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Mossbauer Studies on Cytochrome b Models: Bis Ligated Complexes of 
Iron(iii) Protoporphyrinate IX with Imidazole and Substituted lmidazoles t 
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Iron-57 Mossbauer spectra at 80 K have been recorded for a series of bis ligated complexes of 
iron ( 1 1 1 )  protoporphyrinate IX (3,7,12,17 -tetramet hyl-8,13-divinylporp hyri n- 2,18-dipropionate) 
[FeL] + with imidazole (Him), 1 -methylimidazole (1 Me-im), and 2-methylimidazole (2Me-im). The 
spectra were recorded in frozen solutions of dimethyl sulphoxide (dmso), acetone, and 50% (v/v) 
ethanol-water and also in the presence of hydrogen-bonding agents such as trifluoroethanol or 
1 ,I 0-phenanthroline in acetone. This is the first report of Mossbauer spectroscopic studies on the 
solvent dependence of a series of substituted imidazole complexes of [ FeLCI]. Significant new 
results are obtained which are interpreted in the light of reported e.s.r., n.m.r., and electronic 
absorption data. A value of 2.43 mm s-l for the quadrupole splitting (A€Q) of the imidazolate 
complex [ FeL( Him) (im)] is assigned to a parallel orientation of the planar axial ligands, whereas a 
value of A€Q = 1.87 mm s-I for the [FeL(2Me-im),] + is assigned to a perpendicular orientation of 
the imidazole planes. Large linewidths of about 0.6-0.98 mm s-' are attributed to the presence of a 
statistical distribution of imidazole planes around the thermodynamically stable arrangement. The 
influences of hydrogen bonding on the Mossbauer parameters are discussed. The 2Me-im complex 
and the 1 Me-im complex in dmso show slow spin-lattice relaxation at 80 K. 

An understanding of the chemistry of iron porphyrin complexes 
containing imidazoles [Figure l(a)] as axial ligands is of 
considerable interest as histidylimidazole is found co-ordinated 
to iron porphyrins in haem proteins.',' Thus bis(imidazo1e) 
complexes of (protoporphyrinato IX) iron(Ir1) chloride [FeLCl] 
(L = 3,7,12,17-tetramethyl-8,13-divinylporphyrin-2,18-dipro- 
pionate) [Figure l (b)]  are appropriate models for the prosthetic 
group of cytochrome b5 and also for a wide variety4 of 
membrane-bound cytochromes b, including mitochondria1 

related proteins that contain bis(histidine) co-ordination are 
cytochrome a of cytochrome oxidase ' 9 '  and cytochrome c3.5 

Cytochromes b show a wide range of physical properties as 
evidenced by their electrode potentials and e.s.r. g values,4,6-8 
though there is apparently little change in the iron co- 
ordination environment. It is generally believed that such 
differences in properties arising from the same co-ordination 
environment originate from a change in the relative orientation 
of the planes of the two imidazoles that are bound to the iron 
porphyrin m ~ i e t y . ~ , ~  Other factors such as (1) 'strains' in 
bis(histidine) ligation and (2)  hydrogen bonding (and/or 
deprotonation of) histidylimidazole rings " 9 '  ' may also be 
important. There is no doubt that the primary control of haem 
iron reactivity in haemproteins involves the steric and/or 
electronic influence of the ubiquitous histidylimidazole ligand.' 

Bis(imidazo1e) complexes of natural iron porphyrins have 
been widely studied using electronic absorption,' 3-16 

e.s.r.,4,6,9, 16-1 8 n.m.r.,'9-22 and Mossbauer s p e c t r o ~ c o p y . ~ ~ - ~ ~  
Electronic absorption spectroscopy has been used to study 
the dependence of axial ligand binding constants on the 
solvent 3* l4 and also to study hydrogen-bonding effects.' 5 9  l6 

E.s.r. studies on such model complexes have reproduced the 
unusual 'highly anisotropic' low-spin (h.a.1.s.) signals observed 
for  protein^.^^^,' N . m .r. data provided evidence for extensive 
7c-electron delocalisation in the metal-ligand bond,' 9-2' and 
showed that the influence of deprotonation or hydrogen 
bonding of co-ordinated imidazole on the contact shifts is 
significant.22 There have been relatively few Mossbauer 

b566 and b562, chloroplast b6, and chloroplast b5,9. Other 
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Figure 1. Structure of imidazole derivatives relevant to this work (a), 
and (b) structure of iron protoporphyrinate IX (haem) 

7 Protoporphyrinate IX = 3,7,12,17-tetramethyl-S,l3-divinylpor- 
phyrin-2J8-dipropionate. 
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Table 1. Iron-57 Mossbauer parameters at 80 K for (Protoporphyrinato IX)iron(m) bis(imidazo1e) complexes 

Compound Solvent 
[FeL(Him)(im)] dmso + NBu,OH 
[FeL(Him),] + dmso 

Water-ethanol(1: 1) 
Acetone 
Acetone + trifluoroet hanol 
Acetone + 1,lO-phenanthroline 

[FeL( 1 Me-im),] + Water-ethanol(1: 1) 
dmso 

[FeL(2Me-im),] + Water-ethanol(1: 1) 

* Half-width at half-height. 

w e > /  
mm ssl 
0.24( 3) 
0.22(2) 
0.24( 1) 
0.28( 1) 
0.24(2) 
0.22(7) 
0.26( 1) 
0.23(1) 
0.16(2) 

