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We have evaluated the57Fe nuclear magnetic resonance chemical shielding and Mo¨ssbauer electric field
gradient tensors and their orientations for a cytochromecmodel compound as well as for isopropyl isocyanide
and carbon monoxy-myoglobin model systems and two simple metalloporphyrins containing bis(pyridine)
and bis(trimethylphosphine) ligands, using Kohn-Sham density functional theory. For cytochromec we
used a model Fe(II) porphyrin structure together with a 1-methylimidazole base (to represent His-18) and a
dimethyl sulfide molecule (to represent Met-80 in the structure of horse heart ferrocytochromec), both located
at the X-ray coordinates for cytc Fe(II). For the Mb calculations, we used the coordinates of two recently
characterized metalloporphyrins: (i-PrNC)(1-methylimidazole)(5,10,15,20-tetraphenylporphinato)Fe(II) and
(CO)(1-methylimidazole)(5,10,15,20-tetraphenylporphinato)Fe(II), while literature structures were used for
the bis-ligand adducts. We used a “locally dense” basis to evaluate the57Fe shieldings and electric field
gradients at iron and compared them with the measured chemical shifts and Mo¨ssbauer quadrupole splittings,
respectively. There is moderately good agreement between theory and experiment for the cytochromec and
Mb 57Fe chemical shifts and shielding tensors, and very good (0.10 mm s-1 rmsd) agreement for the57Fe
Mössbauer quadrupole splittings, using the following basis sets and functional: a Wachters’ all electron
representation for iron, a 6-311++G(2d) basis for all atoms directly attached to iron, 6-31G* for the second
shell and 3-21G* bases for the other more distant atoms, together with a B3LYP hybrid exchange-correlation
functional. Extensive tests with other functionals and basis set schemes are also reported. The shift and
electric field gradient tensor orientations are generally close to obvious molecular symmetry axes, with the
skew of the shielding tensor reversing sign on transition from strong to weak ligand fields. The paramagnetic
contribution to shielding overwhelmingly dominates overall shielding and the variations seen between weak
ligand field (bis(pyridine), cytochromec) and strong ligand field (CO, PMe3, i-PrNC) systems. Poor accord
between theory and experiment is obtained for the57Fe chemical shifts when MbCO models having highly
distorted X-ray geometries are employed, suggesting that the Fe-C-O is close to the porphyrin normal,
both in solution and in the solid state.

Introduction

Iron is a major component of most respiratory proteins, acting
as both a ligand carrier as well as an electron-transfer catalyst,
in systems such as hemoglobin, myoglobin, cytochromec, and
ferredoxins.1 There has therefore been, over the years, con-
siderable interest in studying the structures of these systems,
using both diffraction methods as well as spectroscopic tech-
niques. Here, the57Fe nucleus is a potentially powerful probe
of structure/function relationships. There have been numerous
studies of the57Fe Mössbauer spectra of iron porphyrins and
proteins,2,3 and we and others have reported the57Fe nuclear
magnetic resonance (NMR) spectra of several proteins, including

ferrocytochromec,4 carbon monoxy-myoglobin,5,6 and alkyl
isocyanide adducts of myoglobin.7 However, there has been
relatively little progress reported in reproducing, predicting, or
analyzing these NMR and Mo¨ssbauer parameters and relating
them to structure. In early work, Trautwein et al.8,9 reported
the results of iterative extended Hu¨ckel calculations of the
electric field gradients (efgs) at the iron and hence the57Fe
Mössbauer quadrupole splittings of MbCO, concluding that the
Fe-C-O unit was bent at∼45°, while Case et al.10 reported
promising results for several types of calculations on both CO
and O2 complexes,10 using a linear and untilted model for
MbCO. However, for57Fe NMR, there have been no reports
of the successful prediction of chemical shifts in proteins using
quantum chemical techniques, although useful empirical predic-
tions have been made very recently by Walker et al.,11 based
on experimental Mo¨ssbauer-NMR correlations.

The principal reasons for this slow progress, which has
essentially resulted in only rather qualitative predictions of
57Fe NMR and Mo¨ssbauer spectra in proteins, is that57Fe NMR
chemical shift12 and electric field gradient tensor calculations13-15
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have become tractable only recently. This is due to recent
improvements in computer speed (which enables very large
fragments to be investigated), together with the application of
density functional theory methods using hybrid exchange-
correlation functionals, which enable the rapid and accurate
evaluation of both metal ion shifts12,16,17as well as electric field
gradients,13-15 at least in model systems, such as metal carbonyls
and organometallic compounds. With these improvements in
speed and accuracy, it should now be possible to begin to
investigate metalloproteins themselves, since both shielding and
the efg at the iron nucleus are rather local phenomena, and
should not require a detailed knowledge of the rest of the
protein’s structure, basically the same situation we have found
previously, for example, when evaluating amino acid chemical
shifts in proteins.18,19 Here, we therefore investigate the57Fe
NMR shieldings in three proteins whose shifts have been
reported previously: ferrocytochromec and the isopropyl
isocyanide and carbon monoxide adducts of myoglobin, together
with the 57Fe Mössbauer quadrupole splittings in these same
proteins, and both the57Fe NMR shieldings and Mo¨ssbauer
quadrupole splittings in several other well-defined metallopor-
phyrins.

