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Abstract: We have investigated th€Fe Massbauer quadrupole splittings in the following compounds by
using density functional theory, and in some cases via experiment: Fg£(@E-butadiene), Fe(CQ) Fe-
(COX)(1,4—butadiene), CpFe(C@We, Fe(CO)(propenal), CpFe(CQEl, (CO)(pyridine)(DMGBPh) Fe(ll)

(DMG = dimethylglyoximato), (CO)(pyridine)(DMGBBNJre(ll) (BBN = 9-borabicyclo[3.3.1]Jnonane), (CO)-
(1-methylimidazole)(5,10,15,20-tetraphenylporphinato)Fe(ll), (CO)(pyridine)(5,10,15,20-tetraphenyl-porphinato)-
Fe(ll), (nitrosobenzene)(pyridine)(5,10,15,20-tetraphenylporphinato)Fe(ll), (pyritbr),15,20-tetraphe-
nylporphinato)Fe(ll), (1-methylimidazolgp,10,15,20-tetramesitylporphinato)Fe(ll), and (trimethylphos-
phine}(2,3,7,8,12,13,17,18-octaethylporphinato)Fe(ll). The electric field gradients at iron were evaluated by
using a locally dense basis approach: a Wachters’ all electron representation for iron,-a-6& basis for

all atoms directly bonded to iron, and either a 6-31G* basis for all other atoms or, in the case of the
metalloporphyrins, a 6-31G*/3-21G* or 4-31G* basis, with the smaller basis being used on the peripheral

atoms. Using a value of 0.1& 10728 m? for the quadrupole moment &fFe™, we find good agreement
between theoretical and experimental quadrupole splittings: a slope of 1.0% \alue of 0.975, and a

root-mean-square error of 0.18 mmlsfor the 14 co

mpounds examined. We have also investigated the

effects of the CO ligand tilt and bend on t&e quadrupole splittings in several heme models. The theoretical
results provide no support for the very large (46e—C—0O bond angles suggested by several diffraction
studies orPhyseter catodonarbonmonoxymyoglobinR2; crystals). In contrast, the experimental results for
(CO)(1-Melm)(5,10,15,20-tetraphenylporphinato)Fe(ll), which contains a linear and untilte@®eare in

very close accord with the experimental values for C

O-myoglobin: 0.35 mrfosthe model system versus

0.363-0.373 mm s for MbCO, withV,,oriented perpendicular to the porphyrin plane, as found experimentally.
Calculations on metalloporphyrins at the more distorted X-ray geometries yield quadrupole splittings around

2 mm s, inconsistent with experiment.

Introduction

The nature of metatligand bonding in heme proteins has
been the topic of lively debate for over 30 yetrs. In principle,
one of the more powerful spectroscopic techniques for probing
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the iron center i$’Fe Mossbauer spectroscopy. However,
there has been relatively little work reported on the theoretical
analysis of iron-57 Mesbauer data in organometallic, metal-
loporphyrin, and protein systerfisl® The principal reasons for
this are that, first, heme protein structures are themselves part
of the focus of the debafeand without a good initial structure
the problem of computing spectroscopic observables becomes
more difficult. Second, the level of theory needed to compute
Mossbauer quadrupole splittings has been uncelalEectron
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correlation effects might possibly play a role, but until recently both prepared from (TPP)FeCl, and their structures determined crys-
efficient methods for the incorporation of electron correlation tallographically. The synthesis and structure of (PhNO)(pyr)(TPP)-
(and exchange) have been Computaﬂona”y expensivel Thlrd,Fe(”) and thd\l-methyllmldazole adduct of TPP, (CO)(l-Melm)(TPP)-

the relatively large size of porphyrin macrocycles exacerbates
the cost of high level theoretical calculations greatly, so that

highly simplified models such as (NH and bis(amidinato)
fragments have frequently been udéé? and few direct

Fe(ll), will be discussed elsewhete?®

Fe(CO} was purchased from Aldrich (Milwaukee, WI) and Fe(GO)
(1,4-butadiene) from Alfa (Ward Hill, MA).

Mussbauer Spectroscopy. For Fe Massbauer spectroscopic
measurements, we used a Ranger Scientific, Inc. (Burleson, TX) MS-

comparisons with experiment have been possible. Fourth, 950 pigshauer spectrometer equipped with a VT-900 transducer and
Sternheimer corrections, which are not always known to high 5 kr-co, gas proportional counter. The source W&o in a 6xm

accuracy, have been used in some calculations. As a resultrhodium foil having an 8 mm active diameter, and an initial activity of
unambiguous correlations between theory and experiment for25 mCi (Amersham Life Sciences, Arlington, Heights, IL). Zero-field
metalloporphyrins and metalloproteins have not been forthcom- measurements were performed at low temperatures by using a Janis
ing. Fortunately, however, there have been many recent Model 10DT SuperVaritemp cryostat (Janis Research Company, Inc.,
developments in the use of density functional theory (see e.g. Wilmington, MA). High-field measurements utilized a Janis Model
ref 13), which has the computational advantage that formal speed®TMOSS-0M-1.5 cryostat, which consists@ 9 T peak-field super-