AEQl 
mm s-l 
2.43(3) 
2.3 8 (2) 
2.35(1) 
2.34(1) 
2.32(2) 
2.34(7) 
2.34(1) 
2.24( 1) 
1.87(2) 

r*/ 
mm s-' 

0.27(5), 0.25(4) 
0.21 (3), 0.26(4) 
0.3 1( l), 0.32( 1) 
0.25(2), 0.26(2) 
0.25(2), 0.26(2) 
0.39(8), 0.42(12) 
0.16(1), 0.18(1) 
0.37( l), 0.49(2) 
0.29(1), 0.59(3) 

Relative % area of 
absorption lines 

48.6( 10.7), 51.4( 10.1) 
49.1(7.9), 50.9(8.6) 
50.9(1.9), 49.1(1.9) 
52.5(4.4), 47.5(4.4) 
52.9(5.2), 47.1(5.2) 
56.1(13.6), 43.9( 14.2) 
52.2(1.7), 47.8(1.7) 
53.9(2. l), 46.1(2.5) 
42.7(2.5), 57.3(3.8) 

spectroscopic studies 8 3 2 3 - 2 5  on bis(imidazo1e)porphyrinato- 
iron(rI1) complexes, and the accuracy of some of the dataz5 
and their interpretation have been q ~ e s t i o n e d . ~ ~ , ~ ~  

The structural effects of unusual orientations of axial ligands 
or the spin state of bis(2-methylimidazole)(porphyrinato)- 
iron(II1) species have been studied in perchlorate structures of 
the tpp 2 8  (rneso-tetraphenylporphyrinate) and oep 29 (octa- 
ethylporphyrinate) complexes. The oep complex 29 is pre- 
dominantly of S = 3 character in the solid state but in solution 
is consistent with a thermal spin equilibrium ( S  = to 2). This 
material has an h.a.1.s. spectrum in solution but not in the 
~ o l i d . ~ , ~ ~  The tpp complex is low spin28 and in the solid state 
exhibits an h.a.1.s. spectrum. It is characterised by having a 
porphyrin core that has S,  ruffling and the planes of the axial 
ligands are mutually perpendicular. In addition, it has a 
quadrupole splitting (AEu) of 1.77 mm s- ' .~  

In the light of recent developments in the chemistry of low-spin 
bis(imidazole)(porphyrinato)iron(m) c o m ~ l e x e s , ~ * ~ - ~ ,  ' 5-1 9 3 2 2  

it seemed to us timely to reinvestigate and extend the earlier 
Mossbauer spectroscopic work on these complexes, particularly 
as this experimental technique provides unambiguous character- 
isation of the iron electronic structure.26 The aims of the studies 
described here were to gather evidence to test the various 
hypotheses of steric and/or electronic influences of the 
imidazole ligand on the haem electronic structure. One question 
that is answered is: 'Does [FeL(2Me-im),lf have a low AE, 
value, as it displays a h.a.1.s. spectra? l 7  The studies reported 
here also consider (1) the effect of various hindered and non- 
hindered imidazoles and (2) solvent effects on hydrogen 
bonding and deprotonation of the axial ligands on the 
Mossbauer spectroscopic parameters of the resulting low-spin 
protoporphyrin IX iron(II1) complexes [FeL(R-im),] +, where 
R = H, 1-Me, or 2-Me [Figure 1(a)]. 

Experimental 
All chemicals used in this work were purchased from Aldrich 
Chemical Co. and were used without further purification. 
Tetrabutylammonium hydroxide was a 1.0 mol dmP3 solution in 
methanol. The solvent, 50% (v/v) ethanol-water, was prepared 
from distilled, deionized water and reagent-grade 95% ethanol. 

Since it is known that [FeLCl] undergoes extensive 
aggregation in water,I4 the choice of the solvent mixture and 
reaction conditions were dictated by the stability and solubility 
of the monomeric bis(1igated) complexes, which were known 
from the previous work using electronic absorption spectro- 
~ c o p y . ' ~ - ' ~  The solutions for the Mossbauer spectroscopic 
measurements were prepared by dissolving [FeLCl] in an 
appropriate solvent containing a thousand-fold excess of 
imidazole (Him), 1-methylimidazole (1Me-im), or 2-methyl- 
imidazole (2Me-im). The reason for using such a large excess of 

imidazole was to drive the equilibria towards the exclusive 
formation of the low-spin bis(imidazo1e) complexes in solu- 
t i~n . '~- ' '  The formation of the bis complexes in the 
Mossbauer samples were verified by recording the electronic 
absorption spectra and comparing them with the reported 
results. 

The Mossbauer spectra were recorded using an instrument 
and techniques previously described by us.30 The visible spectra 
were recorded on a Perkin-Elmer Lambda 5 spectrophotometer. 

Results 
The Mossbauer data recorded in this work are presented in 
Table 1 and representative spectra are presented in Figures 3 
and 4. Relevant literature data are also included in Table 1. 

Our data in Table 1 agree quite well with those reported by 
Epstein et ~ 1 . ~ ~  for their solid complex. The data are also 
comparable with other low-spin iron(Ir1) porphyrin complexes 
reported previously 8,24-26 and also with those for cytochrome 
b5 and other low-spin ferrihaem  protein^.^'?^^ The isomer shift 
reported by Bullard et al.25 is significantly smaller than that of 
ours and others.23 

The isomer shifts and quadrupole splittings for the low-spin 
bis(imidazo1e) complexes are relatively independent of the 
nature of the solvents used unless hydroxide anions are added. 
However, the linewidths and relative intensities of the two 
spectral lines are quite sensitive to the nature of the solvent 
present. A marked solvent dependence of the Mossbauer 
parameters is observed when substituted imidazoles are used. 

