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Important structural and mechanistic details concerning the non-heme, low-spin Fe(lll) center in nitrile hydratase
(NHase) remain poorly understood. We now report projection unrestricted HaRoe& (PUHF) calculations

on the spin preferences of a series of inorganic complexes in which Fe(lll) is coordinated by a mixed set of N/S
ligands. Given that many of these compounds have been prepared as models of the NHase metal center, this
study has allowed us to evaluate this computational approach as a tool for future calculations on the electronic
structure of the NHase Fe(lll) center itself. When used in combination with the INDO/S semiempirical model,
the PUHF method correctly predicts the experimentally observed spin state for 12 of the 13 Fe(lll)-containing
complexes studied here. The one compound for which there is disagreement between our theoretical calculations
and experimental observation exhibits temperature-dependent spin behavior. In this case, the failure of the PUHF
INDO/S approach may be associated with differences between the structure of the Fe(lll) complex present under
the conditions used to measure the spin preference and that observed by X-ray crystallography. A preliminary
analysis of the role of the N/S ligands and coordination geometry in defining the Fe(lll) spin preferences in these
complexes has also been undertaken by computing the electronic properties of the lowest energy Fe(lll) spin
states. While any detailed interpretation of our results is constrained both by the limited set of well-characterized
Fe(lll) complexes used in this study and by the complicated dependence of Fe(lll) spin preference upen metal
ligand interactions and coordination geometry, these PUNIPO/S calculations support the hypothesis that the
deprotonated amide nitrogens coordinating the metal stabilize the low-spin Fe(lll) ground state seen in NHase.
Strong evidence that the sulfur ligands exclusively define the Fe(lll) spin state preference by forming metal
ligand bonds with significant covalent character is not provided by these computational studies. This might, however,
reflect limitations in modeling these systems at the INDO/S level of theory.

Introduction

The hydration of nitriles to amides is an important catabolic
step in bacterial and fungal cellular metabolism (ed-&This

R—C=N + Hy0 R-CONH, (1)

nitrile hydratase

biological transformation is catalyzed by nitrile hydratase
(NHase)? a non-heme metalloenzyme that contains either Fe-
(1) or Co(lll) in the active site*"® NHase is of considerable
biotechnological interest given its role in the industrial produc-
tion of acrylamidé’ its potential for use as an environmental
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Figure 1. (A) Fe(lll) metal center observed in the crystal structure of the nitrile hydratase obtainedRinonococcusp. R312° (B) Fe(lll)
metal center observed in the crystal structure of the inactive NO complex of the nitrile hydratase obtainBtiddmooccusp. N-7711! Atomic
coordinates were obtained from entries 1AHJ and 2AHJ, respectively, in the Brookhaven Protein Dédtabase.

in the enzyme has been determined in independent X-ray Theoretical methods offer an approach to defining the
crystallographic studies of (i) the native NHase isolated from structural basis for the low-spin preference of Fe(lll) in the
Rhodococcus sfR312° and (ii) an inactive, nitrosylated form  enzyme but need careful calibration using model inorganic
of NHase present iRhodococcus siN-77111 Both structures complexes before their application to systems as complicated
reveal an octahedral coordination of Fe(lll) by the side chains as NHase itsef? Such calculations can complement experi-
of three conserved cysteine residues, two amide nitrogens frommental studies of questions pertaining to the relationship between
the protein backbone, and a sixth ligand (Figure 1). In the structure and spin preference in a number of ways. For example,
inactive form of NHase, the sixth site is occupied by nitric oxide spin-state-dependent information on the electronic structure and
(NO) 1 12whereas spectroscopic evidence suggests that the sixthspectroscopy of relevant Fe(lll) complexes might allow insight
ligand in the free enzyme is either waté&tor hydroxide iont into the role of the protein ligands in modulating the spin
X-ray studies have not revealed whether the sixth ligand to the properties of the NHase metal center. Computational studies of
Fe(lll) center is displaced by the nitrile substrate during catalytic the electronic structure in either the unique NHase Fe(lll) center
turnoverl® This N;S3X coordination was unanticipated on the or related inorganic model Fe(lll) complexes have not, however,
basis of prior EXAFS? resonance Ramdfi,and ENDOR been reported. The lack of previous work in this area probably
studies on native Fe(lll)-dependent NH&%&! Nitrile hydratases reflects the difficulty of applying quantum mechanical (QM)
are also unique among known non-heme metalloenzymes inmethods to determining the electronic structure of transition
possessing mononuclear, low-sp®=€ /) Fe(ll))*7 or (S= metal complexes, especially given that such systems possess a
0) Co(lll) centers®5aWe were intrigued by this observation manifold of electronic states that lie close in energy and exhibit
given that the gas phase, free ion electron pairing energyfor d different chemical behavidf. Unfortunately the problem is
Fe(lll) is approximately 30000 cni in an octahedral environ-  further complicated by the need to include the effects of
ment. A low-spin configuration is therefore favored only when electronic correlation. Methods to address such problems, such
there is a large disparity in the relative energies of thend as MCSCP! and CASPTZ2? are limited to an active space of