Computational Section

Shielding Tensor Calculations.Both chemical shielding and
electric field gradient tensor calculations were performed by
using the Gaussian 94/DFT program20 on Silicon Graphics/Cray
Origin 200 computers in this laboratory, and on Origin 2000
and Power Challenge Computers located in the National Center
for Supercomputing Applications (NCSA) in Urbana, IL. The
NMR shielding tensors were calculated using the gauge-
including atomic orbital (GIAO) method.21

Structures. The structure used for MbCO is a model iron
porphyrin, (CO)(1-methylimidazole)(5,10,15,20-tetraphenylpor-
phinato)Fe(II).22 For the RNC‚Mb system, we used as a model
(i-PrNC)(1-methylimidazole)(5,10,15,20-tetraphenylporphinato)-
Fe(II).23 This compound has a 6° Fe-C tilt from the porphyrin
normal and a 10° Fe-C-N bend. For future comparison with
experimental solid-state57Fe shieldings, the phenyl groups were
retained in the two tetraphenyl porphyrin (TPP) adducts: Fe-
(TPP)(1-MeIm)(CO) and Fe(TPP)(1-MeIm)(i-PrNC). The MbCO
model calculations were then repeated with three X-ray crystal-
lographic structures ofPhyseter catodon(sperm whale) MbCO
reported in the Brookhaven Protein Data Bank (24; Files 1SPE,
1VXC, 1VXF). The structures investigated consisted of the iron
porphyrin, minus the alkyl substituents, together with the two
axial ligands, all at the crystallographic geometries. For the
ferrocytochromecmodel, we used the same basic structure as
with Fe(TPP)(1-MeIm)(CO), except that the CO molecule was
replaced by dimethyl sulfide (Me2S), to mimic the effects of
methionine-80 in the protein, and the phenyl groups were
replaced with hydrogens. The orientation of the 1-methylimi-
dazole was set to the orientation of His-18 in ferrocytochrome
c,24 and the C-S-C coordinates in the Me2S ligand were

superposed on the crystallographic positions for cytc (24; File
1CTJ). Specifically, the Me2S was “tilted”, due to coordination
of only one sulfur lone pair to the iron atom. For Fe(OEP)-
(PMe3)2 and Fe(TPP)(pyr)2, literature geometries were used.25,26

Key geometric information is collected in Table 1.
Basis Sets and Exchange-Correlation Functional.For both

shift and efg calculations, we used primarily a locally dense27

approach in which four sets of basis functions were used. The
most dense basis, a Wachters’28,29all electron basis (62111111/
3311111/3111) was used on iron, a 6-311++G(2d) on all atoms
directly coordinated to iron (plus the carbonyl oxygen in MbCO
and the N and C in the RNC group), 6-31G* for the next shell,
followed by a 3-21G* basis for the most peripheral atoms. The
exchange-correlation (XC) functional used was the hybrid
B3LYP functional.20,30,31 SCF energy convergence of these
large molecules was carried out in a sequential method by using
both Hartree-Fock and density functional theory. In all steps
the iron was represented by the Wachters’ basis set. For the
cytochromec and TPP models, SCF convergence was achieved
in the following way. Step 1 was a Hartree-Fock 3-21G*
calculation. Step 2 was as in step 1, but the basis sets on the
atoms of the first and second shells were replaced by 6-31G*.
Step 3 was as in step 2, but with the B3LYP XC functional.
Step 4 used the locally dense basis sets/B3LYP calculation. For
the MbCO (pH 4-6) crystal models: Step 1 was a 3-21G*/
B3LYP calculation. Step 2 was as in step 1, but the 3-21G*
basis sets were replaced by 6-31G*. The final step involved
property calculations, as in Step 4 above. For cytochromec
(570 basis functions), isopropyl isocyanide (866 basis functions)
and carbon monoxy (784 basis functions) myoglobin models,
the timings over 16 CPUs were 8, 21 and 13 h, respectively,
on Origin 2000 computers. Similar schemes were also used
for the bis(PMe3) and bis(pyr) adducts. We also carried out a
series of additional shielding and efg calculations in which the
effects of functional, basis set size, as well as geometric
structure, were modified, as discussed in detail below.

Experimental Section

Methyl and propyl isocyanide adducts of57Fe-enriched sperm
whale myoglobin were made basically as described previously.7

Mössbauer spectra were obtained using a “home-built” constant
acceleration spectrometer. Protein samples were investigated
as frozen glasses at 77 K, while model compounds were
measured in polycrystalline form, also at 77 K.