We have observed that Him and 1Me-im complexes in neat 
dimethyl sulphoxide (dmso) and acetone show evidence for the 
presence of small amounts of high-spin species. We have chosen 
to neglect these species and have fitted the experimental data by 
two Lorentzian lines arising from the low-spin species. It must 
be noted that on addition of hydrogen-bonding agents, such as 
trifluoroethanol or 1,lO-phenanthroline, to the solutions the 
high-spin species were not observed. Moreover, in water- 
ethanol ( 1  : 1) the non-hindered imidazole (Him and 1Me-im) 
complexes show that only low-spin complexes are present, 
whereas for the hindered 2Me-im complex a high-spin species is 
present to a small extent. 

Finally, the spectra obtained for the 2Me-im complex in 50% 
ethanol and for the 1M-im complex in dmso are particularly 
asymmetric. Such spectra for low-spin iron(rrr) complexes were 
previously observed by Lang et al.33 for cyano haemoglobin at 
77 K and also by us for lyophilized samples of cytochrome c 
 polypeptide^.^^,^^ 

Discussion 
Quadrupole Splittings in Low-spin Irron(m) Porphyrim-To 

put some of the experimental results obtained in this study into 
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Figure 2. Ordering of one-electron energy states and ligand-field 
parameters for low-spin iron(iii) porphyrins in axial (tetragonal) and 
rhombic symmetry perturbations. Here h is the spin-orbit coupling 
constant; Aih and ViV/h are the magnitudes of the axial and rhombic 
distortions expressed in units of h 

perspective, it is necessary briefly first to consider aspects of the 
electronic structure of low-spin (porphyrinato)iron(IIr) com- 
plexes. A theoretical understanding of such systems was lucidly 
discussed by Palmer 36 in two excellent reviews. The important 
features of the theory relevant to this work are briefly 
summarised here. 

The low-spin d 5  iron(w) ion in 0, symmetry has a t295 
electronic configuration. In the bis(imidazo1e) complexes of FeL 
the degeneracy of the one-electron states is lifted by axial and 
rhombic perturbations to yield dxy as the most stable followed 
by d,, and dyz in order of increasing energy 36 (Figure 2). 

Lang and co-workers 3 3 9 3 7  extended this theory to calculate 
the hyperfine parameters such as the magnetic hyperfine field 
and the electric field gradient (e.f.g) at the nucleus. Golding38 
demonstrated that the AEQ value is sensitive to the distortion 
parameters and gave a maximum value of AEQ = 2.5 mm s-' 
for low-spin iron(m) complexes. 

The e.f.g is the sum of qval (the valence term) [arising from the 
imbalance in the electron distribution in the valence orbitals 
around the iron(m) ion] and qlatt (the lattice term) [arising from 
the distribution ofthe other charges in the neighbourhood of the 
iron(II1) ion]. We expect qval and qlatt to be of opposite sign, and 
qva, 9 qlatt in the covalent compounds reported in this work. 

In order to relate the e.f.g. to molecular structure and 
bonding, qval may be expressed as the sum of q C F  and q M 0 ,  where 
q C F  results from the population of one-electron states (Figure 2) 
within the assumptions of crystal-field theory, and qMo 
originates from the donation and/or withdrawal of charge 
density due to covalency. Thus qval results from an asymmetric 
distribution of electron density in both bonding and non- 
bonding orbitals (Figure 2). The relative changes in qval in 
various situations may then be estimated qualitatively by using 
the Townes-Dailey approximation 39 and chemical intuition of 
G donation and/or n donation by the ligands in the x,y plane 
and along.the z axis (taken as the normal to the x,y porphyrin 
plane 36) .  

In low-spin iron(rI1) systems the qCF term is dominant and 
its contribution may obscure the relation of (T or n bond- 
ing  contribution^.^' We suggest that in low-spin (por- 
phyrinato)iron(m) complexes the symmetry of the charge 
distribution and hence q C F  is mainly controlled by the magni- 
tude of the rhombic distortion parameter ( V )  in relation 
to the spin-orbit coupling (h) in the complex. Three situations 
can then be distinguished. 

(a) When V b h and A b h, the ground state is an orbital 
singlet (,B) and the unpaired electron is localised in dvz (Figure 
2). This generates an unequal distribution of charge density in 
the x and y directions giving rise to a large q C F .  Such a situation 
arises when the two imidazole planes are parallel and both 
molecules interact with the iron dyz orbital making it the 

highest-energy orbital (as found from the analysis of e.s.r. 
data 1 7 9 3 6 ) .  Scheidt and co-workers 8 9 4 1 , 4 2  have pointed out 
that such a parallel orientation of imidazoles lying over the 
porphyrin nitrogen atoms is the thermodynamically most stable 
form. In the absence of any contribution from q M 0  and qIatt, this 
situation corresponds to Golding's value of maximum AEQ of 
2.5 mm s-' for the maximum distortion in a low-spin iron(m) 
complex. 