typically scales abl® (whereN is the number of basis functions),
rather than thezN® for other correlated methods, resulting in a

conducting magnet having its field parallel to theay beam, together
with a bucking coil to provide zero-field at the source position. The
transducer for the high-field measurements was a “home-built” version

number of accurate electric field gradient tensor calculations, of the Ranger VT-900 adapted for vertical operation with a vacuum

e.g. for 2H,3537C|, and 127.1415 These developments, when

enclosure. Samples were sealed in thin delrin containers using epoxy

coupled with recent hardware improvements, encouraged us toresin.

reinvestigaté’Fe Mssbauer quadrupole splittings (which are
related to the computationally determing@e electric field

Computational Aspects. All electric field gradient calculations were
performed by using the Gaussian?94rogram. Small molecule

gradients, EFGSs) in a series of small organometallic model calculations were carried out on International Business Machines
compounds, as well as in several macrocycles: bis(dimethyl- (Austin, TX) RS/6000 computers (Models 340, 350, 360, 365, and
glyoximato)Fe(ll) complexes, and in porphyrin macrocycles as 3CT), while the larger systems were investigated by using Silicon

well. Using parallel processing, we find theFe EFGs can

now be readily evaluated, even in metalloporphyrins, at least

for low-spin & complexes. In this paper, we discuss primarily

Graphics/Cray Research (Mountain View, CA) Origin-200, Origin-

2000, and Power Challenge multiple processor machines, in parallel.
For the small molecules, we used both X-ray and quantum chemical
geometry optimized structures. These geometry optimizations were

results on CO-hemes, but the general approach is equallypased on the methods used byhBéor 5Fe chemical shift calcula-

applicable to @ RNC, RNO, and B&S ligand binding in other

tions?8 and basically involved using Wachters’ all electron basis for

systems as well, and has the advantage over other methods thaton 2% Pople’$! 6-31G* basis for all other atoms, and a Becke-Perdew

not only are Sternheimer corrections not neces¥abyt as a
bonus, 5Fe NMR chemical shifts are available from the
calculations as well”-18

Experimental Section

Synthetic Aspects. The following compounds were synthesized by
using standard methods: Fe(G@Yyclo-butadiene}? CpFe(COMe
Fe(CO)(propenalft CpFe(CO)CI, 2 (CO)(pyr)(DMGBPh)Fe(ll) (DMG
= dimethylglyoximato® (CO)(pyr)(DMGBBN)Fe(ll) (BBN =
9-borabicyclo[3.3.1]Jnonanéy¥, and (CO)(pyr)(5,10,15,20-tetraphe-
nylporphinato)Fe(lIf* (CO)(1-methylimidazole)(TPP)Fe(ll) and (Ph-
NO)(pyr)(TPP)Fe(ll) (TPP= 5,10,15,20-tetraphenylporphinato) were
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(16) Grodzicki, M.; Flint, H.; Winkler, H.; Walker, F. A.; Trautwein,
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E. J. Phys. ChemSubmitted for publication.

(18) McMahon, M.; deDios, A. C.; Godbout, N.; Salzmann, R.; Laws,
D. D.; Le, H.; Havlin, R. H.; Oldfield, EJ. Am. Chem. So&ubmitted for
publication.
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(BP86) exchange-correlation functioffalFor these model compounds,
the EFGs were then calculated by using Becke’s three parameter
functionaf® with the Lee, Parr, and Yang correlation functicfiaithe
B3LYP hybrid exchange correlation (XC) functional. We also used
Wachters’ all electron basis on iron, a 6-31-£G?? basis for all atoms
directly bonded to iron, and a 6-31G* basis for the more distant atoms.
A more detailed discussion of basis/functional/structural questions is
given in the Results and Discussion section.

For the two heme model systems (CO)(pyr)(TPP)Fe and (PhNO)-
(pyr)(TPP)Fe and for the two DMG complexes, we used the following

(25) Salzmann, R.; Wilson, S. R.; Havlin, R. H.; Oldfield, E. Unpublished
results.

(26) Salzmann, R.; Ziegler, C.; Godbout, N.; McMahon, M.; Suslick,
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Keith, T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.;
Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.;
Cioslowski, J.; Stefanov, B. B.; Nanyakkara, A.; Challacombe, M.; Peng,
C.Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.
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procedures for energy convergence and electric field gradient (EFG)
tensor calculations: Step 1, iron was represented by a LANL2DZ
effective core potenti&l and 3-21G* basis sets were used for all other
atoms, together with the B3LYP hybrid exchargmrrelation func-
tional?” Step 2, as in Step 1, but Wachters’ all electron bas®¥et
was used for iron. Step 3, as in Step 2, but a 6-31G*
instead of the 3-21G* basis. Step 4, in the final calculations, we used
the following locally dense basis: Wachters' all electron basis
(62111111/3311111/3111) oniron, 6-33::Gfor all directly attached
atoms plus the oxygen in the CO group, 6-31G* for other atoms two
bonds away from the iron, and 3-21G* bases elsewhere. For the
calculation of (CO)(1-Melm)(TPP)Fe, Step 1 was done at the Hartree
Fock level with Wachters'’ iron basis set and 3-21G* on all other atoms.

viHaet al.

