)P’]- 

The Fe(O) porphyrin ligand was also found to have 
n-anion character [3,15]. However, our NMR data 
give no evidence for this view. 

Table 6 
Isotropic shifts (ppm) of Fe(O) porphyrins in THF-d, 
solution 

Compound Isotropic shift 

Pyrrole Meso 

Fe(OEP) c+CHZ /I-CH, H 
0.61 -0.16 - 5.57 

Fe(TPrP) H a-CH, /!?-CH, y-CH, 
- 2.78 1.50 -0.69 -0.39 

Fe(TPhP) H o-H m-H P-H 
- 2.93 -0.95 -0.11 -0.16 

Fe(PhTMDEP) H 15-H 10,20-H 
- 2.42 - 4.94 - 5.30 

c&H, /?-CH, o-H m-H P-H 
0.41 - 0.20 -0.69 0.08 -0.05 

2,8-CH, 
1,38 

12,18-CH, 
1,35 

Iron (0) porphyrins 

The isotropic shifts of Fe(O) porphyrins are listed 
in Table 6. The magnitudes of the isotropic shifts 
are too small to consider charge transfer. The 
maximum value of the meso H shift (- 5.07 ppm) is 
ten times less than that in systems which exhibit 
spin transfer (high-spin Fe(II1) and Fe(II)P, low- 
spin Fe(III)P, intermediate-spin Fe(II)P [2]). In 
general, ‘H NMR spectra of Fe(O) porphyrins are 
close to those of Fe(II)P in an S = 0 state and to 
diamagnetic Ni(II) porphyrins. The absorption 
spectra of d* Fe(O)P are similar to those of iso- 
electronic monoanion Co(I1) porphyrins [Co(II)P]- 
[8,50]. Fe(O)P, like [Co(II)P]-, is EPR inactive 
[4,15,19]. All these facts result in the conclusion 
that the most probable electron configuration is 

(d,)‘(d,,d,J4(dJ2. 
Available data which suggest a n-anion character 

of the porphyrin ring of Fe(O)P [15] require an 
alternative explanation regarding NMR shift 
behavior. By analogy with the oxo-bridged dimers 
of Fe(III)P [2], the behavior of isotropic shifts may 
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be indicative of iron and ligand ions coupled 
antiferromagnetically. To solve this question 
requires additional study. The chemical shifts of 
[COP]- can provide useful new information. We 
intend studying the NMR spectra of the reduced 
Co porphyrins, but we now restrict ourselves to the 
proposed explanations. 

Conclusions 

Analysis of the isotropic shifts of reduced iron 
porphyrins, Fe(II)P in an S = 0,1,2 state, Fe(I)P 
and Fe(O)P, provide evidence for their electronic 
structure. The following was found. 

(i) (a) Fe(I1) porphyrins in pyridine solution 
(S = 0) do not exhibit any spin transfer. The 
electron configuration is (d,)Z(d,,,d,,)4. 

(b) For Fe(II)P in benzene (S = l), strong 
P -+ Fe rc charge transfer occurs which agrees with 
an earlier study by La Mar et al. [32]. On the basis 
of the NMR shifts and Miissbauer data the 
proposal configuration is (d,)2(d,2)2(d,,,dyz)2. 

(c) The contact shifts of high-spin ferrous por- 
phyrin in THF (S = 2) are consistent with Fe -+ P 
G spin transfer. The most probable electron con- 
figuration is (d,)2(d,,,d,,)2(d,,)‘(d,,_,,)‘. The 
pattern of the shifts reflects the difference between 
complexes of Fe(II)P with THF and those with 
2-MeIm [33], which accounts for the difference in 
bonding THF and 2-MeIm with iron. 

(ii) The contact shifts of Fe(I) porphyrins 
indicate negative n spin density on the pyrrole and 
meso carbon atoms due to a strong rc-rc spin 
polarization effect. When the negative sign of the rc 
spin density is neglected, the pattern of contact shift 
suggests sizable Fe + P rc* charge transfer and 
P + Fe 7c charge transfer. The former indicates a 
n-radical anion character of the porphyrin ligand, 
which is consistent with available data from X-ray 
crystallographic analysis [3,15]. The ground state is 

probably (d,)2 (d,, , $A3 (&>‘. 
(iii) The small isotropic shifts of Fe(O) por- 

phyrins give no evidence for any charge transfer. 
The proposed electron configuration is (d,)2 
(d, ,dYZ)4(d,,)2. The NMR data disagree with X-ray 

13 

crystallographic analysis which suggests a rc-radical 
anion formulation for the Fe(O) porphyrins [3,15]. 
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