(b) When V < h and A 4 h, the unpaired electron is 
delocalised over the d,, and dyz orbitals giving rise to an orbital 
doublet ( 2 E )  ground state for the complex. This arises from an 
effective electronic axial symmetry; qCF is obviously smaller than 
that in case (a). This case occurs when one of the imidazole 
ligands forms a n bond with the iron dy: orbital and the other 
forms a 71: bond with the iron d,, orbital. For maximum n 
overlap within these orbitals the imidazole planes should be 
orientated perpendicular to each other. Recently the crystal 
structure and e.s.r. studies of [Fe(tpp)(py),] + have been 
reported;43 the two pyridine (py) molecules adopt a perpen- 
dicular geometry and the d,, and d,,, orbitals are nearly 
degenerate. Analysis of the e.s.r. g values of the [FeI,(py),]+ 
complex show that the d,, and dyz orbitals in this molecule are 
quite close in en erg^.'^.^^ This suggests that the two pyridine 
planes are aligned approximately perpendicular to each other as 
in the tpp derivative. The structure of the [Fe(tpp)(2Me-im),] + 

salt 2 8  (AEQ = 1.77 mm s-') shows that the axial ligand planes 
are aligned close to a perpendicular orientation and e.s.r. data 
again indicate 8,28 the near degeneracy of the d,, and dyz orbitals 
( V  = 0.9 1). In addition, e.s.r. studies l7 on [FeL(4Me-py),]Cl 
(4Me-py = 4-methylpyridine) and [FeL(4NH2-py),]Cl also 
indicate that V x h in these two compounds. Mossbauer data 
for the [FeL(L'),]+ species where L' = py23*44 (AEQ = 1.88 
mm s-'), 4 M e - ~ y ~ ~  (AEQ = 1.97 mm s-'), or ~ N H , - P ~ , ~  
(AEQ = 1.93 mm s-') show that AEQ is around 1.9 mm s-' for 
the perpendicular orientation of the axial ligand planes in 
[FeL(L'),] + complexes. 

( c )  When V < h and A < h then the energy states are close 
together. Electrostatic interactions or spin-orbit coupling may 
mix the ' E  and states leading to a more symmetric charge 
distribution around the iron nucleus. This possibility arises 
when there are two or more possible conformations of the 
ligand orientations. A comparison of e.s.r.' 7,43344 and 
Mossbauer 23725,44945 data indicates that this situation would 
generate a much smaller value of AEQ than either of the two 
cases above. Inclusion of lattice and covalency contributions 
give AEQ in the range 0.3-1.3 mm s-' for cyanide-containing 
c o m p l e ~ e s . ~ ~ . ~ ~  We have recently found from n.m.r. studies that 
the temperature variation of the isotropic proton-shift data fits 
well with this model for bis(cyanide) and pyridine cyanide 
complexes of FeL encapsulated in a detergent m i ~ e l l e . ~ ~  

It is therefore significant that in the Mossbauer data for the 
low-spin porphyrinatoiron(II1) complexes described here and in 
the literature 8,23--25,44 the crystal-field term (qCF) dominates 
AEQ values. Hence any comments on secondary effects due to 
ligand (T and n: bonding contributions to the e.f.g. (that are 
argued to arise from the relative basicity or n-donating abilities 
of a series of axial ligands) would be valid only if the ground 
state of the system is known not to change as the ligand basicity 
increases or decreases. For example, the differences in AEQ 
between the bis(imidazo1e) (2.35 mm s-') and the bis(pyridine) 
(1.88 mm s-') complexes of FeL is most likely due to a change in 
qCF arising from differing electronic occupation of d,, and d,,, 
[cases (a)  and (b) above], rather than from a change in the 
n-donating ability of these two ligands as proposed by Epstein 
et al.23 

Orientation Efects of Substituted Imidazoles.-[FeL(2Me- 
im),]'. The quadrupole splitting for this complex (AEQ = 1.87 
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mm s-l) is the lowest in the series of compounds studied here. 
The value is similar to that of [FeL(py),]Cl (AEQ = 1.88 mm 
s-').,~ If AEQ was simply a result of ligand basicity, this would 
be a surprising result [2Me-im, pK,(HB+) = 7.56; py, pK,- 
(HB+) = 5.21. It is much more likely that these AEQ results are 
fortuitous and the 2Me-im and py ligands in fact use differing 
amounts of <T and n: overlap in their bonding to FeL. 
Interestingly both these FeL complexes have h.a.1.s. e.s.r. 
spectra 9.17,42 withg,,,. ' > 3.0. 

Recent e.s.r. studies 8 9 4 3  on h.a.1.s. systems show that 
structures having perpendicular orientation of planar axial 
ligand have a line at g,,,. > 3.0. This geometry results in a near 
degeneracy of dyz and d,, orbitals and therefore corresponds to 
case (b) discussed above. Thus the quadrupole splitting of 
1.87 mm ssl is assigned to such a structure. 

The Mossbauer parameters for the non-hindered imidazoles 
(Him and 1Me-im) show that those with the largest rhombic 
distortion and rhombicity show the largest AEQ (Tables 1 
and 2). 

[FeL(lMe-im),] +. The quadrupole splitting of this complex 
is highly solvent dependent, AEQ increasing by 0.1 mm s-' in a 
water-ethanol(1: 1) solution compared to a dmso solution. The 
linewidth of the Mossbauer lines in the former solvent are less 
than half their width in the latter. Moreover, this compound in a 
frozen solution of aqueous ethanol manifests a symmetric 
quadrupole doublet in contrast to an asymmetric doublet in 
dmso. The e.s.r. data in Table 2 show that in dmso the rhombic 
distortion and rhombicity are much less than that in aqueous 
alkaline solution. 

