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We have measured the transverse relaxation time, 7^c. for 
the major features in the spectrum of the same dried sample 
of microcrystalline cellulose. This measurement involves a 
modification7 of the original echo sequence discussed by 
Hahn.10 Figure 1 includes the values obtained for the 7^c 
values, reported as effective full widths at half-maximum, 
Ay(T^c) = ( T T ^ C ) - 1 . The estimated errors in Ae(T^c) are 
±2 Hz. Most of these relaxation data were nominally expo­
nential; the decay for C-6 was clearly nonexponential and could 
be decomposed into two components having associated line 
widths of 14 and 4 Hz. The faster relaxing component was 
identified to be the upfield tail of the resonance line. 

These relaxation studies permit several qualitative conclu­
sions regarding the structure of cellulose I. The T]C values 
observed and presumably the molecular motions are in a range 
between those observed in glassy synthetic polymers and highly 
crystalline materials.1' We cannot exclude the possibility that 
the relaxation is due to motion of water molecules that remain 
after the drying process or motion of labile protons. Both the 
T\c and Tic data show a faster relaxation for the carbons in 
the upfield tail of C-6 relative to the sharp peak. This suggests 
a greater mobility or more access to labile protons for those 
carbons in the tail as opposed to the sharp peak of C-6. The 
corresponding chemical shift may arise from differences in 
conformation, hydrogen bonding, or crystal packing. 

The observed full widths at half height, Av*, in the CP 
MASS spectrum of cellulose I range from 30 to 85 Hz. This 
can be constrasted with measured Ay(T^c) values of <5 Hz. 
Since the instrumental broadening is estimated to be <3 Hz, 
the majority of the Av* is attributed to a dispersion of chemical 
shifts along with smaller magnetic susceptibility contributions 
which survive the sample spinning. For comparison, the line 
widths obtained from a crystalline sample of glucose are < 11 
Hz. The chemical shift dispersions observed in cellulose I are 
probably due to irregularities in crystal packing which distort 
the glucose monomer or change the hydrogen bonding and 
produce slightly different shifts for different monomers. 

From a magnetic resonance point of view, the coarser 
chemical shift features exemplified by the splitting of C-4 into 
two separate resonances, the shoulder associated with C-6 and 
the incipient splitting of the resonance of C-I into two peaks 
of nearly equal intensity (in spectra of celluloses derived from 
cotton an actual splitting is barely resolved) all indicate that 
the glucose units are found in two magnetically inequivalent 
environments in dry cellulose I. The resulting picture that one 
obtains is that the glucose monomers in cellulose are rather 
rigidly fixed in position but that the crystalline packing is not 
nearly as regular as one would observe in a crystalline molec­
ular solid or even a highly crystalline synthetic polymer such 
as polyethylene. It also appears that there exist two types of 
glucose monomers, one of which allows more freedom of mo­
tion or access to labile protons for the pendant C-6. It is not 
clear what the morphology of these "free C-6's" is, but it is 
possible that they are in amorphous regions or simply on the 
outer faces of the elementary fibrils12 of cellulose. If one in­
terprets the broad peak at 85 ppm to be due to C-4 carbons 
which are in amorphous regions of the polymer, the relaxation 
data indicates that the main chain in these amorphous regions 
does not have significantly more motional freedom than those 
glucose units in the crystalline portion of the sample. Alter­
natively, if the peak at 85 ppm is due to glucose units on the 
surface of the elementary fibrils and that at 90 ppm is due to 
glucose units buried in the center of the elementary fibril or 
vice-versa, then differences in hydrogen bonding or bond angles 
will likely be present to account for the observed chemical 
shifts. 

We have measured CP MASS spectra of several different 
preparations of cellulose and are beginning relaxation studies 
of these samples. It is hoped that by integrating all of this in­

formation we will be able to arrive at a consistent picture of 
cellulose structure and its relationship to the NMR spectra 
obtained. It is clear that cellulose is a complicated system and 
that unambiguous information comes only with the greatest 
difficulty. 
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Detection of "Tension" and Electronic Asymmetry 
in Imidazole-Appended Iron Porphyrins 
by NMR Spectroscopy 

Sir: 

Imidazole-appended iron porphyrins have played an im­
portant role in understanding the fundamental chemistry of 
hemoglobin and myoglobin oxygen binding.14 Such covalently 
linked models will likely contribute toward elucidation of 
structure and mechanism in other classes of hemoproteins.5-6 

