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para-carbon atoms and attached methyl groups listed in Table 
I are very close to those of diamagnetic metalloporphyrins.20 
The signal at 166.8 ppm is that of a proton-bearing carbon 
atom, and the signal is split (167.3 and 163.1 ppm) for the 
m-tolyl analogue, thus indicating the ortho-carbon assignment. 
A non-proton-bearing carbon signal at 127.7 ppm is assigned 
to the remaining quaternary phenyl carbon atom. Although 
porphyrin carbon- 13 signals follow general Curie-law behavior, 
poor solubility of the five-coordinate complexes at low tem- 
perature precluded a complete temperature dependence study. 

Spectra for (0EP)Fe and (ETI0)Fe complexes were re- 
corded in both CH2C12 and C6H6 solvents at temperatures from 
16 to 55 "C. (Slow oxidation of the iron(I1) species was noted 
for the chlorinated solvent.) Spectral assignments are listed 
in Table I. Pyrrole carbon assignments are based on the 
ordering observed for the (TPP)Fe species. Further analogy 
to the (TPP)Fe complexes suggested that the meso-carbon 
signal of (OEP)Fe( 1,2-MeIm) and (ETIO)Fe( 1,2-MeIm) 
would be near the diamagnetic value (-97 ppm). This is 
indeed the case, as the 94.2-ppm signal for the (0EP)Fe 
complex was resolved as a doublet in the proton-coupled 
spectrum. Proton coupling patterns for the 100.3- and 44.8- 
ppm signals also permitted respective assignments to the CH, 
and CH3 groups. 

Although the solutions prepared for carbon- 13 spectral 
studies contained excess 1,2-dimethylimidazole, no resonances 
corresponding to free ligand positions were noted. Small, sharp 
signals such as the one at -3.4 ppm in Figure l a  were detected, 
however. The positions of these signals were strongly de- 
pendent on the relative amounts of free and coordinated ligand. 
Thus, rapid ligand exchange on the carbon-13 NMR time scale 
was suggested, much as was previously discerned for proton 
NMR  measurement^.^,' Poor solubility precluded "freezing 
out" ligand exchange at low temperatures. accordingly, the 
coordinated ligand chemical shift values were estimated from 
experiments where 1 ,Zdimethylimidazole was added in excess, 
and it was assumed that the observed ligand chemical shifts 
were mole fraction weighted with respect to concentrations 
of free and coordinated ligand. Solutions were examined that 
contained 0.01 M ((m-CH3)TPP)Fe and either 0.10 or 0.25 
M 1,2-dimethylimidazole. Reasonable agreement between 
calculated values for these two solutions supports the as- 
sumption of dynamics at  the near-fast-exchange limit. Esti- 
mated chemical shift values for coordinated 1,2-dimethyl- 
imidazole are listed in Table I. 

Large downfield pyrrole carbon shifts are expected for the 
high-spin d6 configuration as a consequence of strong inter- 
action between the cr-type d,z-,,z unpaired spin and pyrrole 
nitrogen atoms. Likewise, large downfield shifts for imidazole 
2- and 4-carbon atoms are likely due to unpaired spin in the 
dg orbital. Effects of a-type spin delocalization from unpaired 
spin in the d,, dyz set are less evident for the high-spin iron(I1) 
porphyrins than for corresponding five-coordinate high-spin 
iron(II1) complexes. Thus, the iron(II1) derivatives exhibit 
pyrrole carbon signals in the 1200-1300-ppm region.'619 The 
pyrrole P-carbon signal is broader than the pyrrole a-carbon 
signal of high-spin iron(II1) porphyrins. This is likely a 
consequence of large a unpaired spin density delocalized 
through the 3e(a) molecular orbital" (which has larger am- 
plitude at the pyrrole @-carbon atom21). Reversal of pyrrole 
carbon line widths and smaller isotropic shift values for 
high-spin iron(I1) complexes are indicative of smaller a spin 
density contributions. The pyrrole ethyl carbon atoms of 
(0EP)Fe species also reflect the degree of a spin delocaliza- 
tion, which should give the CH2 resonance an upfield bias and 
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the CH3 resonance a downfield shift. This effect is apparent 
in CH2 and CH3 signals of 100.3 and 44.8 ppm for (0EP)- 
Fe(l,2-MeIm) vs. respective values of 75.0 and 149.0 ppm for 
(OEP) FeC1.I4 