The crystal structure of [FeL( 1 Me-im),]CH,OH-H,O is 
known;47 the two axial ligands are nearly parallel (cp = -3 
and 16" respectively, and 8 = 19O). As a result of steric 
interactions associated with the differing orientations of the 
two axial imidazoles, the two iron-imidazole bond lengths were 
found to be non-equivalent. Both CH,OH and H 2 0  molecules 
are hydrogen bonded to the propionate carboxylate groups of L 
and the complex may be best formulated as a hydroxide 
[FeL(lMe-im),] +OH-.47 

From the preceeding facts it is probable that the 1Me-im 
complex has different conformations of the imidazole plane 
orientations in aqueous ethanolic and in dmso solutions. In 
aqueous ethanol the C,H,OH and H,O molecules may form 
hydrogen bonds to the propionate groups (as in the crystal 
structure), and thus stabilise the bis adduct through charge 
neutralisation and solvation. It is known that in polar solvents 
the bis(imidazo1e) adducts are more stable and probably have 
stronger iron-imidazole bonds.' 3-15 In a frozen solution the 
most stable form would be the one where the two imidazole 
planes are oriented parallel to each other.41 Thus, a large 
value of AEQ (symmetric quadrupole doublet), and a large 
rhombic distortion (Table 2) in aqueous ethanol, indicate that 
in this solvent the two 1Me-im planes are parallel to each 
other. 

In dmso solution, the smaller value of AEQ and a smaller 
rhombic distortion (Table 2) indicate that the two axial 1Me-im 
ligands are no longer coplanar. However, the AEQ observed 
(2.24 mm s-') in dmso is much larger than that expected (ca. 1.9 
mm s-' as discussed earlier) for a perpendicular orientation of 
the planar ligands. Hence the orientation of the 1Me-im planes 
in dmso are non-parallel, though they do not approach a 
perpendicular alignment. Thus their orientation in dmso could 
be similar to that found in the crystal structure but possibly with 
somewhat larger values of cp and 8 (defined in Ref. 42). 

Any deviation from the stable parallel orientation leads to a 
small distribution range of imidazole planes since molecules 
with several combinations of cp and 8 values may have equal 
energy. The observed increase in the linewidths in dmso (0.37, 
0.49 mm s-') as compared to that in ethanol-water (1 : 1) (0.16, 

0.18 mm s-') indicates the presence of more than one Mossbauer 
site in [FeL(lMe-im),] + in dmso. 

Support for such a change in orientation of axial imidazole 
planes in dmso may be found in thermodynamic data on ligand 
binding 1 3 9 1 4  which infers that the iron-imidazole bonds in 
dmso are weak (p2 M lo4 dm6 rnolk2) compared to those in 
water-ethanol (1:l) (p, M lo6 dm6 molW2). A weaker bond 
would also be expected to be present in sterically hindered 
2Me-im. This would both allow some degree of freedom for 
rotation and could in part arise from such rotations. Steric 
interactions associated with the differing orientations of the two 
axial ligands are therefore related to long iron-imidazole bonds. 
Electronic factors due to solvent polarity and hydrogen bonds, 
in stabilising the bis(imidazo1e) adducts, also have consider- 
able influences on the iron-imidazole bond and hence on the 
orientation of the axial ligand. 

[FeL(Him)L'] + (L' = Him or im). The quadrupole splitting 
of [FeL(Him),]+ is independent of the nature of the solvent 
(Table 1 )  (2.34 & 0.02 mm s-l). On the other hand, on 
deprotonation of one of the imidazole ligands to give [FeL- 
(Him)(im)] AE, becomes 2.43 mm s-'. This is an increase of 
0.09 mm s-' in A&, similar to what was observed for the 
1Me-im analogue in changing the solvent from dmso to 
aqueous ethanol. We found that the basicity and hydrogen 
bonding of axial ligands does not change the isomer shifts and 
quadrupole splittings as drastically as observed on deproton- 
ation (see below). Thus deprotonation may well be accom- 
panied by a change in orientation of the axial ligand planes. 

If it is assumed that the stable structure of [FeL(Him),] + in 
ethanol-water (1: l), dmso, and acetone is similar to that of 
[FeL(lMe-irn),]CH,OH~H,O in the crystal (with similar 
values of cp and then on deprotonation in alkali 8 may 
approach O", i.e. the axial ligand planes become parallel. This 
structure would then possess a large rhombic distortion such 
as was found in the e.s.r. study l 7  (ca. 2.5 h in Table 2), and a 
large AEQ value as observed in this work. 

The differences in the Mossbauer linewidth data and the AEQ 
values for Him and 1Me-im in dmso are significant and point to 
differences in the behaviour of these two ligands in dmso. The 
Him complex has narrower linewidths, a larger AEQ, and thus 
exists in less orientational conformations than does the 1Me-im 
complex in dmso. 

