
1718 Znorg. Chem. 1981, 

coordination number of 4, contact is obtained between the Se4+ 
ion and C1- ions in contrast to the case when the coordination 
number is 6). The formation of SeC13+ rather than SeC14 is 
probably due to the presence of the stereochemically active 
lone pair.28 
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Resonance Raman spectra of iron-TPP complexes of general formula Fe"(TPP)(L)(L') with n = I1 or 111 are reported. 
The use of two different exciting lines allows the observation of totally and non totally symmetric modes. The frequencies 
of four structurally significant Raman bands, A (ca. 1360 cm-I, p). B (ca. 1375 cm-I, dp), C (ca. 1520 cm-I, ap), and D 
(ca. 1560 cm-I, p), are discussed: all of them are dependent on the spin of the iron atom. Among the non totally symmetric 
modes the Occurrence of band B is characteristic of pentacoordinated derivatives, and the frequency of band C which appears 
as equivalent to band IV of physiological porphyrins is a sensitive spin indicator. Within the low-spin Fe" derivatives, the 
frequencies of the totally symmetric modes A and D are both sensitive to da(Fe)lr*(TPP) interactions: band A frequency 
is more specifically dependent on the 7c acidity of the axial ligand, and band D frequency reflects the stereochemistry around 
the iron atom. Finally, the vibrational pattern of pentacoordinated complexes is very distinctive. 

During the last years, resonance Raman (RR) spectroscopy 
has been increasingly used to characterize hemoproteins and 
physiological porphyrin derivatives.' Correlations have been 
established between the frequencies of some prominent Raman 
bands and the spin and oxidation states of the iron atom in 
protoporphyrin IX and in mesoporphyrin: for example band 
I is considered as an oxidation-state marker band, while band 
IV is a spin marker band (nomenclature according to ref 2). 
Meanwhile, due to the convenient synthesis of iron tetra- 
phenylprophyrin (hereafter TPP), a great number of Fe(TPP) 
derivatives have been prepared, as models for various hemo- 
proteins complexe~.~*~ Usually X-ray structural studies have 
been carried out, and some of the data have been used to get 
a better insight into the heme structure, as the measurements 
on the proteins are of much lower accuracy. As far as the 
optical properties are concerned, the comparisons between 
Fe(TPP) complexes and hemoproteins derivatives have not 
been carried out to such an extent. And indeed significant 
differences exist in the visible spectra of Fe(TPP) derivatives 
compared to that of physiological porphyrins such as shifts 
on band positions and absence of a@ spli t t ing~.~ Recently a 
resonance Raman study has been devoted to some Fe(TPP) 
derivatives, showing a vibrational pattern poorer than that of 
physiological porphyrins: with use of blue excitation, only 
totally symmetric modes were observed, and three prominent 
bands were characterized, whose frequencies are altogether 
dependent on both the spin and oxidation states of the iron.6 

As new derivatives have been described and structurally 
~haracterized,'-~ including pentacoordinated low-spin Fe" 
complexes, we think it worthwhile to investigate their Raman 
spectra, using both Soret and p excitations, and reinvestigate 

*To whom correspondence should be. addressed: G.C., UniversitE Pierre 
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some of the previously examined derivatives, with @ excitation. 
Thus the frequency changes of the totally symmetric modes, 
already described in ref 6, have been studied as a function of 
various electronic and structural parameters; non totally 
symmetric modes have been characterized, mainly band B (dp, 
ca. 1370 cm-I) which only occurs in pentaccordinated species 
and band C (ap, ca. 1500-1550 cm-I), whose frequency is 
dependent on the spin state of the iron and thus appears as 
the equivalent of band IV of physiological porphyrins. Finally 
a vibrational pattern characteristic of pentacoordination is 
proposed. 

