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The correlation of the pattern of spin delocalization with the 
molecular orbital coefficients of the wave functions of each carbon 
and nitrogen atom within the porphyrin core is a very important 
consideration in understanding the r-bonding effects and the 
mechanism of spin delocalization in model hemes.' For some 
time we have suggested that the IH NMR hyperfine shifts for 
the pyrrole-H resonances in a variety of low-spin (tetraphe- 
nylporphinato)iron(III) complexes may be used to describe the 
electron density distribution in the porphyrin r 0rbitals.2-~ We 
have shown previously that the unpaired electron of low-spin 
Fe(II1) is delocalized into the 3e( r )  porphyrin orbitals by Por - 
Fe r donation to the hole in the metal d,,,d,, set, as shown in 
Figure lA,B.IJ Thesizesofthecirclesdenote theelectrondensity 
at porphyrin ring positions and are proportional to the wave 
function coefficients c? at each carbon and nitrogen atom;6 the 
filled/unfilled pattern of the circles denotes the nodal properties 
of these r orbitals, which match those of the d, orbitals, d,, and 

We will show in this communication that the cross-correlations 
obtained from homonuclear correlation spectroscopy (COSY) 
experiments substantiate the theoretical predictions,lJ based on 
molecular orbital calculations,6 of the pattern of spin delocalization 
in the 3e(7r) porphyrin orbitals of low-spin Fe(II1) complexes of 
unsymmetrically substituted tetraphenylporphyrins. Mono-ortho- 
substituted derivatives of [TPPFe(NMeIm)z]+ have been inves- 
tigated by two-dimensional NMR spectroscopy7 in an attempt 
to delineate the inductive or conjugative effect of the phenyl ring 
bearing the ortho substituent on the pattern of spin delocalization 
in model hemes. The COSY-45 spectra of two representative 
examples, [(o-OEt)lTPPFe(NMeIm)z]C15 (1) and [(o-Cl)l(p- 
OCH3)3TPPFe(NMeIm)~]C18J0 (2) reveal cross-correlations that 
are consistent with those expected for the electron density 
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Figure 1. Symmetry properties of and electron density distribution in the 
filled 3e(r) porphyrin orbitals6 that have proper symmetry for overlap 
with the d,, and dyz orbitals of low-spin Fe(II1): (A,B) Linear 
combinations of the 3e(r) orbitals that are appropriate for meso- 
substituted porphyrins;2 (C,D) exaggerated modifications of these orbitals 
due to the presence of one uniquely substituted phenyl ring, X, if the 
effect of the substituent is felt only as far as the adjacent pyrrole positions 
a and b; (E,F) exaggerated modifications of these orbitals if the effect 
of the unique substituent is felt over all four pyrrole positions a-d. Since 
we expect the proton attached to the carbon with largest spin density to 
have the largest hyperfine shift, the coupling pattern predicted by these 
simple modifications is a,b, and c,d, or pyrrole-H peaks 1,4 and 2,3 in 
the case of C and D or peaks 1,3 and 2,4 in the case of E and F.za*zL 

distribution in these orbitals,lJv6 as modified by the unique 
sub~t i tuent~-~  (Figure 1C-F), as will be discussed in detail below. 