g orbitals in the metal complex. As a consequence, the vastrelatively few orbitals in order to ensure their computational
majority of six-coordinate Fe(lll) complexes either are high spin tractability. As a result, only the spin properties of small metal-
(S = 5/,) or exhibit spin equilibrium between high and low containing complexes can be studied using these approaches

(S= 1) stated'® without significant effort. Density functional theoretical (DFT)
methods represent an alternate technique for computing the
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calculated with Chem3D Pro version 3.5.2 (CambridgeSoft Corp.,
Cambridge, MA), when necessary, to the non-hydrogen atoms observed
in the crystal for complexes, 2, and13 and thetert-butyl groups in

4, using standard bond lengths and bond angles. In the case of the
remaining structurep, hydrogen atoms were attached to the non-
hydrogen atoms in standard geometries using the CAChe Editor version

nated?> We now report that projection unrestricted Hartree
Fock (PUHF) calculation® in combination with the INDO/S
semiempirical mode¥, offer an intriguing alternative to CASPT2
and DFT methods in modeling the spin properties and electronic
structure of inorganic Fe(lll) complexes. We have used the
PUHF method to study a number of complexes in which Fe- 5°g (Oxford Molecular Inc., Beaverton, OR).

(I11) is coordinated by a mixed set of N/S ligands (Figure2), Al calculations were carried out using the ZINDO software package
a subset of which have spectroscopic and ligand-binding (98.1 release) running on Enterprise 5000 server running the Solaris
properties similar to those observed for NH&SEor compari- 2.6 operating system. Fully projected UHF calculati&hasing the
son, we have also examined Fe(lll) complexes in which the INDO/S semiempirical modéf, were used to obtain the energies
metal is octahedrally coordinated by a set of N/O ligatfd3ur associated with th8= "/, S= 3/, andS= % states of each complex
results suggest that the PUHF methodology offers a new at the experimgntal geometry qbserved in the crystal. Each calculation
theoretical approach for investigating spin-dependent structural Was compléte in 1620 CPU minutes. The default INDO/Svalues

. L - L in ZINDO describing Fe, H, C, N, and S were employed in these
ﬁ]r::?ugrr?gmll\lclila.;eeacnvny of Fe(lll)-containing metalloenzymes computations! with the exception of that for Q3(= —54.0 eV). The

interaction factors forso, p—o, p—x, d—o, d—m, and d-6 were 1.0,

1.267, 0.585, 1.0, 1.0, and 1.0, respectively. In the case of charged
complexes, counterions were not included in the calculation. Solvent
molecules observed in the crystal structure were also omitted from the
structures used to compute spin-state energies. Mulliken partial
obtained from the Cambridge Crystallographic Database, releasé'5.14, charges$? spin densities, and Wiberg bond indigewere determined

while those for compounds—9 were obtained from the supplementary  for the pure spin-state component of each complex by projection,

material deposited for the relevant papers. Coordinate data were alsoassuming a basis of symmetrically orthogonal Slater type orbitals
obtained prior to publication directly from Dr. Alex Nivorozhkin  (STOs).