The first reported and most intensively investigated compounds 
are based on an amide linkage to a propionic acid side chain 
of natural-derivative porphyrins.1'2 Traylor and co-workers 
have recently demonstrated that such models may simulate 
the oxygen binding kinetics and thermodynamics, as well as 
imidazole "tension" effects presumably responsible for the 
allosteric trigger in hemoglobin.1 Collman et al. likewise uti­
lized the "picket fence" iron porphyrin and an imidazole-
appended analogue to illustrate the sensitivity of oxygen 
binding thermodynamics to the steric nature of the trans-
coordinated imidazole ligand.3 Additional imidazole-appended 
tetraphenylporphyrin (TPP) derivatives have recently been 
prepared via amide linkage to a single aminophenyl group6'7 

or to a pyrrole side-chain residue.8 

A TPP-appended derivative has been prepared in this lab­
oratory by an alternate synthetic route. An ether linkage is 
readily formed between the functionalized TPP species, 5-
(2-hydroxyphenyl)-10,15,20-tritolylporphyrin, and a dibro-
moalkane.9 The isolated bromoalkoxy porphyrin is allowed to 
react with imidazole using DMF solvent in the presence of a 
suitable base (K2CO3 or triethylamine). Iron insertion and 
subsequent chromatographic purification yields a product 
consistent with the structure shown in Figure 1 [isolated as the 
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Figure 1. 1H NMR spectrum of /V-butylimidazole-appended iron(III) 
tetraphenylporphyrin derivative: iron porphyrin, 0.02 M; imidazole, 0.022 
M; CDCl3 solvent; 26 0C. 

iron(III) chloride].10 Rationale for physical examination of 
this new appended iron porphyrin vs. natural-porphyrin de­
rivatives is found in the Cs molecular symmetry and product 
homogeneity. On the other hand, coupling an imidazole 
function at either the 6- or 7-position propionic acid of a nat­
ural porphyrin yields two linkage isomers. Two additional 
coordination isomers are present as a consequence of total 
asymmetry in porphyrin ring substitution. 

1H NMR examination of the new imidazole-appended iron 
(III) porphyrin chloride derivatives reveals a nearly equal 
mixture of high-spin and low-spin species1' presumably as a 
result of both intra- and intermolecular coordination (at 0.01 
M). Formation of the bis-ligated low-spin iron(III) state is 
favored at the expense of intramolecular coordination in part 
of the molecules. Variable-temperature measurements show 
no change in the ratio of high-spin to low-spin species, thus 
indicating no evidence for a spin equilibrium process. Acid-
base titration reveals reversible imidazole protonation and 
displacement as a ligand. Imidazole titration yields a new, 
entirely low-spin complex with distinctive NMR peaks1' upon 
addition of 1 mol equiv of exogenous ligand (Figure 1). 

Figure 2 summarizes upfield pyrrole 1H NMR resonances 
for imidazole-appended and related complexes. In Figures 
2a-d the character of the axial ligand has been held constant 
in the form of TV-alkylimidazole residues. Introduction of a 
single phenyl 0-OCH2CH2CH3 group into the TPP structure 
induces considerable asymmetry in the NMR isotropic shift 
pattern (Figure 2c) yielding four sets of pyrrole proton signals. 
This electronic asymmetry is modified for imidazole-appended 
complexes (Figures 2a and 2b). Molecular models suggest 
decreased conformational freedom in complexes formed with 
the propylimidazole appendage compared with that in the butyl 
analogue. Accordingly, the varying shift and splitting patterns 
in Figure 2 may be ascribed to "tension" in the form of tilting 
or elongation of the imidazole-iron bond. The nonappended, 
but electronically equivalent, complex in Figure 2c must then 
represent the totally "relaxed" state. Extreme electronic 
asymmetry is apparent in Figure 2e when 2-methylimidazole 
is employed as a second ligand in the appended complex. The 
2-methyl group must sterically interact with the porphyrin to 
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Figure 2. Upfield pyrrole 1H NMR resonances of iron(lll) tetraphenyl­
porphyrin derivatives: iron porphyrin complexes, ~0.02 M; CDCl3 solvent; 
26 0 C. 

yield a strained linkage which serves to magnify bonding 
constraints imposed by the trans-imidazole, appendage. Con­
siderably smaller asymmetry effects are observed when cyanide 
is employed as the exogenous ligand. Likewise, differences are 
seen in the spread of pyrrole protons for high-spin iron(II) 
complexes, but interpretation is complicated by necessary use 
of the sterically constrained 2-methylimidazole ligand13 to 
generate the nonappended species. 

The mechanism of unpaired spin rearrangement among 
complexes in Figure 2 is speculative. Lifting of orbital de­
generacy with consequent rhombic magnetic anisotropy would 
induce in-plane dipolar shifts varying in sign around the ring.14 

However, this mechanism for increasing the spread of pyrrole 
resonances does not appear to be predominant as no large 
differences are observed in the spread of phenyl resonances for 
the various complexes. Differences in contact spin density at 
the four pyrrole groups through perturbation of 7r symmetry 
appears more likely, as line widths (from contact relaxation) 
of pyrrole signals in Figure 1 are a function of shift magni­
tude.15 

Shift patterns for ring methyl protons among various low-
spin ferric hemoproteins are known to show large differences.16 