Results and Discussion

As noted above, there exists some controversy as to the details
of the active site structures of heme proteins. It would therefore
be helpful if it were possible to accurately correlate in some
way spectroscopic observations to structural features with the
long-term goal of refining or even predicting aspects of protein
structure. Here, modern Kohn-Sham density functional theory
offers some promise for making the required nexus between
spectra and structure. In this work, we present our initial results

TABLE 1: Selected Geometric Parameters for Metalloporphyrin DFT Calculationsa

system
d(Fe-X)
(Å)

d(Fe-Y)
(Å)

d(Fe-Npor)
(Å)

∠(X-Fe-Y)
(deg) ref

Fe(OEP)(PMe3)2 2.2753 2.2753 1.9972 180 25
Fe(TPP)(pyr)2 2.0368 2.0368 2.0008 180 26
Fe(P)(1-MeIm)(Me2S) 2.3591 2.0246 2.0036 178.3 24
Fe(TPP)(1-MeIm)(iPrNC) 1.8472 2.0426 1.9982 174.1 23
Fe(TPP)(1-MeIm)(CO) 1.7929 2.0699 2.0034 178.2 22

a X and Y are the axial ligand atoms coordinated to iron. For PMe3 and pyr2, X ) Y; for Me2S, X ) S and fori-PrNC and CO, X) C.
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on using the57Fe nucleus as a structure probe, both in solution
(NMR) and in the solid state (Mo¨ssbauer). By investigating
the57Fe chemical shifts, the57Fe shielding tensor elements, as
well as the57Fe Mössbauer quadrupole splittings in different
model systems, and comparing these results with experimental
results on metalloporphyrins (whose structures are accurately
know) and on proteins (RNC‚Mb, MbCO, and cytc (FeII)),
we can begin to investigate to what extent metal ion shifts and
electric field gradients (which are related to the Mo¨ssbauer
quadrupole splittings,∆EQ) can now be predicted in proteins,
using modern theoretical methods. In addition, we can begin
to test ideas about how specific, (computer) engineered distor-
tions, might be expected to affect the spectroscopic observables.
As with our work on amino acid conformations in peptides and
proteins,32,33 the hope is that this should then lead to methods
to predict and refine local metal-ligand structure in metallo-
proteins, as well as provide interesting information on local
electronic structure, and thereby on function.
We show in Table 2 the57Fe nuclear magnetic resonance

shielding tensor elements,σ11, σ22, andσ33, and the isotropic
spectroscopic shieldings we have calculated for the bis(PMe3)
and bis(pyr) metalloporphyrin systems, as well as for the
ferrocytochromecmodel, thei-PrNC, and (linear) MbCOmodel
compounds. These results are compared with experiment in
Figure 1 and in Table 2. For purposes of comparison, we first
consider the isotropic shieldings for these five systems, together
with the shifts of a series of iron carbonyls and ferrocene
previously reported by Bu¨hl.12 In this pioneering study, Bu¨hl
found good agreement between predicted and experimental
57Fe NMR chemical shifts,12 with a slope of-0.965 and anR2
value of 0.979 being obtained, together with a shielding intercept
(0 ppm shift) for Fe(CO)5 of -2961 ppm and a mean absolute
error between experiment and theory of 84 ppm, at the GIAO-
B3LYP level, using a similar basis set to that which we have
used. When the five metalloporphyrin/metalloprotein results
are added to his correlation (Figure 1A), we find an overall
slope of-0.984, anR2 value of 0.992, and an intercept of-2912
ppm. The mean absolute errors for the protein model calcula-
tions are, however, much larger than with the metal carbonyls
and metalloporphyrins, Table 1, which is not unexpected since
the exact structures of the proteins are not known. Nevertheless,
we believe these results do indicate moderately good agreement
between calculation and experiment, Figure 1A, implying that
it should now be possible to begin to investigate iron shifts/
shieldings in other metalloporphyrins and metalloproteins, using
similar methods.
It is also possible that the agreement between theory and

experiment may actually be rather better than these results
indicate. Specifically, Baltzer and Landegren34 have reported

the results of a series of57Fe NMR chemical shift measurements
on a range of porphyrins having ruffled structures, due to steric
constraints. The chemical shifts they observe are all more
shielded than we find experimentally for MbCO in solution.5,34

For example, with increased ruffling, the shifts decrease from
8036 to 7500 ppm (from Fe(CO)5) in a basket handle porphy-
rin.34 The computed isotropic chemical shift of 7760 ppm

TABLE 2: 57Fe NMR Shielding for Heme Model Compounds and Shift and Shift Anisotropy Data for Heme Proteinsa

shielding tensor element
isotropic shiftb

δi (ppm)
tensor span,Ω
|σ33 - σ11| (ppm)

system σ11(ppm) σ22(ppm) σ33(ppm)
isotropic shielding

σi(ppm) calcb expt calc expt

Fe(P)(PMe3)2 -10 414 -10 285 -10 066 -10 255 7 343 7 873 348 NM
Fe(P)(pyr)2 -16 674 -15 835 -11 413 -14 641 11 729 11 723 5 261 NM
Fe(P)(1-MeIm)(Me2S)/cytc -17 053 -16 707 -11 038 -14 933 12 021 11 197c 6 015 7630c

Fe(TPP)(1-MeIm)(i-PrNC)/Mb‚RNC -11 431 -11 112 -10 994 -11 179 8 267 9 257d 437 1260d

Fe(TPP)(1-MeIm)(CO)/MbCO -11 712 -10 330 -9 968 -10 670 7 758 8 227e 1 744 3600f

MbCO, pH 4 -27 310 -16 978 -9 331 -17 873 14 961 8 227e 17 979 3600f

MbCO, pH 5 -21 805 -17 506 -9 878 -16 397 13 485 8 227e 11 927 3600f

MbCO, pH 6 -19 886 -18 278 -10 003 -16 056 13 144 8 227e 9 883 3600f

a Evaluated using the locally dense basis/B3LYP DFT method described in the text.bThe isotropic shifts are obtained from the computed absolute
shieldings usingδ (shift, ppm)) -2912- σ (calc, ppm). The-2912-ppm value comes from the intercept shown in Figure 1 and is approximately
the computed absolute shielding of Fe(CO)5, the experimental57Fe NMR chemical shift standard, taken to be at 0 ppm.c cyt c, ref 4. d n-PrNC‚Mb,
ref 7. eMbCO, refs 5 and 6.f MbCO, ref 5.