(Harvard) @0) or Dr. Pradip Mascharak (Santa Cruz)L@nd12). For
complexes3, 6—9, 11, and12, all atoms were fixed at the coordinates
reported in the crystal structures. Coordinates for hydrogens were

Methods

Crystallographic coordinates for Fe(lll) complexXes6 and13were

Results and Discussion

Overview of Projection UHF Calculations. Although the
detailed theoretical basis of the PUHF approach has been
presented elsewheféthe principles of the method are briefly
discussed here. The simplest treatment of open-shell systems
at the HartreeFock level of theory is the UHF approach.
Unfortunately UHF descriptions of electronic structure are
generally useful only for systems that are well described by a
single determinant wave function. This requires that there are
spatially nondegenerate states of the highest multiplicity as-
sociated with the open-shell system. For most structures of
biological interest, the UHF wave function is consequently an
admixture of several pure spin states of differing multiplicities.
Using a basis of corresponding orbitals the UHF wave function
can be written as a linear combination of restricted pure-spin
configuration state functions:
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whereNg andN, are the numbers g8- and a-spin electrons,
respectively. By conventiol\, > Nz for open-shell systems.
Sis the total spin angular momentums= (Ng + N)/2, andS,
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= (Ng — N)/2 in atomic units. The squares of the; are
weighting coefficients and sum to unity for a normalized wave
function. Determining the electronic properties associated with
a pure spin state therefore requires treatment of the UHF wave
function with an operator that projects out the contribution from
the appropriate Slater determinant. From the definitiomgf

the following expression can be derived for the PUHF energy,
E, of a given spin state in the system:

Ng
UHFy _ 2 2(S+K)+1 2S+1yy; ROH
E(WY™) = kZ= w2 E( W) = E[ g F)
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Figure 2. Fe(lll) complexesl—13 used in PUHF study of preferred spin states and electronic structure. Numbered atoms correspond to those shown in subsequent figures. Xrtayucesstaée
visualized using RasMol V2.€.Atoms are colored using the following scheme: C, black; H, white; N, blue; O, red; S, yellow; Fe, orange.
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Table 1. Spin-State Energies for Fe(lll) Complexes with S/N/O Coordination Computed Using the Fully Projected UHF Method

coordination Fe(lll) spin rel PUHF-INDO/S spin-state energies (CA)?

entry geometry charge  density (%) S=1 S =% S =% obsd ref

octahedral +1 81 1670 4034 0 504 30a
2 octahedral +1 74 0 16710 16348 2 30a
3 octahedral +1 100 0 4829 8114 Y 28a
4 octahedral 0 86 0 4197 6091 Y, 28b
5 square pyramidal 0 97 9636 0 6735 3/, 28c
6 trigonal bipyramidal 0 81 9265 1779 0 5 28d
7 octahedral -1 72 0 9013 11571 &L 28e
8 octahedral 0 92 0 3228 4673 Y, 28f
9 trigonal bipyramidal +1 93 6695 0 4608 19 28f
10 octahedral +1 66 0 8786 12857 Y, 28¢g
11 octahedral +1 69 0 12385 26547 Y, 28h
12 octahedral +1 88 0 7666 12073 Y, 28h
13 square pyramidal -2 95 10708 0 4341 3/, 28i

283.6 cntt = 1 kJ/mol.P Counterions are not included in PUHF calculatioh€alculated percentage of spin density associated with the Fe(lll)
center in the spin state of lowest ener§atructure of complex corresponds to that observed in the crystal when hexafluorophospkates ((RE
counterion.® Structure of complex corresponds to that observed in the crystal obtained at 120 K when perchlorateig@#® counterionf Spin
density on Fe(lll) calculated for the puB= 3%, spin state? This complex exhibits temperature-dependent spin crossover. The experimental spin
preference corresponds to that observed for the complex below 125 K.