In addition, the pattern of signals always differs for the he-
moprotein vs. the isolated iron porphyrin complex.15'16 In this 
regard the imidazole-appended complexes appear to model 
variations in electronic asymmetry apparent for hemoproteins. 
La Mar et al. have demonstrated the importance of peripheral 
porphyrin-protein contacts in determining the relative spread 
of ring methyl resonances.15 However, an additional contri­
bution from constraints placed on imidazole bonding or or­
ientation appears reasonable, and is supported by examination 
of the appended models. In studies concurrent with this one, 
Walker7 and Traylor et al.17 have emphasized orientation of 
the imidazole plane as a factor in determining asymmetry of 
unpaired spin derealization. Whatever the nature of the 
symmetry-breaking mechanism in imidazole-appended iron 
porphyrins, the possibility must now be considered that axial 
imidazole "tension" is of general importance in dictating 
electronic, spectroscopic, and chemical properties of hemo­
proteins. 
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Figure 1. (a, b) Electron density and nodal properties of porphine 3e(7r) 
orbitals,10 which interact with the Axz and &yz orbitals of low-spin Fe(III), 
respectively, (c, d) Linear combinations of these orbitals, appropriate for 
interaction with meso-bonded planar ligands. (e) Average electron density 
distribution if the 3e(ir) orbitals remain degenerate. The light and dark 
shades depict orbital symmetry properties, and the numbers in parentheses 
give the square of the atomic orbital mixing coefficients, a2, for each po­
sition. These c\2 values are proportional to the unpaired electron density, 
Pi, expected at the carbon i. The size of the circles depicts the relative size 
Of Ci2. 

Models of the Cytochromes b. 1. 
Effect of Substituents, Axial Ligand 
Plane Orientation, and Possible Axial 
Ligand Bond Strain on the Pyrrole Proton 
Shifts of a Series of Low-Spin Monosubstituted 
Tetraphenylporphinatoiron(III)-Bisimidazole Complexes 

Sir: 

The factors affecting the magnitude of contact shifts of 
low-spin iron(III) porphyrins in high-symmetry synthetic 
compounds,1,2 simple natural hemins,1,3 and hemoproteins4-9 

have been investigated in detail for some time. In particular, 
attempts have been made to explain the variation in the posi­
tion of the methyl resonances of iron(III) protoporphyrin 
containing hemoproteins.''3~9 Since the contact shift pattern 
of low-spin iron(III) porphyrins indicates spin derealization 
mainly to the pyrrole positions,1,2 involvement of the porphyrin 
3e(7r) orbitals10 in ligand-to-metal rr-back-bonding to the re­
maining hole in the dX2, dyz orbitals of iron has been postulated 
as the mechanism of unpaired spin derealization for both 
synthetic and natural low-spin iron(HI) porphyrins.1-3 

One hypothesis1'5 which may explain the variation in methyl 
contact shifts is that planar axial ligand(s) split the degeneracy 
of the 3e(7r) filled molecular orbitals of the porphyrin ring and 
the e-symmetry dX2, dyz orbitals of the metal; thus unpaired 
electron derealization to certain pyrrole positions is favored 
over others. This situation is explained more clearly by refer­
ence to Figure 1, in which the electron densities and nodal 
properties of the 3e(7r) orbitals10 of porphine are presented. 
Although the energies of dxz and dyz are expected to be split 

J_ R = NH-C-CH, 

_3_ R = NH-C-CH2-CH2H 

A. R = NH-C-O-CH, 

± R=NH-C-O-CH2-CH2-N^kI 

Figure 2. Structures of the iron porphyrins used in this study. 

by the dynamic Jahn-Teller effect,5 the electron populations 
of the two d orbitals appear to be equal at room temperature, 
in the absence of symmetry-breaking effects. Such is the case 
for low-spin tetraphenylporphyrin, octaethylporphyrin, and 
/neso-tetra-n-propylporphyrin complexes of iron(III), all of 
which have fourfold molecular symmetry because the axial 
ligands rotate freely about the metal-ligand bonds. All of these 
compounds show only one pyrrole-H or -CH2- peak.1,2 The 
presence of one planar axial ligand whose freedom to rotate 
has been restricted is sufficient to break the degeneracy of the 
3e(7r) orbitals of Figure 1 (a,4> or c, d). Such restriction in the 
free rotation is not unexpected in hemoglobins, myoglobins, 
the cytochromes, and other hemoproteins where the axial li­
gands are provided to the metal by side chains of the protein 
backbone. Two planar axial ligands (as are present in the cy­
tochromes ^5

9'11 and 029) will split the degeneracy of the 3e(ir) 
orbitals unless their axial ligand planes are mutually perpen­
dicular. 

Traylor and Berzinis12 have recently demonstrated the 
importance of restricted rotation of an axial ligand in changing 

0002-7863/80/1502-3254S01.00/0 © 1980 American Chemical Society 