Experimental Section 

In the Fern series, the complex [F~(TPP)(MQSO)~]"~ was obtained 
by dissolution in Me2S0 of [Fe(TPP)(C2H50H)2]BF4, which was 
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Table 1. Resonance Raman Frequencies (cm-’) of Fe(TPP)(L)(L‘) Complexes 
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cs C=C@ ClC,H,), (carbene CH ,NO Me,SO 
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prepared according to ref 11. In the Fe” series the synthesis of the 
pentacoordinated complexes Fe(TPP)(L) with carbenic axial ligands 
L = CS, El2, C = C(pCIC&14), and (Fe(TPP)),C have been already 
described.’ The corresponding hexacoordinated complexes Fe- 
(TPP)(L)(L’) with L’ = amine were obtained by dissolution of Fe- 
(TPP)(L) in a solvent containing 1% of the appropriate amine. The 
complexes with L = alkylnitroso and L’ = amine were synthesized 
according to ref 8; when L’ = CH30H, the pentacoordinated al- 
kylnitroso complex is generated in dilute solution.I2 The compounds 
Fe(TPP) and Fe(TPP)(2-CH31m) were obtained by reduction of 
Fe(TPP)CI by sodium dithionite, using a bilayer technique.13 All 
other compounds were obtained following classical procedures already 
described.“ 

The Raman spectra were measured in C6H6 and CHC13 solutions 
at M concentration, using a rotating cell. The same cell was 
used to record the visible absorption, before and after the Raman 
measurements. A Coderg double monochromator was used, with Ar+ 
and Kr+ laser excitation. The laser power on the sample was kept 
ca. 50-60 mW for A,, > 500 nm and ca. 30 mW for X, < 500 nm. 
The detection used a dc amplifier and a cooled RCA C3 1034 PM 
tube. The slit width is usually 5 cm-’, and the frequencies are accurate 
within A1.5 cm-’. 

The Raman data on the hemoglobin derivatives were recorded in 
phosphate buffer at pH 7.4. HbCO was obtained from stripped human 
Hb by CO bubbling; HbC&15N0 and HbCzHSNC were obtained from 
deoxyhemoglobin by addition of the corresponding ligands,I5 and 
HbNO and HbCH3N0 were prepared from Hb02, by addition of 
N a N 0 2  and CH3N02, respectively, in the presence of Na2S2O4.I6 

~ ~~ 
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Figure 1. Raman spectrum of Fe(TPP)(CI) in CHC13 (concentration 
1 mg/mL). Excitation wavelength: a, 514.5 nm (60 mW); b, 457.9 
nm (30 mW). The solvent band is indicated by an asterisk. 

Results and Discussion 
The Fe”’ complexes Fe(TPP)(L) with L = C1,O (p-oxo), 

and Fe(TPP)(L)(L’) with L = L’ = Im and the Fen complexes 
Fe(TPP)(L) with L = 2-CHJm and Fe(TPP)(L)(L’) with L 
= L’ = pip or  py already studied with 457.9-nm excitation by 
Burke et a1.6 were reinvestigated with use of both Soret (mainly 
457.9 nm) and /3 excitation (mainly 514.5 and 530.8 nm). 
With blue excitation no significant discrepancies were observed 
between our results and the previous ones. As we worked with 
two sets of exciting lines, we observed some extra bands, in 
the high frequency region, mainly around 1410 (p), 1375 (dp), 



Chottard et al. 1720 Inorganic Chemistry, Vol. 20, NO. 6, 1981 

Table 11. Structurally Significant Frequencies of Fe(TPP)(L)(L') Complexes 
oxidn Ct...N,O Fe*-Ctf A (p), B (dp), c D (P), 

L L' state spin A a cm- cm- cm- cm-' 
c1 111 */, 2.012 0.38 1363 1369 1516 1552 
0 111 5/, 2.027 0.5 1360 1368 1511 1554 
Me,SO Me, SO 111 5 / 1  2.045 0 1360 1507 1545 
Im Im 111 ' I l  1.989 0.01 1370 1540 1568 