Figure 1. Experimental versus computed57Fe nuclear magnetic
resonance chemical shifts and chemical shieldings for ferrocytochrome
c, RNC‚Mb, MbCO, and several model compounds. (A) Experimental
chemical shifts versus calculated isotropic shieldings. The points in
the top left corner are all from ref 12. The bis-PMe3, bis-pyr,
ferrocytochromec, RNC‚Mb, and MbCO shieldings are indicated. (B)
As in (A) but the shielding tensor elements for cytc, RNC‚Mb, and
MbCO, as estimated from solutionT1 measurements, are also shown
(b). (C) As in (A) but the isotropic shieldings based on three MbCO
crystal structures (ref 39) are also shown. The overall slope in (A) for
all points is-0.984, with an intercept of-2912 ppm and anR2 value
of 0.992.
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(Table 2) is well within the range of 7500-8036 reported by
Baltzer and Landegren for their ruffled iron porphyrins contain-
ing CO and alkylimidazole ligands.34 Thus, since the degree
of ruffle in the protein is uncertain, while a saddle distortion is
seen in the model system,22 the possibility exists that part of
the error seen in the calculations originates from a porphyrin
ring distortion. Solid-state57Fe NMR results will be required
in order to explore this possibility further.
To test the sensitivity of the shielding calculations to structural

effects, as well as the effects of basis set size and the type of
XC functional used, we also carried out an additional series of
calculations on (CO)(1-MeIm)(TPP)Fe(II), the MbCO model
system. Shielding results are given in Table 3. As expected,
choice of functional has the major effect on the isotropic
shielding (2, 3). Changes in local geometry, such as a change
in the C-O bond length, have only a modest effect on shielding
(1, 2, 7), while replacement of phenyl groups by hydrogens has
essentially no effect (4, 5). The iron shieldings are also only
moderately sensitive to the details of the locally dense basis
set schemes employed, as can be seen in Table 3 (5, 6).
However, it should be noted that only the hybrid B3LYP XC
functional gives a large tensor span. For the riding model
geometry optimization, we find∆σ ) 1744 ppm with the
B3LYP functional, while all of the BPW91 calculations yield
very small values, on average only∼350 ppm, about 10% of
that estimated from experiment.5 Consequently, we have used
the B3LYP functional for most shielding calculations, and, as
we show below, moderately good accord between theory and
experimental tensor spans are obtained when a series of
porphyrins are investigated.
For the ferrocytochromec model system, we calculate an

isotropic chemical shift of 12 021 ppm from Fe(CO)5, which is
to be compared with the experimental result published by
Baltzer4 of 11 197 ppm from Fe(CO)5, where in both cases we
have used the intercept of-2912 ppm (the absolute isotropic
shielding of Fe(CO)5 corresponding to a 0 ppm chemical shift,
evaluated from the intercept in Figure 1A), that is:

Clearly, the iron atom in ferrocytochromec is considerably more
deshielded than is observed in the PMe3, MbCO, andi-PrNC
model systems, at least at the MbCO model geometry (linear
and untilted Fe-C-O) we have used, and is very close to the
shifts/shieldings seen for the bis(pyridine) adduct, Table 2. As
we shall see below, this large change in isotropic shift in the
ferrocytochromecmodel is also accompanied by a large change
in the shift anisotropy, as reported by Baltzer.4

For ferrocytochromec, MbCO, and RNC‚Mb, we and others
have previously made estimates of the57Fe chemical shift

anisotropy (CSA), based onT1 measurements. The spin-lattice
relaxation rate of iron-57 appears to be dominated by the
chemical shift anisotropy relaxation mechanism,5,7 in which
case:

where (δ⊥ - δ||) is the overall span of the shielding tensor.
This assumes axial symmetry, a not unreasonable assumption
which is borne out, in most cases, from the results of the
calculations, Table 2. In our previous work, we reported two
possible sets of solutions forδ⊥, δ||, since clearly the sign of
(δ⊥ - δ||) cannot be deduced from the relaxation measurements,
because the CSA appears as (δ⊥ - δ||)2, eq 2. The results of
the theoretical calculations clarify the sign question, Table 2,
and enable a comparison between the experimental results for
the shielding tensor elements (assuming axial symmetry as was
done previously) and the theoretical predictions. These results
are shown in Figure 1B (solid circles,b). There is clearly less
good accord between theory and experiment for the tensor
elements than for the isotropic shifts alone. This can be
attributed in large part to the difficulty of determining accurate
shift anisotropies from solutionT1 and line width measurements.
These theoretical calculations of the57Fe shielding tensor,