The meso-carbon signal of ((p-CH,)TPP)Fe( 1,2-MeIm) 
exhibits a downfield shift (isotropic shift) of only 5.7 ppm when 
compared with that for a diamagnetic cobalt(II1) analogue.20 
In terms of the spin delocalization pattern, this small meso- 
carbon shift is deceptive. Thus, isotropic shifts for the attached 
phenyl carbon, the ortho carbon, and the meso proton (of the 
(0EP)Fe complex) are -9.6, +33, and -9 ppm, respectively. 
The pattern of alternating shift direction is reminiscent of that 
for five-coordinate high-spin iron(II1) although 
shifts are approximately an order of magnitude greater for the 
higher oxidation state species. This shift pattern may be 
described by a polarization mechanism in which positive A spin 
density at the meso-carbon atom induces a-type spin density 
in attached phenyl groups. The relatively small a spin density 
at the meso-carbon atom reasonably reflects a minor contri- 
bution of spin delocalization through the 4e(a*) MO (which 
exhibits large amplitude at the meso-carbon position2'). 
Controversy over interpretation of previous proton NMR re- 
sults has centered on the degree of T spin delocalization in 
high-spin iron(I1)  porphyrin^.^,' Carbon-I 3 spectroscopy 
provides a better view of the entire macrocycle, and it may 
safely be stated that a spin density in high-spin iron(I1) 
porphyrins is a fraction of that in iron(II1) analogues. At- 
tenuation of pyrrole carbon shifts also implies diminished cr 
spin delocalization in iron(I1) vs. iron(II1) porphyrins. The 
apparent importance of electrostatic interactions will be in- 
vestigated by carbon-1 3 methods for other metalloporphyrin 
species. 

In more empirical terms, the model study presented here 
provides a basis for carbon- 13 NMR examination of deoxy- 
hemoproteins and also strategy for carbon- 13 label incorpo- 
ration into the macromolecules. Porphyrin ring methyl and 
methylene as well as meso-carbon and imidazole 5-carbon 
signals should be found in the 90-100-ppm region, reasonably 
isolated from the bulk of protein signals. Unfortunately, the 
potential overlap of these several paramagnetic signals will 
complicate assignments. Signals far downfield of the dia- 
magnetic region are expected for pyrrole carbon atoms and 
for the imidazole 2-carbon and 4-carbon signals. Severe line 
broadening will likely preclude observation of these resonances 
in the absence of label incorporation. 
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Resonance Raman (RR) spectroscopy has been successfully 
used in recent years to gain insight into the structure of he- 
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F w  1. RR spectra of (A) complex 1 and, (B) Fe(TPP)Cl in CHCl,, 
with complex concentration M and io = 514.5 nm (60 mW). 
Polarization of the scattered light is either parallel (11) or perpendicular 
(I) to the polarization of the incident light. 

moproteins. Structural implications of the frequencies of the 
prominent Raman bands have been well e~ tab l i shed ,~ ,~  and a 
growing number of iron-axial ligand vibrations have been 
~ b s e r v e d . ~  Hemoprotein (Hp) derivatives and their model 
compounds have in common an iron-porphyrin chromophore 
(Fe-P), which is usually considered as belonging to the D4h 
or C4, point groups, and so far RR spectra have been only 
described for Hp  or Fe-P complexes displaying these types 
of symmetry. However, more asymmetric structures of the 
active site of Hp  have been proposed for intermediate states 
in enzymatic cycles. For example, an Fe"'-P complex, with 
a carbenic ligand inserted into one of the Fe-N bonds, has been 
proposed recently as a carbon analogue of compound I of 
~ a t a l a s e . ~ , ~  This complex exhibits a highly distorted porphyrin 
ring and an unusual pure intermediate spin state of the iron 
(s = 3/2) .7  

We report here the RR spectrum of this compound, Fe- 
(TPP) [C=C(p-Cl-HC,H,),] (Cl) (l), together with that of 
Ni(TPP)(CHCOOC,H,) (2), another metalloporphyrin with 
a carbenic ligand inserted into a Ni-N bond: and discuss their 
characteristic features by comparison with metalloporphyrins 
of fourfold symmetry. 
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Experimental Section 

 procedure^.^^'^ 
Compounds 1 and 2 were prepared according to already described 
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Figure 2. RR spectra of (A) complex 2 and (B) XTPP in CHCI,, 
with complex concentration lo-, M and ho = 457.9 nm (20 mW). 