To summarise, [FeL(Him)(im)] and [FeL( 1 Me-im),] +OH - 
in aqueous ethanol have their imidazole planes in parallel 
orientation, whereas in [FeL(Him),] + and [FeL(lMe-im),] + 

in dmso the imidazole planes are non-parallel. The complex 
[FeL(2Me-im),] + corresponds to a situation where the 
imidazole planes are in a near or exactly perpendicular 
orientation. 

li'fjcects of Hydrogen Bonding.-There are two differing 
positions of hydrogen bonding which are possible in the 
[FeL(L'),] + complexes studied here. These are (1) hydrogen 
bonding of the propionic acid carboxylates with the solvent or 
counter anion (when L' = 1Me-im as discussed above), and 
(2) hydrogen bonding of the N-H of axially co-ordinating 
imidazoles (when L' = Him or 2Me-im) with solvents, with 
added hydrogen-bonding agents ' (such as trifluoroethanol or 
1,lO-phenanthroline) or with excess of imidazole in solution. 
The influence of hydrogen bonding on the stability of the low- 
spin state is discussed in the following section. Here we discuss 
the effect of hydrogen bonding of axial ligands in favouring a 
non-parallel orientation of the imidazole planes and in 
influencing the basicity of axial ligands. 

When hydrogen bonding to the axial ligands is possible, the 
linewidths of the Mossbauer spectra are large. This may be 
confirmed as follows. 

(i) For the [FeL(L'),]+ complexes where L' = Him or 
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Table 2. E.s.r.a and Mossbauer (AE,) data and crystal-field-parameters for relevant rFeL(L’),] + complexes 

Compound 
[FeL(Him),] + 

[FeL(Him)(im)] 
[FeL(lMe-im),] + 

[FeL(lMe-im),]+OH- 
[FeL(2Me-im),] + 

Cytochrome b,, liver, native 

Cytochrome b, 59, high potential 
low potential 

Medium 
dmso ‘ 
dmsod + OH- 
dmso 
Water-than01 (1 : 1) 
h 
neutral‘ 
alkaline 
(membrane) J 

(membrane) j 

gz 
3.02 
2.76 
2.97 
2.74 
3.48 
3.03 
2.76 
3.08 
2.94 

gY 
2.24 
2.28 
2.27 
2.27 
2.36 
2.23 
2.28 
2.16 
2.26 

gx 
1.51 
1.68 
1.51 
1.72 
1.05 
1.43 
1.68 
1.36 
1.50 

VIA 
1.77 
2.45 
1.84 
2.57 
1.15 
1.68 
2.45 
0.62 
1.08 

AIL 
3.54 
3.71 
3.27 
2.8 
2.26 
3.23 
3.71 
1.52 
1.86 

AEQI 
VIA mm s-’ 
0.50 2.35 
0.59 2.43 
0.56 2.24 
0.67 2.34 
0.50 1.87 
0.52 2.27 
0.66 
0.41 
0.58 - 

- 
- 

a From refs. 4,9, 16--18. ’ This work. ‘ Ref. 18. Refs. 16 and 18. Ref. 9. Formulation from ref. 47 [also see text for water ethanol (1 : l)]. E.s.r. data 
for alkaline solution in ref. 4. E.s.r. data in ref. 17 taken in dimethylformamide (dmf) solution. Experimental details are not known; 6 = 0.23 f 0.03 
mm ssl and AE, = 2.27 f 0.03 mm ssl at 195 K reported by E. Miienck, Methods Enzymol., 1978,54, 346. J Ref. 4. 

1Me-im in water-ethanol (1 : 1) the large linewidths found for 
the former lead to the suggestion that several similar sites may 
be caused by hydrogen bonding, but only one site is found for 
L’ = 1Me-im (where no axial ligand hydrogen bonding can 
take place). 

(ii) For L’ = Him in dmso, acetone, and water-ethanol(1: l), 
the linewidth is largest for the strongest hydrogen-bonding 
solvent. 

(iii) Also for the case L’ = Him, addition of hydrogen- 
bonding agents such as 1,lO-phenanthroline to the acetone 
solution increases the linewidth by increasing the number of 
sites present in the solution. 

The fact that hydrogen-bonding solvents do not influence the 
isomer shift and apparently the quadrupole splitting does not 
cast doubt on the formation of hydrogen bonds with axial 
imidazole ligands. Such bonding has been well established in the 
complexes studied here.” In fact the obvious inference to be 
taken from these unchanged Mossbauer parameters is that 
there are two opposing contributions to the electronic en- 
vironment around the iron(rr1) ion. For example, hydrogen 
bonding of co-ordinated imidazoles could not only change the 
basicity of the axial l i gand~ , ’~  but also favour non-parallel 
orientation of imidazole planes as found4’ in the crystal- 
structure study of [Fe(tpp)(Him),]+Cl- (0 = 57”). The nearly 
constant value of AEQ in the [FeL(L’),]+ (L’ = Him) com- 
plexes in Table 1 may be due to opposing contributions of a 
change in ligand basicity uersus a change in the imidazole plane 
orientation, both induced by hydrogen bonding of axial Him 
ligands. 

Constraints imposed by hydrogen-bonding interactions of 
imidazole ligands and solvent are responsible for non-parallel 
orientation of axial planes, particularly if the iron-imidazole 
bond is weak. We suggest that in the bis(imidazo1e) complex 
the resultant non-parallel orientation leads to a statistical 
distribution of angular alignment of imidazole planes, within a 
small range of cp and 0 values close to the thermodynamically 
favourable parallel ~rientation.~’ These molecules with differ- 
ing conformations of imidazole plane orientation would be in a 
state of slow interconversion and give rise to similar Mossbauer 
parameters. Thus a broad envelope would be expected in the 
Mossbauer spectrum of such a distribution. This could explain 
the large linewidths observed when hydrogen bonding is 
possible as against the smaller values obtained when hydrogen 
bonding is not favoured. Such line broadening in the Mossbauer 
and e.s.r. spectra of iron porphyrin complexes has been reported 
p r e v i o u ~ l y . ~ ~ , ~  1,32 

Spin State and Hydrogen Bonding.-The Mossbauer spectra 
reported in this investigation are quite sensitive to the polarity 

and hydrogen-bonding ability of the solvents used. In solvents 
such as dmso or acetone the complexes show the presence of 
high-spin impurities, whereas for the non-hindered imidazoles 
in water-ethanol(1: 1) or in the presence of hydrogen-bonding 
agents in acetone predominantly low-spin spectra are observed. 