together with the corrected value of the57Fe shielding in Fe-
(TPP)(pyr)2,11 now permit a revised interpretation of the
shielding tensors, and their orientations, in both metallopor-
phyrins and metalloproteins as well.
As can be seen in Table 2 and in Figure 2, there is a large

range of57Fe NMR shielding observed for metalloporphyrins
and metalloproteins. In the Fe(TPP)(pyr)2 system, the shielding
tensor is close to axially symmetric, with bothσ11 andσ22 being
highly deshielded and oriented in the plane of the porphyrin,
Figure 3A. Essentially the same tensor orientation and mag-
nitude is also seen with the ferrocytochromec model, Figure
3B, withσ33 oriented along the porphyrin normal in both cases.
The large deshielding is associated with the small∆E(1E) dz2
r (dxz, dyz) transitions, perpendicular to the heme plane, resulting
in large deshieldings of the in-plane elements,σ11 andσ22.
In sharp contrast, in MbCO, the much stronger ligand field

of CO results in substantially less paramagnetic and overall
shielding, Table 4, so much so that the in-plane elements become
even more shielded than the unique element, perpendicular to
the porphyrin plane, Figures 2 and 3C. That is, the tensor
remains close to axially symmetric, but nowσ11 is unique, and
σ22 ∼ σ33 and both appear at very high field. The tensor thus
changes sign (or skew) on transition from a weak to a strong
ligand field. While this is, of course, a rather pictorial
description, the theoretical shielding tensor values, and their

TABLE 3: 57Fe Shielding Tensor Calculations for Model Iron (CO)(1-methylimidazole) Porphyrins as a Function of Molecular
Structure, Basis Sets, and Exchange-Correlation Functionals

systema structureb XCc basis sets σi (ppm) σ11 (ppm) σ22 (ppm) σ33 (ppm)

1.Fe TPP ridingb B3LYP Wachters/6-311++G(2d) CO&N/6-31G* CR/3-21G* others -10 670 -11 712 -10 330 -9 968
2.Fe TPP optb B3LYP Wachters/6-311++G(2d) CO&N/6-31G* CR/3-21G* others -10 868 -11 819 -10 558 -10 227
3.Fe TPP optb BPW91 Wachters/6-311++G(2d) CO&N/6-31G* CR/3-21G* others -7 532 -7 710 -7 500 -7 387
4.Fe TPP riding BPW91 Wachters/6-311++G(2d) CO&N/6-31G* CR/3-21G* others -7 388 -7 581 -7 357 -7 227
5.Fe P ridinga BPW91 Wachters/6-311++G(2d) CO&N/6-31G* CR/3-21G* others -7 394 -7 596 -7 366 -7 220
6.Fe P ridinga BPW91 Wachters/6-311++G(2d) CO&N/6-31G* porphyrin ring/3-21G* H -7 410 -7 620 -7 380 -7 232
7.Fe P X-rayc BPW91 Wachters/6-311++G(2d) CO&N/6-31G* CR/3-21G* others -7 360 -7 546 -7 316 -7 216

a Fe TPP) four phenyl groups were incorporated in the calculations; Fe P) iron porphyrinate structure in which meso substituents were
replaced by hydrogens.bRiding ) a riding model geometry optimized X-ray structure (ref 22) was used:d(C-O) ) 1.094 Å andd(Fe-C) )
1.793 Å. Opt) a DFT constrained (d(Fe-C), d(C-O)) geometry optimized structure was used in whichd(C-O)) 1.149 Å andd(Fe-C)) 1.805
Å (ref 22). X-ray) the X-ray structure (ref 22) in whichd(C-O) ) 1.061 Å andd(Fe-C) ) 1.793 Å were used.

δ (ppm, Fe(CO)5) ) -2912- σ (ppm, absolute shielding)

(1)

1/T1 ) (1/15)γ2H0
2(δ⊥ - δ|)

2
2τR

1+ ω2τR
2

(2)
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orientations, now permit a revision of previous ideas,4,7,11which
were based in large part on the erroneous shift values for Fe-
(TPP)(pyr)2.
The Fe(TPP)(pyr)2, ferrocytochromec, and MbCO 57Fe

shielding tensors are all close to axially symmetric, with the
unique axis perpendicular to the heme normal. This value (σ33
in Fe(TPP)(pyr)2 and cytc, σ11 in MbCO) changes little from
system to system, while the in-plane elements (σ11 andσ22 in
Fe(TPP)(pyr)2 and cytc, σ22 andσ33 in MbCO) dominate the
overall shieldings changes seen. When the in-plane elements
track to high field (on increasing the ligand field splitting with
strongerπ-acceptor ligands, like RNC, PR3), then the situation
σ11 ∼ σ22 ∼ σ33 can occur, and a very small shift anisotropy
may be observed. This is clearly the case with PMe3 and
i-PrNC in Fe(TPP)(1-MeIm)(PMe3)3 andi-PrNC‚Mb, and results
in the latter case in a very long solutionT1 value.7 In the case
of the Fe(TPP)(1-MeIm)(i-PrNC) model system calculation, the
tensor is actually somewhat asymmetric, Figure 3D, due
presumably to the fact that thei-PrNC group is somewhat tilted
and bent (the total tilt and bend is 16°). The distortions in the
CO adduct are much less (<2°), and the tensor is more
symmetric. As noted previously,11 the paramagnetic contribu-
tion to shielding overwhelmingly dominates the total absolute
shielding, Table 4, and variations inσp control the observed
shifts seen experimentally.
These57Fe chemical shift/shielding calculations therefore