I1 1 1.972 0 1367 1540 1565 
2€H,Im I1 2 2.044 0.42 1345 1365 1500 1542 

I1 0 2.004 0 1355 1540 1560 
1560 

PiP 
1543 

PiP 
PY I1 0 1359 

not observed 
PY co PY I1 0 1365 

1567 I1 0 1.990 0.211 1368 1538 
1-MeIm I1 0 1.98 0.03 1366 1563 

II 0 1365 1376 1542 1567 S r N O  
I1 0 1366 1539 1560 

1572 
CH,NO PY cs I1 0 1368 1376 1543 
cs PY I1 0 1.988 0 1366 1540 1563 

1571 I1 0 1369 1377 1545 
I1 0 1.97 0.2 1369 1379 1543 1572 

eel, 
C=C@€lC,H,), 
C=C@€lC,H,), PY I1 0 1367 1539 1566 

1569 =C= (carbene dimer) I1 0 1365 1377 1540 

:? 

a X-ray data from ref 11, except for L = L' = Me,S0,9 L = CS, L' = py,Zo and L = C=C@€1C,H,),.21 Raman data for Fe(TpivPP)(l- 
CH,Im)(0,).6 This complex can be also considered as an Fe'II0,- complex.6 The use of either formalism is still a matter of contToyersy.26 

1300 (dp), and 1190 (dp) cm-I, all showing maximum intensity 
within the /3 absorption region. 

The Raman frequencies of the high-spin Fe"' complex with 
L = L' = Me2S0 (some of which are already given in ref 17), 
of the low-spin Fe" pentacoordinate complexes with L = NO, 
CH3N0,  CS, CC12, C=C@-ClC6H4),, or =C= (carbene 
dimer), and of the low-spin Fen hexacoordinate complexes with 
L = CH3N0,  c s ,  C=C@-ClC6H& and L' = py are given 
in Table I. The three prominent polarized Raman bands 
mentioned by Burke et aL6 are easily identified on the spectra. 
The assignment proposed in ref 18 may be used to describe 
some of the vibrational modes: thus bands numbered 1, 18, 
21, and 22 are phenyl modes; the newly observed band 7 at 
1410 cm-' may also be a phenyl band as it is slightly shifted 
in Fe(TpClPP)(i-PrNO)(py) when compared to Fe(TPP)(i- 

Due to the low concentration of the complexes, axial ligand 
vibrations would show up in the Raman spectra only if they 
are resonance enhanced; selection rules preclude such an en- 
hancement. However, in the case of Fe(MP)(py), strong axial 
ligand modes have been observed.* Careful examination of 
the whole series of spectra under study allows elimination of 
any significant contribution of axial ligand modes: for instance 
spectra of Fe(TPP)CS and Fe(TPP) [C=C@-C1C6H4),] are 
very similar in the 1200-1600-~m-~ region; so are the spectra 
of Fe(TPP)CC12 and Fe(TPP)CH3N0. 

Most of the porphyrin bands exhibit frequency changes 
dependent on the nature and number of axial ligands and the 
spin and oxidation states of the iron atom. Among them, a 
few are easily characterized either by their strong intensity 
or their polarization properties. Therefore our interest is 
focussed on bands we call A (p, ca. 1365 cm-'), B (dp, ca. 1375 
cm-I), C (ap, ca. 1500-1540 cm-I), and D (p, ca. 1550-1570 
cm-I). Bands A and D belong to the set of three polarized 
bands mentioned previously.6 The third band of this set ca. 
380 cm-I is easily characterized in all the spectra we have 
studied: its frequency varies within 8 cm-', and in this narrow 
range no correlation with electronic and structural factors is 
obvious. 

Band A (p, ca. 1365 cm-'). Considering its frequency and 
polarization, it is quite analogous to band I, or the oxida- 

PrNO)(py). 