In general, this projection approach yields spin-state energiesINDO/S method (Table 1). Optimization of the crystal structure
that are considerably lower than those obtained using standardgeometries observed for the 13 model compounds was not
ROHF calculations, as different orbitals are obtained for the carried out since the primary goal of our studies was to evaluate
different electron spins (DODS). This greater degree of varia- the utility of the PUHFINDO/S method for calculating the
tional freedom leads to lower energiésAlthough the UHF spin-state preferences of structurally characterized Fe(lll)
energy is bounded, it contains some of the correlation energy complexes. Counterions and solvent molecules present in the
by construction. The projection generally lowers the energy, as crystal were also absent in the systems used in these UHF
seen in the above expressions, and #HgWk are linear calculations. With the exception of compl&xthe agreement
combinations of theNs + No)!(M)(R) possible spin-restricted ~ between the calculated and observed spin states is remarkable
determinants constructed from the corresponding orbitals andin light of the variation in coordination geometry and total
are thus somewhat akin to configuration interaction (Cl) wave charge of the complexes used in these studies. The energetic
functions. In addition, the PUHF procedure allows extraction separations between the preferred spin state and that of next
of the one-particle density matrix for each pure spin state, and highest energy were greater than 16707€énf20 kJ/mol).
from this matrix we can compute all one-electron properties Although it is difficult to estimate the size of the errors in the
such as bond orders, dipole moments, spin densities, and atomi€alculated energies, due to the limited number of prior studies
partial charges. using the PUHFINDO/S methodf?it is likely that the observed
Computed Fe(lll) Spin-State Preferences in Model Com- differences in spin-state energies are significant for this series
plexes.Our initial goal was to calibrate the ability of PUHF  of complexes.
calculations to predict Fe(lll) spin-state preferences using a  With this apparent success in calculating the spin preferences
series of model inorganic complexes for which structural data of 12-model Fe(lll) compounds, we were intrigued by the failure
was available (Figure 230 The INDO/S model is param-  of PUHF-INDO/S calculations to predict the observed spin
etrized to reproduce energy differences between electronic statesstate of9. This complex is of special interest because (i) it was
which determine the observed spin state of the system, at fixedsynthesized specifically as a model of the Fe(lll) center in
molecular geometries. In light of our interest in understanding NHasé&®" and (i) it reacts with both azide and nitric oxide to
the electronic structure of the NHase Fe(lll) center, this test set yield 6-coordinate complexes with spectroscopic properties
comprised 10 complexes in which the metal was coordinated similar to those observed for the products of the cognate
by a mixture of nitrogen and sulfur ligands. Systematic variation reactions with the enzyn#'2° On the other hand, the JS,
of the electronic properties of the metal ligands was not possible coordination in comple® differs from that observed in NHase
given the relatively few examples of thiolate-containing Fe- (N»S;0), primarily because it was designed on the basis of
(1) complexes (i) that have been synthesized and (ii) for which spectroscopic characterizatiéfi$® obtained prior to the X-ray
data has been obtained concerning their structure, spin prefer<rystallographic determinations of the enzyme structbité.
ences, and spectroscopic properties. We note that, withoutExperimental measurements of the magnetic properti@sirof
careful design of the metal ligands, such Fe(lll) complexes are the solid state show that the complex exhibits a magnetic
often thermodynamically unstable and undergo electron transfermoment f) of 2.3 ug, consistent with a preference for tBe=
to generate Fe(ll) with concomitant disulfide bond formafibn. Y/, spin state, at temperatures below 103°KThe low-spin
Nevertheless, our test series included complexes possessing areference is highly unusual for a five-coordinate Fe(lll)
variety of coordination geometries and charge states. The relativecomplex on the basis of ligand field theci§Between 100 and
energies of each of the three possible spin states for the set 0800 K, « for the complex gradually increases to .28 This
inorganic Fe(lll) complexes were calculated using the PBHF  spin crossovéf-38 can be attributed to a thermal equilibrium

(34) (a) Millar, M.; Lee, J. F.; O'Sullivan, T.; Koch, S. A.; Fikar, Rorg.
Chim. Acta 1996 243 333-343. (b) Music, G.; Lai, C. H.; supplementary data published in ref 28f.
Reibenspies, J. H.; Sumner, L. W.; Darensbourg, Minérg. Chem. (36) Ballhausen, C. Xigand Field Theory McGraw-Hill: New York,
1998 37, 4086-4093. (c) Herskovitz, T.; Depamphilis, B. V.; Gillum, 1962.
W. O.; Holm, R. H.Inorg. Chem.1975 14, 1426-1430. (37) Kahn, O.Molecular MagnetismVCH Publishers: New York, 1993.

(35) Our discussion of the magnetic behavior ®fis based on the
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involving theS = 1/, and S = %/, states of. Further evidence
for the low-spin preference &at 125 K was provided by EPR
measurements of the complex in a 9:1 MeOH/EtOH gi8iss.
For comparison, octahedral compl@xvhich was obtained by
reaction of9 with azide anion has a magnetic moment of 1.73
us independent of temperatufe.