indicate the following. There is moderately good accord
between theory and experiment for the57Fe shifts in metal-
loporphyrins and metalloproteins. The correct ordering of the
57Fe chemical shifts in three proteins is obtained:δi (cyt c) .
δi(RNC‚Mb) > δi(MbCO). The correct ordering of∆σ is also
obtained: ∆σ(cyt c) . ∆σ(MbCO) > ∆σ(RNC‚Mb). The
experimental∆σ for cytochromec was reported by Baltzer to
be 7630 ppm, while we predict∆σ ) 6015 ppm, good
agreement when considering the uncertainties associated with

the structural model, in which the Fe-Nim and Fe-S distances
were based on the protein crystal structure, and the experimental
errors associated with the determination of∆σ. In addition, a
small∆σ for the RNC adducts also emerges from the calcula-
tions, consistent with the longT1 values seen experimentally.7

And finally, all five porphyrin and protein points lie on and
extend by∼9000 ppm the small molecule correlation previously
established by Bu¨hl.12

Next, we show in Table 2 and Figure 1C the results of57Fe
NMR shielding calculations based on numerous reports35-39 of
highly distorted geometries in MbCO, both in the crystalline
solid state and in solution. Using the most recent crystal-
lographic structures,39 differences between experiment and
calculation of∼5000-7000 ppm are observed, Table 2 and
Figure 1C. One possibility for these differences might be that
the solution and crystal structures are very different. Another
might be that more accurate crystallographic structures are
needed in order to reproduce the experimental chemical shifts.
A third is that the calculations themselves are in error. However,
the results of recent solution infrared spectroscopic measure-
ments also imply a<7° Fe-CO tilt in solution,40 consistent
with the good correlation we find using a model compound with
linear, untilted FeCO. Single-crystal IR measurements also
imply only a very small distortion in sperm whaleP21 crystals
as well,41 again consistent with the second possibility mentioned
above, and recent DFT calculations which explore the relation-
ships between IR and ligand NMR shielding also conclude a
close to linear and untilted Fe-C-O fragment in most heme
proteins.42

Finally, we briefly report the results of our electric field
gradient tensor (Mo¨ssbauer quadrupole splitting) calculations
at iron in metalloporphyrin and metalloprotein model systems.
The goal here is to determine whether Mo¨ssbauer quadrupole
splittings,∆EQ, can be reliably evaluated for metalloproteins
using the same structures/basis sets/functional as used for the
57Fe shift calculations. The Mo¨ssbauer quadrupole splitting is
related to the components of the electric field gradient tensor
as follows:

wheree is the electron charge,Q the quadrupole moment of
the I* ) 14.4 keV excited state, and the components of the efg
are labeled according to the convention:

with the asymmetry parameter

In separate work,43 we have found good accord (∼0.2 mm
s-1 rmsd) between experimental and computed∆EQ values for
a series of organometallic compounds by using a quadrupole
moment,Q, of 0.16× 10-28 m2.44 In addition, we have also
recently carried out a second set of57Fe shift and Mo¨ssbauer
∆EQ calculations to investigate in even more detail the effects
of functional on the computed results. Here, we used as a model
a geometry optimized Fe(CO)5 structure (Fe LANL2DZ ECP/
basis, 6-31G* on C and O, BP86 exchange-correlation functional
in Gaussian 94) using Wachters’ all electron basis on iron, and
6-311++G(2d) on C and O. The results obtained with eight
different functionals are given in Table 5. Clearly, the Becke

Figure 2. Values for principal components of the57Fe NMR shielding
tensors in the systems indicated. The tensor components clearly
perpendicular to the unique axis (i.e., those in the heme plane) are
connected by dotted lines. The tensor components parallel to the unique
axis (i.e., those along the heme normal) are connected by solid lines.
Thex-axis represents the total computed absolute shielding, andσ33 >
σ22 > σ11. The stick diagram would look the same using the standard
δ-scale chemical shift convention, with the most deshielded element,
δ11, being to the left.

∆EQ ) 1
2
eQVzz(1+ η2

3 )1/2 (3)

|Vzz| > |Vyy| > |Vxx| (4)

η ) (Vxx - Vyy)/Vzz (5)
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three-parameter hybrid functionals B3LYP, B3P86, and B3PW91
give good accord with the experimental Mo¨ssbauer∆EQ (2.51
mm s-1) supporting their use in such calculations. Moreover,
the computed absolute NMR shielding in all three cases is close
to the Fe(CO)5 intercept (of-2912 ppm) deduced from the
correlation shown in Figure 1A, with, as expected, the B3LYP
functional yielding closest agreement. The pure density func-
tionals BLYP and BP86, and the BHandH and BHandHLYP
functionals,20 perform noticeably poorer for∆EQ and σ, and
were thus not explored further.