Bible I. RR Frequencies (1600-1200 cm-')  of Inserted-Ligand 
Wetalloporphyrins 1 and 2 vs. 'Those of Regular Fourfold 
Symmetry Metalloporphyrins 

marker FeXIx- 
band (TPP)(Cl) complex 1 Ni(TPP) complex 2 

C,H,p 1600 1599 1601 1599 
E dp 1568 1555 1580 1557 
D P  1552 1535 1571 1540 
C aP 1515 1510 1546 1517 

P 1495 1492 1494 1495 
P 1471 1470 1477 1484 
P 1453 1446 
P 1404 

B dp 1370 
A P  1362 1366 1 3 7 3  1349 

1364 
ap 1 3 3 5  1336 1330 1319 

1307 1303 
dP 1268 1270 

C,H, p 1232 1231 1236 1231 

Raman spectra were measured in C6H6 and CHC1, solutions at 
lo-, M concentration, with use of a rotating cell. A Coderg double 
monochromator was used, with Ar' and Kr+ laser excitation. The 
slit width is 5 cm-I, and the frequencies are accurate within f1.5 cm-I. 
Results 

The RR spectra of compounds 1 and 2 are shown respec- 
tively in Figures 1 and 2, together with those of typical fourfold 
symmetry porphyrins: complex 1 is compared to Fe(TPP)Cl, 
another Fe"' porphyrin with the same coordination number, 
though a different spin, and complex 2 is compared to Ni- 
(TPP), another four-coordinated Ni porphyrin. The main 
Raman frequencies of these compounds are listed in Table I. 
These data show a significant lowering of the two highest 
Raman frequencies of the porphyrin ring (labeled D and E) 
in the case of the insertion compounds: the 1568- and 
1552-cm-' bands of Fe(TPP)Cl are shifted to 1555 and 1535 
cm-I for complex 1 and the 1580- and 1571-cm-' bands of 
Ni(TPP) are shifted to 1561 and 1544 cm-' for complex 2. 

This trend is followed by other Raman modes of the por- 
phyrin, namely, the 1520-cm-' anomalously polarized vibra- 
tion, and the 380-cm-I polarized mode. The vibrations of the 
meso phenyl groups are not affected (see, for example, the 
1600- and 1230-cm-' modes). 

Other features associated with the Raman spectra of lig- 
and-inserted porphyrins 1 and 2 are as follows: (i) appearance 
of new but weak vibrational modes below 1000 cm-]; (ii) 

(10) Mansuy, D.; Lange, M.; Chottard, J. C. J .  Am. Chem SOC. 1979,101, 
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smooth repartition of the intensity among the various vibra- 
tional modes, with visible as well as Soret excitation; (iii) 
dispersion of the depolarization ratios. For example, the de- 
polarization ratio of the 1535-cm-’ mode of complex l varies 
from 0.4 at 454.5 nm to 0.6 at  514.5 nm and 0.75 at 530.8 
nm whereas the depolarization ratio of the 1552-cm-’ mode 
of Fe(TPP)Cl is 0.12 at 454.5 and 514.5 nm, in agreement 
with the expected value of 0.125 for a polarized mode in D,, 
symmetry. The comparison is not so striking in the case of 
complex 2, as there is already some dispersion for the vibrations 
of Ni(TPP) itself, this molecule having the S4 symmetry.” 

Discussion 
Complex 1 possesses only one plane of symmetry, thus 

belonging to the C, point group, and complex 2 has no element 
of symmetry. This drastic departure from fourfold symmetry 
does not show up on the absorption spectra: no splitting of 
the aP bands is observed in the Ni series (2, A,-(aP) 615 (sh) 
and 548 nm, in C,H,; NiTPP, A,,, 525 nm), while the hyper 
character of the spectra of the Fe”’ complexes already pre- 
cludes such an observation. The symmetry lowering is ex- 
pected to alter the Raman spectra in the following ways: the 
number of vibrational modes should increase, as the out-of- 
plane modes of E, symmetry become RR active, and the de- 
polarization ratios should become dependent on the excitation 
frequencies, as the symmetric and antisymmetric invariants 
are mixed in low-symmetry groups. Actually these features 
are observed in the spectra of complexes 1 and 2 and thus are 
a mere consequence of the lowering of symmetry. 