IVzd > Vil > [V, ®3)

XXI

In the presence of an applied field, each molecule has its EFG
oriented differently in the field, and consequently has a different

basis was usegriamiltonian, with different eigenvalues. Numerical methods

can, however, be used to evaluate such powder spectra as a
function ofV;;, from whichAEg, 7, and the sign oAEg can be
deduced®*® We determined the zero-fieldEq values for
eleven of the compounds of interest, and typical results are
shown in Figure 2, including results for the new system, (CO)-
(TPP)(1-Melm)Fe(ll). We also determined both the sign and
magnitude oAEq for three of these systems, as shown in Figure

In Step 2, the basis sets on the first shell of atoms were replaced by3  The signs ofAEg for the bis(pyridine), bis(1-methylimida-

6-31G*. In Step 3, as in Step 2, but with the B3LYP XC functional.

Step 4 was the same as described for the other systems. A similar

approach was also used for the bis(pyridine), Mis{ethylimidazole),
and bis(trimethylphosphine) adducts described below. The (CO)(pyr)-
(DMGBBN),Fe and (CO)(1-Melm)(TPP)Fe systems, shown in Figure
1, parts A and B, respectively, are examples of very large systems in
which the locally dense basis approach was employed.

We also investigated the effects of CO ligand tilt and bendr(d
f) on the computed quadrupole splittings. Here, we used first of all a
published porphyrin core geomefiut the porphyrin ring substituents
(at @) were replaced by hydrogens, and an axial imidazole was

zole) and bis(trimethylphosphine) metalloporphyrins were al-
ready deduced by Grodzicki et ®land are shown in Table 1.
For the remaining compounds, all values are taken to be positive,
based on the excellent accord between experimental and
theoretical signed and unsignadEq values (see below), except

in the case of (PhNO)(pyr)(TPP)Fe. Here, Mansuy et al. have
determined a negative value fAEq in the relatedPrNO adduct

of TPPM but with a similar AEq value to that we have
determined. We then determined theoretically¥te electric
field gradient tensor elements for the compounds discussed

included, oriented in the same way as reported in the crystal structure@bove, using the locally dense basis set approach together with

of carbonmonoxymyoglobi®. We carried out theoretical, quantum
chemical geometry optimizations of the-F€ and C-O bond lengths

at fixed ligand tilt and bend angles using a B3LYP hybrid exchange-
correlation functional, Wachters’ (62111111/3311111/3111) Fe basis
set, a 6-31G* basis on the carbonyl group and the five nitrogen atoms,
together with a 3-21G basis on the remaining atoms. The definitions
of tilt and bend we use are that tilt is the angle between the
perpendicular to the porphyrin plane and the-EBebond vector (0is
untilted) and bend is the angle between the-Eeand C-O bond
vectors (0 is unbent). These Gaussian-94 geometry optimizations, and
EFG calculations, were performed on a cluster of Silicon Graphics/
Cray (Mountain View, CA) Origin-200 computers in this laboratory,
in addition to use of SGI Origin-2000 and Power Challenge computers
at the National Center for Supercomputing Applications (Urbana, IL),
using up to eight processors. Finally, we also calculated the electric
field gradients at iron in the three recently reported heme structures in
carbonmonoxymyoglobin (recorded at pH values of 4, 5, and 6), using
the experimentally deduced metalloporphyrin geometfies.

Results and Discussion

the B3LYP hybrid exchange-correlation functional. These
results are presented in Table 1.

Now, unfortunately, there has been considerable uncertainty
over the years as to the actual magnitud€pthe quadrupole
moment of the excited iron nucle@%-€", with values ranging
from —0.19 x 10728 to +0.44 x 102 m? having been
reported? However, in two recent studié3;/3the topic of the
actual value ofQ has been reinvestigated in great detail, and
the most recent values determined @are 0.1645%) x 10-28
m? 43and 0.11(2)x 1022 m2.42 In this work, we use the most
precise recent determinatio®, = 0.16(@-5%) x 10728 m?, to
convert our theoretical; results into the Mesbauer quadrupole
splitting, AEq.