As can be seen in Figure 2A,C, four resonances are observed 
for the eight pyrrole protons of 1 and 2, due to unsymmetrical 
substitution.12 On the average, the phenyl rings are expected to 
be perpendicular to the macrocycle,l4 thus producing four 
symmetry-related pyrrole positions, labeled a 4  in Figure 1 C-F, 
where the electronic effect of the unique substituent has been 
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The correlations observed (Figure 2B,D) clearly demonstrate 
that the spin densities at the pyrrole-H positions are large and 
small within each pyrrole ring, consistent with the expected 
electron density distribution in the 3e(a) orbitals depicted in either 
part A or B of Figure 1. They show, furthermore, that this I 
electron density distribution is differently modified by the 
electronic properties of the unique substituent in each case. If the 
substituent effect is felt only over the immediately adjacent pyrrole 
rings (that is, if C, simply "borrows" (or "donates") I electron 
density from (to) c b ,  leaving the u electron density in the other 
pyrrole ring unperturbed), then the modification of the 3e(1) 
orbitalsis expected to be that shown in Figure 1C,D. This pattern 
gives rise to the 1,4 and 2,3 cross-correlations shown by compound 
1 in Figure 2B. Other complexes that also have this coupling 
pattern include [(O-OCH~P~)~TPPF~(NM~I~)~]+ and [(o- 
COOH)1TPPFe(NMeIm)2]+.5J'J1 This pattern suggests that the 
effect of the phenyl ring bearing the substituent on the I system 
of the porphyrin ring is inductive in nature, since it extends only 
as far as pyrrole position b. In contrast, if the electronic effect 
of the substituent is distributed over both sets of pyrrole rings, 
i.e., positions a 4  (that is, if bothC, and Cb"b0rrow" (or "donate") 
I electron density from (to) C, and Cd), then the modification 
of the 3e(1) orbitals is expected to be that shown in Figure 1E,F. 
This pattern gives rise to the 1,3 and 2,4 cross-correlations observed 
in the COSY-45 map of by compound 2 (Figure 2D) and suggests 
that the phenyl ring bearing the ortho substituent may be in 
resonance with the porphyrin ring at least some fraction of the 
time. Other complexes that show this coupling pattern include 
[ ( 2,6-CI2) 1 @-OCH&TPPFe( NMeIm)2] However, while 
the exact amount of spin density present at the pyrrole-H positions 
c and d differs for 1 and 2, the similarity in the chemical shifts 
of the two resonances 3 and 4 dictates that the amount of spin 
delocalization to these two positions is both relatively small and 
similar in the two cases. This indicates that the perturbation of 
the 3e(1) orbitals shown in figure 1A,B, beyond position a, by 
the ortho substituent is relatively small in both cases. We are 
currently investigating additional unsymmetrically substituted 
[TPPFe(NMeIm)z]+ complexes by COSY and NOESY (nuclear 
Overhauser and exchange spectroscopy) methods in order to 
understand more fully how spin density is distributed in these 
important model complexes and to be able to predict whether the 
substituent in the ortho position of one phenyl ring is electron- 
donating or electron-withdrawing.20 Preliminary NOESY studies 
at low temperatures2' show additional cross peaks that may lead 
to an absolute assignment of the four pyrrole proton resonances. 
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Figure 2. (a) One-dimensional NMR spectrum of the pyrrole-H region 
of [(O-OE~)ITPPF~(NM~I~)~]CP (1) in CD2Clz recorded at  300 MHz 
at room temperature. The small peak at  -17.5 ppm is due to the presence 
of a small amount of [TPPFe(NMeIm)2]+ in the sample. (B) COSY-45 
spectrum of the pyrrole-H region of 1 recorded at room temperature, 
showing the 1,4 and 2,3 coupling pattern. (C) One-dimensional NMR 
spectrum of the pyrrole-H region of [ (043) I (pOCH3)3TPPFe( NMeIm)2] - 
ClsJO (2) in CD2Cl2 recorded at room temperature. (D) COSY-45 
spectrum of the pyrrole-H region of 2 recorded at room temperature, 
showing the 1,3 and 2,4 coupling pattern. 

exaggerated. If the phenyl substituent is electron-donating, the 
modified I orbital shown in Figure 1C,E should be slightly lower 
in energy than the orbital shown in Figure 1D,F, while if the 
substituent is electron-withdrawing, the I orbital shown in Figure 
1 D,F should be slightly lower in energy than that shown in Figure 
1C,E. Thus, one of these two 3e(r) orbitals will be favored for 
spin delocalization over the other (or more precisely, a larger 
fraction of one than the other will be favored for spin delocal- 
ization). On the basis of these considerations, scalar couplings 
are expected among the pairs of protons Ha,& and H,,Hd or 
between resonances labeled 1,4 and 2,3 (Figure 1C,D) or 1,3 and 
2,4 (Figure lE,F), depending upon the distance over which the 
inductive and/or conjugative effects of the unique phenyl 
substituent operate. The COSY-45 maps15J6 of complexes 1 and 
2, shown in Figure 2B,D, indeed illustrate these two coupling 
patterns. In spite of the short TZ relaxation times (8-9 ms),I7-l9 
cross-correlations are observed between resonances 1 and 4 and 
resonances 2 and 3 for 1 (Figure 2B). In contrast, complex 2 
shows cross peaks among the pairs of resonances 1,3 and 2,4 
(Figure 2D). Cross-peak intensities for these complexes are 
significantly diminished when a COSY-90 experiment is per- 
formed instead of a COSY-45. 
( 12) Despite the existence of four resonances for 1 and 2, the average chemical 

shift is in both cases very similar to that of the pyrrole-H resonance of 
the small amount of [TPPFe(NMeIm)2]+ present in 1 (-17.8 ppm (l), 
-17.5 ppm (2), -17.7 ppm ([TPPFe(NMeIm)z]+)), suggesting a fairly 
constant average amount of spin delocalization in all three cases, as 
observed previously for a variety of unsymmetrically substituted [TPPFe- 
(NMeI.m)2)+ derivatives.' This fairly constant average amount of spin 
delocalization is differently distributed, depending upon the symmetry 
and nature of the porphyrin s~bstituents.~J3 
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