The presence of high-spin forms was previously reported in 
dmso l 3  and in acetone solution.” The imidazole binding con- 
stant is quite large in water-ethanol (1 : 1 )  l 4  (pz =3.5 x lo6 
dm6 molP2) as compared to that in dmso l 3  (0, = 7  x lo4 dm6 
molk2) and acetone l 5  (p2 = 2.5 x lo4 dm6 rnol-,). 

The present Mossbauer data reflecting the influence of 
hydrogen-bonding agents on stabilisation of the low-spin 
iron(1rr) states can be rationalised in the light of the reported 
electronic absorption spectroscopic data. However, correlation 
of isomer shift with ligand basicity (and hence ligand-field 
strengths) is not straightforward. For example, though 1Me-im 
is a stronger base [pK,(HB+) = 7.331 than Him [pK,(HB+) = 
6.651, the isomer shift of the latter in water-ethanol (1 : 1)  is 
similar to that of the former. This could be due to the fact that 
hydrogen bonding makes co-ordinated Him a stronger base 
than free Him. In polar hydrogen-bonding solvents the product 
ion pair [FeL(lMe-im),]+X- is stabilised giving rise to a 
stronger iron-imidazole bond.’ This strengthening of metal- 
ligand bonds would stabilise the low-spin species and this is the 
observed spin state. 

The Mossbauer spectrum of the 2Me-im complex shows the 
presence of a small amount of a high-spin species even in water- 
ethanol (1 : 1). Based on e.s.r. studies, Carter et al.’ showed that 
the compound in dmso is present as a mixture of high- and low 
spin states. Though 2Me-im is the strongest base in the series 
[pK,(HB+) = 7.561 the presence of the high-spin state arises 
from steric interactions.’ However, our observation that the 
compound is predominantly low spin in frozen water-ethanol 
(1 : 1) suggests that hydrogen bonding to axial imidazole ligand 
can dramatically influence the stability of the low-spin iron(m) 
porphyrins. 

Slow Spin- Lattice Relaxation and Asymmetric Broadening.- 
It may be seen from Figures 3 and 4 that in the spectra of 
2Me-im and 1Me-im complexes the two Mossbauer lines of 
the quadrupole doublets are of unequal intensity and that the 
higher-velocity lines are broadened compared to those of the 
low-velocity lines. However, the relative areas of the two 
Mossbauer lines (Table 1) are the same within the experimental 
errors. Such an observation is quite rare for a low-spin iron(w) 
system. There are several possible mechanisms for asymmetric 
line broadening in Mossbauer spectra, such as randomly 
oriented polycrystalline samples.26 However, in a frozen 
solution of low-spin FeL complexes the only mechanism con- 

http://dx.doi.org/10.1039/DT9900000263


268 J. CHEM. SOC. DALTON TRANS. 1990 

I 1 I 1 I1 
-10 -5 0 5 10 

Velocitylmm s-1 

Figure 3. Mossbauer spectra (80 K) of [FeL(Him),]+ in (a)  ethanol- 
water (1 : 1) and (b) acetone 

99 L- 
sistent with the observation reported here is that the spin-lattice 
relaxation rates are slow compared to the nuclear precession 
f r e q ~ e n c i e s . ~ ~ , ~ ~  Bradford and Marshall 49 used such a model 
successfully to fit the haemoglobin cyanide spectrum 33 at 77 K. 
The asymmetric line broadening in the Mossbauer spectrum of 
ferricytochrome c2, cytochrome c, and dehydrated metmyo- 
globin was also attributed to slow spin-lattice r e l a x a t i ~ n . ~ ~ ~ ~ ~ ~ ~ ~  

When the dominant mechanism is spin-lattice relaxation, 
that is coupling of the electron spin with the lattice phonon 
modes via spin-orbit interaction, we note that the Mossbauer 
spectra would be dominated by (1) the nature of the solvent, (2) 
the various possible hydrogen-bonding interactions with the 
porphyrin, and (3) by the exact nature of the electronic ground 
state. The crystal structure of the 1Me-im complex47 shows that 
there is a water molecule hydrogen bonded to the two propionic 
acid groups of L and that the complex may be best formulated 47 

as [FeL(lMe-im),]+OH-. The lattice of the 1Me-im complex 
in frozen dmso cannot provide any hydrogen-bonding possi- 
bilities as we have discussed earlier. These factors would have 
significant influence on the stability of the bis complexes, on 
the iron-imidazole bond lengths, and on the orientation of the 
1Me-im planes in various solvents. 