We show in Table 1, and graphically in Figure @)( the
results of ourAEq calculations for the 14 compounds investi-
gated. We find very good agreement between theory and
experiment for the six systems where the sign is known
unambiguously, and similarly good accord for the other eight
where the sign was inferred. The slope of the correlation line
for all 14 points is 1.04 (versus 1 for the ideal correlation), the

In MGssbauer spectroscopy, the observed spectra of low spin-g2 yalue is 0.975, and the root-mean-square error of the

déiron complexes generally consist of a quadrupole split doublet
having a peak separatioNEq, that is related to the elements
of the electric field gradient tensor at the nucleus by:

/
77_2)1 2

L @

1
AE, = EeQ\/ZZ(l +

wheree is the electron charge the quadrupole moment of
thel* =3/, 14.4 keV excited statd/,;is the largest component
of the EFG tensor, and by convention:

Vi = Vyy
V

zz

n= 2

(35) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 284-298.

(36) Kim, K.; lbers, J. AJ. Am. Chem. S0d.991, 113 6077-6081.

(37) Abola, E. E.; Bernstein, F. C.; Bryant, S. H.; Koetzle, T. F.; Weng
J. Protein Data Bank I@rystallographic Databasesinformation Content,
Software Systems, Scientific ApplicatipBsta Commission of the Inter-
national Union of Crystallography; File No. 1MBC.

calculated points from experiment is 0.18 mm.sThese results

are very promising, since they suggest that quantum chemical
methods may now be used with some confidence to investigate
Mossbauer quadrupole splittings in even larger systems, such
as the dimethylglyoximato complexes, and of course in metal-
loporphyrins as well. For example, for the (CO)(pyr) complexes
of DMG, we computeAEq values of 1.15 and 1.41 mnt%s
which compare quite favorably with the experimental results
of 1.31 and 1.51 mm$, Table 1. Similarly, in the (CO)(pyr)
porphyrin system, even though the EFG is much smaller, there
is likewise good accord: a computed 0.37 mm gersus the
0.57 mm s determined experimentally, Figure 2. Moreover,

(38) Yang, F.; Phillips, G. N., Jd. Mol. Biol. 1996 256, 762—774.

(39) Zimmerman, RNucl. Instrum. Method4975 128 537-541.

(40) Miinck, E.; Groves, J. L.; Tumolillo, T. A.; Debrunner, P. G.
Computer Phys. Commuf973 5, 225-238.

(41) Mansuy, D.; Battioni, P.; Chottard, J.-C.; Riche, C.; Chiaroni] A.
Am. Chem. Sod 983 105 455-463.

(42) Su, Z.; Coppens, FActa Crystallogr.1996 A52 748-756.

(43) Dufek, P.; Blaha, P.; Schwarz, Rhys. Re. Lett.1995 75, 3545~
3548.
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Figure 1. Structures of representative molecules used in calculations: Figure 2. 5Fe Mtssbauer spectra of (A) (CO)(1-Melm)(TPP)Fe(ll)
(A) (CO)(pyr)(DMGBBN)Fe(ll) and (B) (CO)(1-Melm)(TPP)Fe(ll). and (B) (CO)(pyr)(TPP)Fe(ll) af = 77 KandBy, =0 T.

Also of interest in the results we have presented so far is the
observation that the quadrupole splitting of the heme model
compound, (CO)(NMelm)(TPP)Fe, of 0.35 mmisFigure 2A,
is extremely close to the-0.36-0.37 mm s observed in
carbonmonoxymyoglobin and carbonmonoxyhemog|diir:>
Since this model compound has a linear and untilted e O

the calculations also provide the correct sign Adtg, in each

of the six systems where the sign has been determined
experimentally. In addition, the root-mean-square errors be-
tween theory and experiment are quite small, and the slope
between theory and experiment is very close to the ideal value

of 1. At present, the origins of the residual errors which are 26t el . :

. - . . __angle® this similarity appears to support the notion of a linear
seen are uncertain, and could originate from residual lattice . . .
effects, structural uncertainties, and motional averaging, as We”and'untllted FeC—Q bond in thg h.e.me proteins thgmselyes,
as deficiencies in the basis gets and functionals us,ed anoﬁu“n order to test this hypothesis, it is necessary to investigate