Two explanations may underlie the inability of the PUHF
method to predict the spin preferencedadt low temperatures.
First, this theoretical approach may not be applicable to Fe(lll)
complexes that possess a trigonal bipyramidal coordination. The
agreement between the calculated and observed spin preference
for 6, however, appears inconsistent with this hypothesis. Our
ability to investigate this possible limitation of the PUHF method
in a systematic fashion is hampered by other examples of
trigonal bipyramidal Fe(lll) complexes in which the metal is
coordinated only by nitrogen and sulfur-containing ligands. A
second explanation is that the structure9atmployed in our
calculations is not that present in the solid at temperatures belowFigure 3. Superimposed structures far(red) and2 (blue).
100 K. Evidence supporting the intrinsic flexibility of the
coordinating ligands is provided by the ability ®to undergo
structural rearrangement yielding an octahedrally coordinated
complex on treatment with either azide or nitric ox#de° It
is also possible that the conformational preferences of the six-
membered rings in the complex may change at low temperature .
in response to the decrease in ionic radius of the metal in the STuctures1 and 2, however, supports the notion that the
low-spin ground state. This would result in shortening of the d|sagreem_ent between the theoretical gnd_observed spin prefer-
metak-ligand bond lengths. We note that for FeCBIEE)s, ence for9 is due to structural reorganization at temperatures
which hasu = 2.3ug at 79 K and 4.3 at 297 K, it has been below 150 K.

found that the crystal packing and molecular dimensions are _El€ctronic Structure of Fe(lll) Model Complexes. The spin
significantly different at the two temperaturksen preference of the NHase metal center is unique among non-

Although possessing an N/O coordination sphere, our results heme Fe(lll)-containing metalloenzymes, and indee :
for structuresl and2 yield some insight into the magnitude of nor properties of the cysteine ligands might be expected to favor

. . high-spin electronic configuration. In addition, experimental
the structural changes needed to modify the spin preference of> . ’ o
the Fe(lll) center as calculated using the PUHRDO/S measurements suggest that no changes in metal oxidation state

method. Complexeg and 2 are different forms of the same take place during the enzyme-catalyzed reaction. This lack of

complex that differ in molecular geometry due to the nature of redox activity is interesting given that three cysteine residues
P . : . 9 y due . are coordinated to Fe(lll) in NHa$é The role of the protein
the counterion with which they were crystallized. Thasis

: . ligands in conferring these unusual properties on the NHase
observ_ed in-a crysta_l obtam_ed_ at 295 K when hexafluorophos- metal center has been the subject of considerable discussion in
phate is the counterion, whiis that measured at 120 K for

i 0,11,28 i i
the perchlorate salt. Interestingly, tif&= 5/, spin state is the literature’ Recent studies employing compl@have

observed for the hexafluorophosphate salt independent Ofsuggested that amide nitrogen coordination might be an

temperature. The perchlorate salt, however, exhibits temperatureimportam element in controliing the redox potential of the
. ' ' “UNH Fe(lll) centeféc and it is noteworthy that nitrogen
dependent spin crossov&?37 and so the structure of this ase Fe(lll) centef and it is noteworthy tha ogenase

derivative was determined at temperatures on each side of thatiS presently the only other protein in which a metal is
. . P coordinated by deprotonated, main chain amide béh@s the
at which the spin crossover occurred. Structirepresents the

form of the complex with a low-spin ground state and was other hand, the sulfur ligands in the NHase center might be

. - o critical in determining the unusual Fe(lll) spin preference due
?heeteergtlanniotloa;[/vﬁghﬁhgli%ir:lg?i?)ﬂtf: dbtae';?ze?:ti?g rsnhoodvivff/ the to the metat-thiolate bonds possessing significant covalent
structure of the complex (Figure 3). The opbserved chanae in character. As the radial distribution of the d orbitals would be

. P Y s 9 extended, this nephelauxetic effect would lower the energy of
spin-state preference for these two variants of the same comple

; %hesp state, thereby increasing thgand g orbital splitting in
is correctly reproduced by the PUHRNDO/S method (Table the octahedral comple®. As the PUHF-INDO/S method
1). On the other hand, our approach does not calculate the

- . . ~“appeared sufficiently robust in calculating the spin preferences
observed spin properties of the perchlorate salt complex usIng o Fe(lll) centers in cationic, anionic, and neutral complexes
of varied coordination geometry, we examined whether infor-

(38) For other references on temperature-dependent spin Crossover, Se€mti inati ; ;
(a) Timken, M. D.: Strouse, C. E.: Soltis, S. M.: Daverio, S. R.: €mation on the role of N/S coordination in controlling the

the crystal structure measured at 295 K. Presumably this failure
of the method reflects the constraint of employing a single
structure to describe a system in which the observed spin
properties reflect a thermal equilibrium between multiple forms
of this Fe(lll) complex. The calculated spin behavior of