(17) Spiro, T. G.; Stong, J. D.; Stein, P. J.  Am. Chem. SOC. 1979, 101, 648. 
(18) Burke, J. M.; Kincaid, J. R.; Spiro, T. G.  J .  Am. Chem. Soc. 1978, 100, 
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Figure 2. Comparison of the frequencies of bands A and I. Band 
A data are from this work, and band I data are from ref 19: HS = 
high spin; LS = low spin. 

tion-state marker band, of physiological porphyrins. If we 
consider the overall frequency variations of band A (Table 11), 
their dependency on the oxidation state of the iron is not 
obvious at first, as the frequencies lie in the 1360-1 370-cm-I 
range for FelI1 derivatives and in the 1345-1 369-cm-' range 
for Fe" derivatives. A dependency on the spin state is noticed 
more clearly, as among the Fe" pentacoordinate complexes 
band A is at 1345 cm-I for the high-spin Fe(TPP)(2-CHJm) 
complex and a t  1364-69 cm-' for the low-spin Fe(TPP)(L) 
complexes with L = CH3N0,  CS, CC12, C=C(p-C1C6H4)2, 
=C=, or NO, and among the Fen' hexacoordinate complexes, 
band A is at 1360 cm-' for the high-spin [Fe(TPP)(Me2SO),]' 
complex and 1370 cm-' for the low-spin [Fe(TPP)(Im)2]+ 
complex. Considering the data of ref 2 and 18, a quite similar 
dependency on spin state is indeed noticeable on band I of 
physiological porphyrins for Fe" derivatives but not for Fe"' 
derivatives. So it is this absence of sensitivity of Fe"' fre- 
quencies to spin effect that has allowed one to consider band 
I as an oxidation-state marker band (Figure 2). 

Keeping this in mind, if we select low-spin hexacoordinate 
complexes, band A shows an oxidation-state dependency as 
it occurs at 1355 cm-I for Fe(TPP)(pip)z and 1370 cm-' for 
Felll(TPP)(Im)z, as already noticed by Burke et a1.6 Among 
the low-spin Fe" complexes Fe(TPP)(L)(py), a sensitivity of 
the A frequency to the r-acceptor character of ligand L is 
noticeable: it changes from 1359 cm-' for L = py to 1366 cm-I 
for L = CH3N0,  CO, or CS and 1367 cm-' for L = C=C- 
(p-ClC6H4)2; accordingly the Fe(TPP)(pip), complex with 
axial donor ligands exhibits an even lower frequency. As a 
comparison we have measured the frequency of band I for 
low-spin Fe" derivatives of hemoglobin HbFe"L at 1368 cm-I 
for L = C2HSNC: 1372 cm-' for L = CO; 1375 cm-I for L 
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= C6H5NO; 1376 cm-' for L = NO, or CH3NO; 1377 cm-' 
for L = 02. We see that for low-spin Fe" derivatives the 
sensitivity to a-donor-a-acceptor ability of the axial ligand 
is similar in the Fe(TPP) and in the Fe(PPIx) series. From 
the variations of the frequencies of band I in a series of Fe- 
(MP) derivatives, it has been suggestedZ that the sensitivity 
of this frequency to a acidity of the axial ligands may be 
rationalized by considering the back-donation from the iron 
d r  electrons to the A* orbitals of the porphyrin ring: a-acid 
axial ligands compete for those electrons, thus decreasing the 
a* population of the ring and allowing a concomittant 
strengthening of the bonds of the ring. Thus in the two low- 
spin Fe" series Fe(TPP)(L)(L') and HbFe"L, the A and I 
frequencies allow a distinction between strong s-acceptor axial 
ligands such as CO, NO, Oz, RNO, C6H5N0, and CR2 and 
poor .rr-acceptor ligands such as amines and isocyanides. 

From Figure 2, it is clear that bands A and I show an overall 
similar behavior, the main difference being that the mean 
frequency of A is smaller than the mean frequency of I. It 
comes out also that both bands are not good marker lines of 
the formal oxidation state of the iron (for band I this point 
is also discussed in ref 19). 

In the hemoproteins and Fe(MP) series, two other bands, 
band I11 (dp, ca. 1550 cm-') and band V (dp, ca. 1620 cm-'), 
follow band I behavior.2 In the Fe(TPP) series the depolarized 
band (numbered 6 in Table I) at ca. 1500 cm-' follows quite 
well band A variations. Due to its lower intensity it is not as 
convenient a marker as band A. 