- o . ' ow the5"Fe quadrupole splitting varies with ligand distortion.
remaining uncertalntles in the magnitude qf the nuclear qgad- We therefore carried out a study of havieg varies with ligand
rupole moment itself. Of course, these are important questions, ;.. -4 pend using geometry optimization of the-R and
the answers to which will likely influence conclusions drawn C—0 bond Iéngths at each new geometry. Results for these
from the calculations. We therefore chose to investigate further optimized bond lengths, together with tHe total molecular
a wide variety of functional/basis set/structure/all electron-ECP eigenenergies, are given’ in Table 3. Clearly, theCCbond
combinations, to see to what extent the resultant ERGES) length is quite constant over a wide range of geometries,
depended on these parameters. Results are given in Table 25jthoygh the FeC bond length varies rather more, Table 3.
As anticipated based on"Bls iron-57 NMR chemical shift  The results for the energies are generally consistent with those
work,?8 best accord with experiment is obtained when using of Ghosh and Boci# and Parinello et &7 For example, a
the B3LYP hybrid functional, which incorporates Hartré&nck 20° bend corresponds to a 3.1 kcal increase in energy in this
exchange, rather than the pure BPW91 XC functional (calcula- study, to be compared with values 3.5 and~3.1 kcal
tions 1, 2 versus-310). More specifically, comparison between  calculated by these worket&47
calculations 2 and 3 shows a major improvement with B3LYP. Next, we show in Table 4 and Figure 5 the results of the
Use of effective core potentials (calculationsB) yields poor  electric field gradient tensor calculations as a function of ligand
results for two different functionals and two decontraction tilt and bend, including both the quadrupole splittiddso, and
schemes, as expected. There is also a small different&dgn the EFG asymmetry parameter,in Table 4. For carbonmon-
when using different FeC and C-O bond lengths, as shown  oxymyoglobin, the experimental value for the quadrupole
in caIcuIaans 1 and 2, but the effect is minor. Remoyal of (a4) Trautwein, A.: Maeda, Y. Harris, F. E.. Formanek Teor. Chim.
the phenyl rings causes only a small error (after correcting for acta (Berlin) 1974 36, 67—76.
the effects of the BPW91 functional, which clearly contributes  (45) Parak, F.; Thomanek, U. F.; Bade, D.; WintergerstZBNatur-
~ 1 i forsch. Ser. C1977, 32, 507—512.
0.3 mm s, calculations 2-4. Table 2 also shows the results TP 20 502 S0 O F 208 oo chemioos 100 6363-6367.

of several locally dense basis calculations, which indicate N0 (47) Rovira, C.: Ballone, P.; Parrinello, Nthem. Phys. Lett.997, 271,
major effects are due to the mixed basis schemes used. 247-250.
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Figure 3. Zeeman perturbetfFe Mossbauer spectra and simulations for four systems. (A) CpFe(CIO)T = 4.2 K, By = 8.5 T, AEq = +1.82

mm s1, # = 0.30,0 = 0.27 mm s?, " (width) = 0.30 mm s*. (B) (CO)(pyr)(DMGBPh).Fe(ll): T=4.2K,By=6 T, AEg = 1.23 mm s1, 5
=~1.0,6 = 0.15 mm s%, T = 0.32 mm s*. The sign ofAE, is indeterminate if; is exactly 1 but is assumed positive in Table 1 based on related
DMG complexes having similahEq, 7 values (ref 52). (C) Fe(C@) T=4.2 K,By=85T,AEg = +2.52 mm s}, =04,0 =0mm s} T

= 0.33 mm s. (D) (butadiene)Fe(C@) T=4.2K,By =6 T, AEq = —1.34 mm s%, # = 0.4,6 = 0.12 mm s%, ' = 0.57 mm s*.

Table 1. Eigenvalues of the Electric Field Gradient Tensor for 3
57Fe in 14 Compounds Together with Calculated and Experimental
Mossbauer Quadrupole Splittings
guadrupole ®
electric field gradient splittings 21
tensor elements (au) AEq (mm s
system Vi1 Vo Va3 caled  exptl _ ¢ / °
Fe(CO)(cyclobutadiene) —0.988 0.477 0.510 1.60 152 % 14 .
Fe(COy? —1.574 0.786 0.788 2.55+2.5I° £ ®
Fe(CO)(1,4-butadiené) —0.516 —0.384 0.903 —1.47 —1.34 ~ L é
CpFe(CO)Me? —1.190 0.216 0974 2.05 1.%6 ‘5 5
Fe(CO)}(propenal} —1.149 0.073 1.076 2.08 1.70 s U
CpFe(CO)CI —1.167 0.443 0.724 1.91+1.8Z 0
(CO)(pyr)(DMGBPh),Fe —0.616 0.010 0.606 1.15 131 ®
(CO)(pyr)(DMGBBN)Fe —0.801 0.112 0.689 1.41 151 S *
(CO)(1-Melm)(TPP)Fe  —0.269 0.110 0.159 0.44 0.35 £ -1 .
(CO)(pyr)(TPP)Fe —0.223 0.063 0.161 0.37 057 o
(PhNO)(pyr)(TPP)Fe —0.561 —0.149 0.709 —1.21 —1.42 o .
(pyr):(TPP)Fe —0.682 0.296 0.386 1.11+1.1%
(1-Melm)(TMP)Fe —0.613 0.220 0.393 1.00+1.07 2 : . . T
(PMe;)(OEP)Fe —0.062 0.028 0.034 0.10+0.3% -2 -1 0 1 2 3
2 Calculation performed at the geometry optimized structtireEq experimental AE, (mm/s)

determined in this laboratory.SignedAEq determined in this labora-

. AR iy : Figure 4. Graph showing the correlation between the experimental
d m -
tlg))re/ﬁprANEQFD ‘gfet]?L1I)r.1§'c:|rg1mthr|:flig?ratory, sign based on (IPrNO)(TP quadrupole splitting and that computed via DFT for the 14 compounds