In Table 6 we compare the results of57Fe efg calculations
for three porphyrins and three protein models with experimental
data. The three metalloporphyrins are the bis(PMe3) and bis-
(1-MeIm) complexes recently studied both theoretically and
experimentally by Grodzicki et al.,45 and the bis(pyr) complex
of tetraphenylporphyrin.46 For the three model systems, there
is excellent accord with experiment (0.12 mm s-1 error in∆EQ,
without use of any Sternheimer factor) using the same basis
sets and functional as we used for the57Fe NMR shielding
calculations, which gives additional confidence in the quality

Figure 3. Orientations of the principal components of the57Fe NMR shielding tensor (σii, computed) for metalloporphyrin and metalloprotein
model systems: (A) Fe(P)(pyr)2, (B) Fe(P)(1-MeIm)(Me2S), (C) Fe(TPP)(1-MeIm)(CO), (D) Fe(TPP)(1-MeIm)(i-PrNC). The phenyl substituents
have been removed for clarity.

TABLE 4: Diamagnetic and Paramagnetic Contributions to
Shielding in Metalloporphyrin and Metalloprotein Model
Systemsa

shielding (ppm)

system σdia σpara σtotal

Fe(P)(PMe3)2 2018 -12 273 -10 255
Fe(TPP)(pyr)2 2038 -16 678 -14 640
Fe(TPP)(1-MeIm(Me2S) 2025 -16 958 -14 933
Fe(TPP)(1-MeIm)(i-PrNC) 2018 -13 197 -11 179
Fe(TPP)(1-MeIm)(CO) 2016 -12 686 -10 670
aComputed using the Gaussian 94 program using a Wachters’ all

electron basis for iron and a B3LYP hybrid exchange correlation
functional, as described in the text.

TABLE 5: Effects of Functional on 57Fe Isotropic Shielding
and on the Mo1ssbauer∆EQ in Fe(CO)5

functionala σi (ppm) ∆EQ (mm s-1)

B3LYP -2895.2 2.55
BLYP -2036.9 2.22
BP86 -1931.4 2.20
BPW91 -1940.8 2.21
B3P86 -2784.6 2.55
B3PW91 -2785.9 2.55
BHandH -4680.4 2.83
BHandHLYP -4852.2 2.85
expt -2912b 2.51

a For a more detailed description of each functional, see, e.g., ref
20. bObtained from eq 1.
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of the calculations. In all cases the sign of the dominant efg
component is found to be negative, implying a positive
quadrupole interaction,∆EQ > 0, and the asymmetry is
relatively small,η ≈ 0.2. For ferrocytochromec the calculation
yields a Mössbauer quadrupole splitting of 1.31 mm s-1, in very
good agreement with the experimental result,∆EQ ) 1.2 mm
s-1.47 Similarly good agreement is obtained for thei-PrNC‚
Mb model system, in which a∆EQ value of 0.33 mm s-1 is
obtained, to be compared with experimental∆EQ values of
0.40 mm s-1 for MeNC‚Mb, Figure 4A, 0.33 mm s-1 for
n-PrNC‚Mb and 0.39 mm s-1 for Fe(TPP)(1-MeIm)(i-PrNC),
Figure 4B. The MbCO model system also shows good
agreement with experiment (0.44 mm s-1 calculated versus the
experimental value of∼0.36-0.37 mm s-1 for MbCO8,48). Both
results are within the expected∼0.2 mm s-1 rms error found
for a series of model compounds, as described elsewhere,43 and
in all casesVzz is oriented close to the porphyrin normal, Figure
5.
Lacking high-field Mössbauer data for the RNC myoglobins,

the sign of∆EQ in these compounds is not known, although
the correct signs for the other systems are in accord with
experiment. However, since the isocyanides are isoelectronic
with the CO derivatives, which have∆EQ>0, it is plausible to
assume the same sign for the isocyanides, which then agrees
with the model calculations. This then implies an rms error of
only 0.10 mm s-1 for the theory-versus-experiment correlation

for these three metalloporphyrins and three metalloproteins. This
is a very small error indeed, obtained without use of any
adjustable parameters, so there is considerable hope for using
Mössbauer∆EQ values in more detailed structural studies, as
we will describe elsewhere.49 What is puzzling about our
results, however, is the poor accord between the experimental
and computedη values. Ourη values for the model systems
are in good accord with the theoretical values reported by
Grodzicki et al.,45 and it is unclear whyVzzand the57Fe NMR
isotropic shift would be so well reproduced, whileVxx andVyy
would be inaccurates and the same in both sets of calculations.
One possibility is that the experimentalη values are less accurate
than thought, due e.g. to slight magnetic alignment, and certainly
the large range inη reported for MbCO (from<0.4 to 0.75,
see ref 48) would suggest some type of experimental origin.
Thus both57Fe NMR chemical shieldings as well as57Fe