Band C (ap, 1500-1550 cm-l). This band is anomalously 
polarized and detectable only by 8 excitation. It shows the 
largest frequency shift (1 500-1 545 cm-') that we have ob- 
served during this study. Its polarization properties make it 
analogous to band IV of physiological porphyrins. Like band 
IV, its frequency is spin-state dependent, being 1500 cm-' for 
high-spin Fe"(TPP)(2-CH31m), varying from 1508 to 1516 
cm-' for high-spin Fe"' derivatives, and varying from 1538 
to 1545 cm-I for the low-spin Fe"' and Fe" derivatives. No 
distinction is obvious between the low-spin (S = 0) and the 
intermediate-spin (S = 1) Fe" cases. 

First in a series of OEP metallo derivatives a strong cor- 
relation was found between the frequency of band IV and the 
core radius PC~...N of the porphyrin.z0 Later on, a linear re- 
lationship was proposed between these quantities.2' Within 
the Fe(TPP) series the frequency of band C is almost 40 cm-' 
lower than that of band IV of pyrrole-substituted iron por- 
phyrins, both for high-spin and low-spin compounds. As the 
core radius is fairly insensitive to the presence of substituents 
either on the pyrrole or on the methine bridge, the proposed 
linear equation cannot be used right away in the Fe(TPP) 
series. 

On Figure 3 we have plotted pCt...N vs. band C frequency; 
our data fit a best line of equation P+N = 0 . 0 0 1 4 ~ ~  + 4.198, 
determined by linear regression. For one value of uc, the 
scattering on the experimental X-ray data may be as large as 
0.025 A, so it does not seem reasonable to use this equation 
to get pC, ...N values with a better accuracy than fO.O1  A in 
this series. 

With the data at hand, a large gap is noticeable in the vc 
values, allowing definition of two distinct frequency regions 
corresponding to low-spin (ca. 1540 cm-l) and high-spin 
compounds (1500-1516 cm-I). It is already known that the 
occupancy of the d + , z  orbital is accompanied by an expansion 
of the core radius of the porphyrin.14 Core expansion is 

(19) Felton, R. H.; Yu, N. T. In "The Porphyrins"; Dolphin, D., Ed.; Aca- 
demic Press: New York, 1978; Vol. 111, Part A. 

(20) Spaulding, L. D.; Chang, C. C.; Yu, N. T.; Felton, R. H. J.  Am. Chem. 
SOC. 1975, 97, 2517. 

(21) Huong, P. V.; Pornrnier, J. C. C.  R.  Hebd. Seunces Acud. Sci., Ser. C 
1977, 285, 51 9. 
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Figure 3. Frequency of band C vs. porphyrin core radius p+N (A). 

considered as an important contribution to the lowering of the 
frequency of band IV of physiological  porphyrin^.'^ Our data 
emphasize the role of the occupancy of the d,z+ orbital, and 
the concomittant core expansion, as the main factor governing 
the vc frequency. 

Band D (p, 1540-1575 cm-'). This polarized band is located 
ca. 1560 cm-' and is intense when observed with Soret exci- 
tation. It has been assigned previously to a CB-CB stretch.I7 
Its frequency, alike that of the other bands, shows a depen- 
dency on the spin state of the iron atom, being in the 1542- 
1554-cm-' range for high-spin complexes and in the 1560- 
1572-cm-' range for low-spin complexes. This band is anal- 
ogous to band D of physiological porphyrins, first proposed 
as a spin marker bandzz and then discarded, due to interference 
of a nearby vinyl band.2 

Vibrational Pattern Associated with Pentacoordination. We 
have already described the depolarized Raman band B, ob- 
servable only upon @ excitation, at ca. 1370 ~ r n - ' . ~ ~  Its oc- 
currence is not related to a specific spin or oxidation state of 
the iron, as exemplified in Table 11, but is distinctive of pen- 
tacoordinate complexes. Its frequency shows some sensitivity 
to the spin state of the iron ranging from 1365 to 1369 cm-' 
for high-spin derivatives and from 1376 to 1379 cm-' for 
low-spin derivatives. 