listed in Table 1 Q) and the tilt-bend results from Table 3. The

. . slope= 1.04,R? = 0.975, and the root-mean-square er00.18 mm
splitting is+0.363 t0+0.373 mm s1, but they value is more S,f;or these 14 compounds. @ value of 0.163 1026 mm st was

uncertain, with values 0f0.4 to 0.75 mm s! having been  sed. as discussed in the text.
reported**4> For the geometry optimized structures we have
investigated, Table 4, there is relatively close agreement for pent, at a fixed 0 tilt. At a 20° tilt, AEq increases with
the quadrupole splitting angl between theory and experiment  jncreasing bend, and at20" tilt, 20° bend, there is a very close
for the O’,O° tilt—bend structure, where a value of 0.52 mm s agreement with the°00° AEQ result as noted above, Figure 6.
(n = 0.283) is obtained, Table 4 and Figure 5. However, the However, the energy penalty is very large, effectively ruling
quadrupole splitting of the 2020° geometry is also close to  out such a conformation. Of course, these results alone cannot
the experimental value, Table 4 and Figure 5, although its energyryle out small deviations from linearity, and other spectroscopic
is some 11 kcal higher than the linear structure. parameters, such as th#&e NMR chemical shift, and th&C
The effects of ligand tilt and bend on both the'8ébauer and O NMR spectroscopic parameters will in the future all
quadrupole splitting and the total molecular eigenenergy are be needed in order to further refine the-#&—O structure, by
shown graphically in Figure 6. Here, it can be seen that both using for example the Bayesian probability or Z-surface
AEqg and the energy increase rapidly as the-Ee-O group is approacH® However, our results do support the idea of a very
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Table 2. 5Fe G94/DFT EFG Calculations for Model Iron O®Methylimidazole Porphyrins as a Function of Molecular Structure, Basis

Sets, and Exchange-Correlation Functionals

system  structufe functional basis sets Ozz(au) g (au) gy (au) AEq(mm/s)

1. Fe TPP riding B3LYP  Fe Wachters/6-3t+G(2d) CO&N/6-31G* @/3-21G* others —0.2686 0.1096 0.1591 0.44
2.Fe TPP opt. B3LYP  Fe Wachters/6-311G(2d) CO&N/6-31G* Q/3-21G* others —0.3583 0.1522 0.2061 0.59
3.Fe TPP opt. BPW91  Fe Wachters/6-31G(2d) CO&N/6-31G* @/3-21G* others —0.5240 0.2317 0.2923 0.86
4. FeP riding BPW91  Fe Wachters/6-311G(2d) CO&N/6-31G* Gu/3-21G* others —0.4322 0.1812 0.2510 0.71
5.FeP  xray BPW91  Fe Wachters/6-311G(2d) CO&N/6-31G* Qu/3-21G* others —0.4230 0.1841 0.2389 0.69
6.FeP Gcap BPW91 Fe Wachters/6-311+G(2d) CO/6-31G* others —0.3088 0.1360 0.1728 0.50
7.FeP riding BPW91  Fe Wachters/6-311G(2d) CO&N/6-31G* porphyrin ring/3-21G* H—0.4464 0.1876 0.2588 0.73
8.FeP riding BPW91 Fe LANL2DZ/6-31+G(2d) CO&N/6-31G* @ /3-21G* others —0.6254 0.2888 0.3366 1.02
9.FeP riding BPW91  Fe LANL2(Modif)/6-31+G(2d) CO&N/6-31G* Gu/3-21G* others —0.7490 0.3515 0.3974 1.22
10. Fe P riding BPW91 Fe Stuttgart ECP/6-311G(2d) CO&N/6-31G* G/3-21G* others  —0.6981 0.3262 0.3718 1.14
expt 0.35

aRiding = riding model geometry optimization, see ref 26 for detall—0) = 1.094 A; opt.= Fe—C, C—O geometry optimizedd(Fe—C)

= 1.805

andd(C—0) = 1.149 A), Table 3; X-ray= X-ray geometry, ref 26¢d(C—0) = 1.061 A; G-cap, the porphyrin structure is that of the

C,-cap CO iron porphyrin of Kim and Ibers (Kim, K.; Ibers, J. A. Am. Chem. S0d.99], 113 60776081).

Table 3. Results of Geometry Optimization of the +€ and
C—0 Bond Lengths in the FeC—0 Unit in (CO)(1-methylimida-
zole)(porphinato)iron(ll) as a Function of Ligand Tilt and Bénd

angles (deg) bond lengths (A)
tilt bend Fe-C C-0 energy (hartrees)
0 0 1.8201 1.1476  —2586.34710992
0 20 1.8424 1.1475  —2586.34223258
0 40 1.9483 1.1454  —2586.32699571
20 0 1.7974 1.1512  —2586.32824784
20 20 1.8084 1.1524  —2586.33000569
20 40 1.8394 1.1477  —2586.31382686
40 0 1.8215 1.1641 —2586.24878457
40 20 1.8292 1.1565 —2586.23372963
40 40 1.8721 1.1521 —2586.15216391

a Structures were optimized by using G94/DFT with a B3LYP XC

functional, Wachters’ (62111111/3311111/3111) Fe basis set, 6-31G*

AEq(mm/s)

20

” 30 40
10

T

B %o

on the CO group and the five attached nitrogen atoms, and 3-21G onFigure 5. Iron-57 Mssbauer quadrupole splitting tiibend surface.
the remaining atoms. The only parameters that were allowed to changeAEQ becomes more positive on increasing FeCO bend, but more

during the geometry optimization were the-F&é and C-O bond
lengths.