Dispersion of the depolarization ratios renders more difficult 
the assignment of the spectrum of the Fe insertion complex 
in terms of marker bands, A, B, C, and D.3 Let us recall that 
the Occurrence of B (dp) and the frequency of band D (p) are 
dependent on the presence of a pentacoordinated species3 
whereas the frequencies of band A (p) and C (ap) are sensitive 
to both the spin and oxidation states of the iron according to 
ref 12 or mostly to the spin according to ref 3. Bands A and 
C may still be clearly identified with use of the following 
criteria: intensity enhancement with blue excitation for band 
A and depolarization ratio higher than 0.75 for band C. 

Linear relationships have been proposed linking band C 
frequency to the core radius of metalloporphyrin~.~J~ They 
cannot be used for such distorted structures as the ones con- 
sidered here. A more complete equation has been derived in 
which uc frequency is linked to both the core radius and the 
tilt of the pyrr01es.l~ It does not seem relevant here, inasmuch 
as each pyrrole unit is tilted differently over the mean 4 N 
 lane.^,^ From a qualitative point of view one may notice that 
the u, frequency of complex 1 is among the lowest measured 
for this band. In agreement with this finding, though a core 
radius cannot be strictly defined, a rather large mean value 
of 2.10 A is obtained from the Ct-N1(N2,N3) and C,--N4 
distances, calculated by triangulation from the X-ray data.5 
For complex 2 a higher value is measured for v, and a lower 
“core radius” (2.07 A) is calculated from X-ray data.15 

Previous RR studies of Fe(TPP) derivatives3J2 have em- 
phasized the role of spin in the determination of the Raman 
frequencies, so that one may question our choice of Fe- 
(TPP)(Cl) as a reference compound. The RR data available 
for intermediate-spin derivativesIbls show that they are closer 
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to those of low-spin than those of high-spin complexes. Ac- 
cordingly the choice as a reference of a low-spin hexa- 
coordinated Fe”’ complex such as Fe(TPP)(Im)2Cl or of a 
low-spin pentacoordinated Fe” complex such as Fe(TPP)(CS) 
would have been relevant too. With use of RR data of these 
reference compounds3~’* the lowering of the high-frequency 
doublet would be even more important. 

The C,-C, and C,-C, stretches are predominant in the 
high-frequency modes.Ig Though the C,-C, and C,-C, bond 
lengths of complexes 1 and 2 are not different from those of 
regular D4, metalloporphyrins, the tilt of one pyrrole unit (N4) 
brings the corresponding C& bond out of the mean 4 N 
plane (for example, in complex 2, dihedral angles between the 
4 N plane and pyrroles N1-N4 are respectively 13.3, 5.9, 3.6, 
and 46.4O).I5 Thus, the a conjugation within the macrocycle 
is decreased; as a consequence, the corresponding vibrational 
frequencies are decreased. 

In summation, occurrence of new vibrational modes below 
1000 cm-l, dispersion of the depolarization ratios, and fre- 
quency lowering of the two highest porphyrinic vibrational 
modes are characteristic features of the RR spectra of lig- 
and-inserted metalloporphyrins. Studies are under way to show 
that those features are to be expected whenever one of the 
pyrroles is severely tilted. 
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The active sites in metalloenzymes contain coordinated 
metal ions in a molecular environment that is favorable for 
the formation of dioxygen complexes that may be involved as 
intermediates in biological oxidatiom2 For example, cyto- 
chrome P-450 enzymes contain iron porphyrin complexes 
similar to those functioning as oxygen carriers in the transport 
and storage proteins hemoglobin and my~globin .~  Recent 
studies of the active sites of tyrosinase, responsible for the 
hydroxylation of tyrosine, suggest an active center able to bind 
dioxygen to copper in a binuclear f a ~ h i o n . ~  A binuclear 
copper(1) model has also been suggested as the active site of 
the arthropod oxygen-transport protein hem~cyanin .~  

Models for such oxidation catalysts generally involve the 
“end-on”, a-type complexes, because of their similarity to 
dioxygen-binding complexes in biological systems. The co- 
balt-Schiff s base-dioxygen complex systems have been the 
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