But this is not the only feature associated with penta- 
coordination: within the low-spin Fe" series the frequency of 
band D is also sensitive to the coordination number; it is 1572 
cm-' for Fe(TPP)(CS) and 1563 cm-' for Fe(TPP)(CS)(py) 
and 1567 cm-' for Fe(TPP) [(CH,),CHNO] and 1562 cm-I 
for Fe(TPP) [(CH,),CHNO] (py). 

Indeed a quite remarkable variation of the D frequency is 
noticeable: the lowest values correspond to symmetrical 
hexacoordinated species, intermediate values to nonsymme- 
trical hexacoordinated species, and the highest values to 
pentacoordinated species. Such a trend could be rationalized 
by considering the variations of the Fe d?r and ring a *  in- 
teractions with the distance of the iron atom to the porphyrin 
plane: it seems reasonable to consider that the overlap of the 
d,,dy, Fe orbitals with the eg ?r* orbitals of the porphyin is 
maximum for the planar geometry and weakens as the iron 
moves out of the plane. So the a conjugation within the 
porphyrin ring is stronger for nonplanar species, and therefore 
the corresponding stretching frequencies are higher. With the 
present data, it appears that the frequency of band D may be 
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Figure 4. Raman spectra of (a) Fe(TPP)(Me2S0)2 in Me2S0, (b) 
Fe(TPP)(CH,NO)(py) in C&,,  and (c) Fe(TPP)(i-PrNO) in C6H6 
with polarization 11 and I to the incident polarization (excitation 
wavelength 514.5 nm, power 60 mW, concentration 1 mg/mL). 
Solvent bands are indicated by asterisks. 

correlated with the out of plane displacement of the iron atom, 
at  least qualitatively. And we conclude that in the low-spin 
Fe" series pentacoordinated complexes are characterized by 
higher D frequencies than hexacoordinated complexes. 

Conclusion. From the shifts of the Raman frequencies in 
the Fe(TPP)(L)(L') series, it is clear that the spin number of 
the iron is the main factor influencing those shifts. 

With use of exciting lines within the @-absorption region, 
nontotally symmetric modes are observable among which band 
B (ca. 1375 cm-I, dp) is specific of pentacoordination and band 
C (ca. 1500-1550 cm-', ap) is analogous to band IV of 
physiological porphyrins. This last band, due to the sensitivity 
of its frequency to the spin number, may be considered as a 
spin marker, via the influence of the spin on the core radius. 

With use of exciting lines close to the Soret absorption 
region, totally symmetric modes are observed, mainly band 
A (ca. 1360 cm-', p) and band D (ca. 1560 cm-', p), as already 
mentioned.6 Within the series of low-spin Fe" complexes, the 
frequencies of these two bands are mainly dependent on d r -  
(Fe)-?r*(TPP) interactions and more specifically on the T- 
donor-*-acceptor ability of the axial ligands and the impor- 
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Figure 5. Raman spectra of (a) Fe(TPP)[C=C@-ClC,H,),] and 
(b) Fe(TPP) [C=C(p-ClC6H,)2] ( l-CH31m) (excitation wavelength 
457.9 nm, power 30 mW, concentration 1 mg/mL in C6H6). Solvent 
bands are indicated by asterisks. 

tance of the d.lnr* overlap, which in turn is dependent on the 
stereochemistry around the iron atom and particularly the 
coordination number. The balance between these two factors 
is different for bands A and D; band A is more responsive to 
the x-donor-x-acceptor character of the axial ligands, since 
among hexacoordinated derivatives it shifts from 1355 cm-' 
for Fe(TPP)(pip)* to 1367 cm-' for Fe(TPP)[C=C(p- 
C1C6H4)2](py), whereas band D shifts from 1560 to 1566 an-', 
along the same set of derivatives. On the other hand, band 
D is more sensitive to the coordination number of the iron as 
it shows, for example, a 9-cm-' shift by addition of the sixth 
ligand to Fe(TPP)(CS), while the shift of the A frequency is 
only 2 cm-I. 
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