Table 4. Eigenvalues of the Electric Field Gradient Tensor and
Predicted Mssbauer Quadrupole Splittings and/alues for
(CO)(1-methylimidazole)(porphinato)Fe(ll) as a Function of Ligand
Tilt and Bend

ligand geometry

EFG tensor elements

tilt bend V11 A% V33 A
(deg) (deg)  (au) (au) (au) 7 (mms?)

0 0 —0.3179 0.1140 0.2039 0.283 0.52
0 20 —0.4710 0.1645 0.3065 0.301 0.77
0 40 —0.8918 0.3561 0.5357 0.201 1.45

20 0 —0.3579 —0.0022 0.3601 0.99 -0.67

20 20 —0.3372 0.1296 0.2076 0.23 0.55

20 40 —0.5453 0.1720 0.3732 0.37 0.90

40 0 —0.5531 —0.3600 0.9131 0.21 —1.49

40 20 —0.4799 —-0.1467 0.6266 0.53 —1.06

aThe Fe-C and G-O geometries were from Table 3The locally

negative with increasing tilz and$ are both in degrees.

reinforced for sperm whalB2; crystals at pH 4, 5, and 6, in
which Fe-C—O bond angles of up to-v125 have been
reported®® Are these structures consistent with thégdbauer
results? To help answer this question, we have used the
metallocycle geometries reported in the three recent crystal-
lographic structure§ to predict the correspondirfdFe Mcss-
bauer quadrupole splittings. The results we have obtained are
shown in Table 5, and the X-ray structures and their corre-
sponding predicted quadrupole splittings are shown in Figure
7, together with results for the model (CO)(1-Melm)(TPP)Fe
compound. As can be seen from Table 5 and Figure 7, the
predicted®”Fe Mossbauer quadrupole splittings for the three
distorted myoglobin structures are about 2 mm give times
larger than the experimental values-60.36-0.37 mm st for

P2; sperm whale myoglobin, and the linéa(CO)(1-Melm)-

dense basis/B3LYP approach was used to evaluate the Fe EFG, a§TPP)Fe model compound, whetdg = 0.35 mm s?, Figure

described in the text.

close-to-linear and untilted F&C—O unit in carbonmonoxy-
myoglobin, not least because the splitting in the (CO)(NMelm)-
(TPP)Fe system is virtually identical with that seen in MbCO.
In earlier work, a number of authors reported highly distorted
Fe—CO units?*-51 and very recently this idea has been

(48) Pearson, J. G.; Wang, J.-F.; Markley, J. L.; Le, H.; OldfieldJ E.
Am. Chem. Sod 995 117, 8823-8829.

(49) Norvell, J. C.; Nunes, A. C.; Schoenborn, BSiencel975 190,
568-570.

(50) Powers, L.; Sessler, J. L.; Woolery, G. L.; ChanceBBchemistry
1984 23, 5519-5523.

2A. In contrast, the calculated value for this model system is
0.44 mm s?, well within the 0.18 mm s! root-mean-square
error found in Figure 4 for a range of compounds. These
residual errors are most likely due to small structural uncertain-
ties. For example, we find for the (CO)(1-Melm)(TPP)Fe model
a calculatedAEqg of 0.44 mm s?, but for the second linear/
undistorted model structure based on the porphyrin of Kim and
Ibers3® we calculateAEg = 0.52 mm s? (at the 0, 0° tilt—
bend geometryystill within the 0.18 mm s! root-mean-square
error noted above.

(51) Kuriyan, J.; Wilz, S.; Karplus, M.; Petsko, G. Mol. Biol. 1986
192 133-154.
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Figure 6. Graph showing the effects of FE€—O fragment tilt and
bend geometry on th&Fe Massbauer quadrupole splittings, and the
change in total energy from that found in a linear, untilted system. B D
The tilt and bend distortions are shown in degrees. TheGrand C-O Figure 7. Figure illustrating the heme/Fe&C—O geometries found (ref
bond lengths are given in Table 3. 38) and M@sbauer quadrupole splittings predictedRbi/seter catodon

. - . carbonmonoxymyoglobinP2; crystallographic form, at different pH
Table 5. Eigenvalues of the Electric Field Gradient Tensor and values, and in (CO)(1-Melm)(TPP)Fe(ll): (A) MbCO, pH 4; (B)

Predicted Mgsbauer Quadrupole Splittings anpd/alues for pH 4, _ . —a. )
5, and 6 MbCO Model Systems and MbCO, pH= 5; (C) MbCO, pH= 6; (D) (CO)(1-Melm)(TPP)Fe(ll).