In complexes with a pure orbital singlet ground state there 
would be no orbital contribution to the magnetic moment, and 
hence any coupling of the electron spin with the lattice phonons 
would be negligibly small. Hence the slow relaxation in the 
2Me-im complex and in the 1Me-im complex in dmso may 
result from a degeneracy of the orbital ground state. The 
doublet state has an effective hyperfine field (parallel to z axis) 
which will not time average to zero if the fluctuations are 
sufficiently slow.50-53 This will lead to an onset of para- 
magnetic hyperfine splitting as found for some octahedral high- 
spin iron(I1) c ~ m p l e x e s . ~ ' ~ ~  When the spin-lattice relaxation 
is the dominant mechanism, we expect the complexes to have 
either an orbital doublet ('E) ground state or a ground state 

9 
-10 -5  0 5 10 

Velocity I mm 5' 
Figure 4. Mossbauer spectra (80 K) of [FeL(lMe-im),] + in (a) ethanol- 
water (1 : l), (b) dimethyl sulphoxide, and (c) of [FeL(2Me-im),] + in 
ethanol-water (1 : 1) 

where there is a significant mixing of a 'Estate with an orbital 
singlet-state (2B)  by spin-orbit coupling or by thermal energy. 
We have pointed out earlier that the 2Me-im complex belongs 
to the first category by virtue of the perpendicular orientation of 
axial ligand planes and that the 1Me-im complex in dmso 
belongs to the latter category where the axial ligand planes are 
tilted from each other by a small angle. 

Relevance to Cytochrome b.-It is noteworthy that the e.s.r. 
results for the complexes (Table 2) [FeL(Him)(im)] and 
[FeL(lMe-im),] 'OH- in aqueous ethanol are comparable to 
those for cytochrome b, in alkaline solution, whereas the e.s.r. 
results for the complexes [FeL(L'),]+ where L' = Him or 
1Me-im in dmso are comparable to those for cytochrome b in a 
neutral m e d i ~ r n . ~ * ~ ~ ~ ~ - ' ~  Th is Mossbauer study demonstrates 
that these two situations (viz. aqueous ethanol vs. dmso) 
correspond to a change in orientation of the axial ligand planes. 
This change in orientation is associated with changes in the iron 
electronic structure in the porphyrin as observed in the data in 
Tables 1 and 2. Thus the Mossbauer data reported here support 
the hypothesis of Babcock et aL4 that a change in the histidine 
(imidazole) plane orientation could give rise to the observed 
differences in the electrode potentials and e.s.r. g-values of the 
two forms of cytochrome b. 

We found that the range of changes in AEQ for non-hindered 
imidazole (Him and 1Me-im) complexes are much smaller than 
that expected for parallel to perpendicular orientation of ligand 
planes. The expected value of AEQ for the perpendicular 
orientation of ligand planes is ca. 1.9 mm s-' which was 
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obtained in the sterically hindered 2Me-im complex, [FeL- 
(2Me-im),] +, in aqueous ethanol. It is interestjng to note that 
the e.s.r. results for the 2Me-im complex are significantly 
different from those for both forms ’* of cytochrome b but are 
similar to those of cytochrome b562, cytochrome c in alkali,” 
and certain mitochondria1 b cytochrome~.~ Hence we suggest 
that in order to stabilise the perpendicular orientation of ligand 
planes considerable steric interaction between the porphyrin 
and the axial ligands is necessary. 

Thus the size of change from a parallel to a non-parallel 
orientation of the axial ligand planes of the non-hindered 
imidazole model complexes (studied here by Mossbauer 
spectroscopy) is much smaller (i.e. never approaching 
perpendicular orientation) than the parallel to perpendicular 
change in the orientation of axial histidines proposed4 for 
cytochromes b. The Mossbauer results for cytochrome b, 
(Table 2) are similar to those of [FeL(IMe-im),]+ in dmso 
indicating a similarity of the imidazole plane orientation in the 
protein. 

It may be pointed out that the crystal structure of a tetrahaem 
protein, cytochrome c3 from Desulphovibrio desulphuricans 
strain Norway, has three haems that have their axial imidazoles 
in nearly parallel planes, while the fourth haem, which is the 
most remote from the aqueous medium, has its axial imidazoles 
perpendicular to each other.5 The exposure of the haems to 
aqueous environments may be an important factor54 in 
influencing the electronic structure of iron as found by us in 
the 1Me-im model, [FeL(lMe-im),]’ in water-ethanol (1 : 1) 
and in dmso. 

Conclusions 
Considerations on the Mossbauer spectra of [FeLCl] 
complexes with imidazole and two of its substituted derivatives 
(recorded in various solvents and hydrogen-bonding agents) 
show that the orimtation of planar axial ligands and various 
steric and/or electronic factors have considerable influence on 
the iron electronic structure of porphyrins. A value of A& = 
2.43 mm s-’ for the imidazolate complex is assigned to a 
parallel orientation of the planar axial ligands. A much lower 
value of AEQ = 1.87 mm s-’ for the 2Me-im complex is found 
for the situation where the planar ligands are in a perpendicular 
orientation. Complexes where planar ligands are aligned per- 
pendicular to each other may show an asymmetric quadru- 
pole doublet where the higher-velocity line is comparatively 
broadened. This is attributed to slow spin-lattice relaxation 
in these complexes. Hydrogen bonding by various donors, 
external or internal to the porphyrin, shows considerable 
influence on the spin state of iron(m), particularly in the case of 
the 2Me-im complex. The large linewidths of about 0.6-0.98 
mm s-l obtained are attributed to the presence of a range of 
similar complexes varying in the distribution of angular 
alignment of their axial ligand planes around the thermo- 
dynamically most stable arrangement for a given substituted 
imidazole bound to [FeLCl]. 
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