Mössbauer quadrupole splittings for ferrocytochromec and two

TABLE 6: Eigenvalues of the Electric Field Gradient Tensors for 57Fe in Metalloporphyrins, Ferrocytochrome c, i-PrNC‚Mb
and MbCO Model Compounds Together with Computed and Experimental Protein Mo1ssbauer Quadrupole Splittingsa

electric field gradient tensor elements quadrupole splittings∆EQ(mm s-1)b asymmetry parameterη

system qzz (au) qxx(au) qyy (au) calc expt calc expt

Fe(TPP)(pyr)2 -0.682 0.296 0.386 1.11 1.15 0.14 NM
Fe(TMP)(NMeIm)2 -0.613 0.220 0.393 0.99 1.07 0.28 0.0 (1)
Fe(OEP)(PMe3)2 -0.062 0.028 0.034 0.10 0.35 0.10 0.6 (1)
FeP(NMeIm)(Me2S) -0.805 0.327 0.479 1.31 1.20c 0.19 ∼0.5d
Fe(TPP)(NMeIm)(i-PrNC) -0.200 0.086 0.112 0.33 0.33-0.40e 0.13 NM
Fe(TPP)(NMeIm)(CO) -0.269 0.110 0.159 0.44 0.36-0.37f 0.18 <0.4-0.75f

aComputed using the locally dense basis set approach and the B3LYP hybrid exchange-correlation functional, as described in the text.b An
57Femquadrupole moment of 0.16× 10-28 m2 was used, ref 44.c Value reported for horse heart ferrocytochromec in ref 47. dReference 3.eValues
for MeNC‚Mb (0.40 mm s-1) and i-PrNC‚TPP model (0.33 mm s-1), see Figure 4.f Values reported for sperm whale carbon monoxy-myoglobin
from refs 8 and 48.

Figure 4. (A) 57Fe Mössbauer spectrum and simulation of MeNC‚Mb
in frozen solution, 77 K. (B)57Fe Mössbauer spectrum and simulation
of polycrystalline Fe(TPP)(1-MeIm)(i-PrNC), 77 K.

Figure 5. Orientations of the57Fe electric field gradient tensor: (A)
ferrocytochromec, (B) an i-PrNC‚Mb model. Porphyrin substituents
in B have been removed for clarity.
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myoglobins, as well as several metalloporphyrins, can now be
predicted with reasonable accuracy by use of modern density
functional theory. This enables the empirical correlations
between57Fe NMR chemical shifts and Mo¨ssbauer∆EQ values
to be put on a more quantitative theoretical footing, and a
compilation of NMR shift and Mo¨ssbauer quadrupole splitting
results determined experimentally,11 together with those we have
calculated theoretically, are shown in Figure 6. While there is
a generally linear relationship betweenδ (NMR) and ∆EQ
(Mössbauer), it is perhaps worth emphasizing that a perfectly
linear relation is not expected theoretically, since the efg depends
only on the ground state of the system, while both ground state
and excited states are important for shielding. Such a correlation
is nevertheless of interest since, e.g., it shows that highly
distorted MbCO systems having large∆EQ andδ values (which
are not seen experimentally) fall on the sameδ, ∆EQ correlation
as those which are seen experimentally, and which are repro-
duced theoretically using close to linear and untilted Fe-C-O
porphyrin models.
Since there are many iron-containing metalloproteins in which

structural questions exist, these results suggest that quantum
chemical methods are now at the point where such questions
can begin to be answered in a routine manner. Moreover, as
more and more correlations are made, it should be possible to
combine the results of different spectroscopic techniques to
enable even more accurate tests of structure, by using, for
example, a combination of NMR and Mo¨ssbauer spectroscopy
to predict metal-ligand geometries49 via the Bayesian prob-
ability methods described elsewhere for peptide backbone
structure prediction.32,33 Such tests have now, in fact, been
performed and confirm the close to linear and untilted model
for Fe-C-O in MbCO discussed above.49

Conclusions

The results we have described above are of interest since they
demonstrate that57Fe NMR shifts and Mo¨ssbauer quadrupole
splittings in metalloporphyrin and metalloprotein systems (fer-
rocytochromec, isopropyl isocyanide-myoglobin, and carbon
monoxy-myoglobin) can now be predicted by density func-
tional theory with locally dense basis sets and a hybrid

exchange-correlation functional, using metalloporphyrin struc-
tures. The correct ordering of isotropic shifts as well as the
correct ordering of the shift anisotropies is obtained with the
proteins, with the cytochromec anisotropy being exceptionally
large, ∼6000 ppm, consistent with previous experimental
estimates. The overall rms error for the protein isotropic shifts
of ∼800 ppm is relatively large, however, probably due to
residual structural uncertainties, such as porphyrin ruffling.
Notably, however, the highly distorted CO ligand geometries
reported in some studies lead to resonances predicted to be
∼6000 ppm deshielded from experiment. The57Fe Mössbauer
quadrupole splittings have an rms error between theory and
experiment of only∼0.1 mm s-1, and correctly reproduce for
the first time the relatively large∆EQ value for ferrocytochrome
c, and the very small∆EQ values for the RNC and CO adducts
of Mb seen experimentally. Such methods should therefore now
be applicable to analyzing the broad base of57Fe Mössbauer
data, and, when combined together, the joint application of
57Fe NMR and Mo¨ssbauer measurements may enable the
solution of numerous questions related to metalloprotein
structure, and potentially structure/function relations as well.
Theoretical studies of the57Fe Mössbauer spectra of paramag-
netic metalloproteins, unusual bonding situations such as Fe-
(IV)O, as well as other nuclei, such as61Ni and67Zn, also now
appear tractable.
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