(CO)(1-methylimidazole)(5,10,15,20-tetraphenylporphinato)Fe(Il)

EFG tensor elemerits AE

system Oz(au) gw(au) gy(au) »  (mms?)
MbCO

pH 4 —1.433 0.437 0.997 0.391 2.38

pH5 —1.142 0.353 0.788 0.38 1.89

pH 6 —1.224 0.289 0.936 0.529 2.07

Fe(TPP)(CO)(1-Melm) —0.269 0.110 0.159 0.182  0.44

a Evaluated with the large locally dense basis set described in the
text: Fe (62111111/3311111/3111)/6-311G(2d)/6-31G*/3-21G*/
B3LYP. The MbCO porphyrin structures were taken from ref 38.

Finally, it is worth noting that in addition to the eigenvalues
of the electric field gradient tensor, the theoretical calculations
also give the orientations of the EFG in the molecular frame,
which in some cases can be compared with experimental results,
and with predictions based on symmetry. For example, with
the bis-amino complexes Fe(TPP)(pyahd Fe(TPP)(1-Melm)
we find as expectéda close to axially symmetric tensor with
V., oriented along the porphyrin normal, Figure 8A,B. With
the Fe(TPP)(NMelm)(CO) complex, our model for MbC@,
is again oriented along the porphyrin normal Figure 8C, exactly
as found in MbCO itself, at pH % In calculations based on
the pH 4, 5, and 6 crystallographic structurés,is tilted from Figure 8. Orientation of the principal components of tHEe electric
the heme normal (I5at pH 6, 18 at pH 5, and 23 at pH 4), field gradient tensors for four metallocycles: (A) (p¥MPP)Fe; (B)
with V; closely tracking the FeC bond vector, and single  (1-Melm)(TMP)Fe; (C) (CO)(1-Melm)(TPP)Fe; and (D) (CO)(pyr)-
crystal Mtssbauer studies of these systems would clearly be of (DMGBBN).Fe. The principal componentf/,] > [V = [Vy, are
interest. indicated.

Also of interest is the observation that linear and untiltedt Fe
C—0 metallocycles do not necessarily have close to axially contributes to the large values found both experimentally and
symmetric field gradient tensors. For example, in the case of theoretically. Howevery,is again oriented perpendicular to
the two dimethylglyoxime complexes, we find quite axially the plane of the metallocycle, as shown in Figure 8D.

asymmetric tensorsy(= 0.97, 0.72) with much largeAEqg In summary then, the results we have presented above indicate
values than in MbCO or its model system. Large, posifiée, that iron-57 Mwsbauer quadrupole splittings, at least for
values (+1.19,+1.14 mm sec?) and relatively large; (0.55, diamagnetic & and & systems, can now be predicted to an

0.75) have been reported previously for other dimethylglyoxi- accuracy of~0.2 mm 1. For MbCO and HbCO, smal10°)
mato CO adduct® and it is clear that here, the asymmetry in ligand distortions cannot be ruled out based on eithésslauer
the metallocycle-two separate dimethylglyoximato ligands, spectroscopic or purely energetic considerations alone, and
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additional pieces of spectroscopic information, suckF@s!’O, Mossbauer quadrupole splittings, as well as electric field
and®Fe NMR chemical shifts, will need to be considered for gradient tensor orientations, may now become even more useful
future refinements, as discussed elsewhéte. in testing ideas about other metdigand geometries, such as

] with O,, RNO, RNC, and B&S ligands, and in paramagnetic
Conclusions systems as well, where related metiand geometry questions

The results we have presented above represent the firstexist>
accurate calculations 6fFe Massbauer quadrupole splittings
in a wide variety of organometallic and metalloporphyrin Acknowledgment. This work was supported in part by use
complexes using density functional theory. The correlation of the SGI/Cray Origin 2000 and Power Challenge clusters at
between theory and experiment is goB8 £ 0.975, root-mean-  the National Center for Supercomputing Applications (funded
square error 0.18 mm~% when all 14 compounds are in part by the US National Science Foundation, grant CHE-
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obtained. The slope between theory and experiment is 1.05,Vierkotter and Mr. Michael McMahon for helpful comments
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the reproduction of the quadrupole splittings of macrocycles:
dimethylglyoximato and porphinato complexes. This enables
.a test of the .idea that FG'JO geometries .are hig_hly distorted (52) Morpurgo, G. O.; Mosini, VJ. Chem. Soc., Dalton Tran$974
in the crystalline solid state in heme proteins, which they appear 5533 9537,
not to be. There is thus reason to be optimistic tH&e (53) Sage, J. TAppl. Spectroscl997, 51, 568-573.
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