Hendrickson, D. N.; Abdel-Mawgoud, A. M.; Wilson, S. 4. Am. observed elecltronic proper}ies of Fe(lll) in comple)des13 _
Chem. Soc1986 108, 395-402. (b) Federer, W. D.; Hendrickson, ~ could be obtained from spin-dependent electronic properties.
g."\\l(.c:gr?irrg]h %heén-lgﬁéozsﬁﬁiql;gﬁ;?é (?-MSESVTE”- N’V-I;(e)g‘;av\( The Mulliken partial charges (Figure 4) and Wiberg bond
3. Chem. Soc.. Dalton Trant985 2575-2584. ) Sim, P. G.: Sinn, indices (Figure 5) were calculated for the lowest energy, pure
E.; Petty, R. H.; Merrill, C. L.; Wilson, L. Jinorg. Chem1981, 20,

1213-1222. (e) Ganguli, P.; Marathe, V. forg. Chem.1978 17, (39) (a) Peters, J. W.; Stowell, M. H. B.; Soltis, S. M.; Finnegan, M. G;
543-550. (f) Butcher, R. J.; Ferraro, J. R.; Sinn, l[Borg. Chem. Johnson, M. K.; Rees, D. Giochemistryl997, 36, 1181-1187. (b)
1976 15, 2077-2079. (g) Merrithew, P. B.; Lo, C.-C.; Modestino, Smith, B. E.Adv. Inorg. Chem1999 47, 159-218.

A. J.Inorg. Chem1973 12, 1927-1930. (h) Coppens, P.; Leipoldt, (40) Schaffer, C. E.; Jorgensen, C. IKorg. Nucl. Chem1958 8, 143—
J. G.lnorg. Chem.1973 12, 2269-2274. 148.
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Figure 4. Partial atomic charges calculated for the pure spin state of lowest energy of Fe(lll) combpied®@asing the PUHFINDO/S method.

spin states of complexe$—13 using the PUHFINDO/S imidates is provided by the red shift in carbonyl stretching
methodology. Although any conclusions are therefore neces-frequency that is observed on metal coordination, from 1688
sarily qualified, especially in light of the relatively small number cm™! (in the free ligand) to 1612 cm in complex 7.28¢ A

of model Fe(lll) inorganic complexes, a number of points arise similar vc—o red shift in carboxamide complexes of Ni(IV),
from this computational analysis. First, for complexes in which together with evidence from hydrogen-bonding patterns, has also
Fe(lll) was coordinated by an N/S ligation sphere, there was a been claimed to demonstrate a significant delocalization of
strong correlation of the calculated partial charge on the metal charge from nitrogen to oxygen in the deprotonated arfiitie.
and low-spin preference. Comparison of the low-spin Fe(lll) Comparable shifts inc—o are observed for complexes in which
complexes7 and 11, in which the Fe(lll) is coordinated by  Fe(lll) is coordinated by deprotonated amid&<On the other
deprotonated amide bonds and imines, respectively, did nothand, a recent comparison of the_o red shifts for a single
reveal any significant differences in the calculated mesalfur ligand complexed to Fe(ll) and Fe(lll) has been interpreted as
bond orders (Figure 6). Analysis of the-Gl bond orders and  evidence for higher localization of charge on the nitrogen of
partial charge distributions in the coordinating amide3 ahd the deprotonated amide when coordinated to Fe(lll) relative to
13 did indicate, however, that the deprotonated amides might Fe(l1).#14 A definitive assessment of our computational results
be better regarded as imidates when complexed to Fe(lll). Thus,will therefore demand additional theoretical and experimental
our PUHF-INDOV/S calculations suggest that the-8 bonds study. These PUHFINDO/S calculations do not suggest that
of the amide anions i have substantial double-bond character the bonds between the metal and the amide nitrogens are
when compared with that computed for the cognate bonds of unusual. It is therefore interesting that compfas surprisingly

the imino groups in complexes such &% and 12. Although stable to reduction. The electronic basis for this behavior is not
the negative charge is delocalized onto the oxygen atom, thereadily apparent from our analysis, and the relative contributions
imidate ligands can still act as stromgdonors to the metal,  of the amide and thiolate ligands in modulating the reduction
increasing the o and g orbital splitting in the octahedral  potential of7 remain to be elucidated. The theoretical analysis
complex. An examination of experimental data that may support
or refute these theoretical observations, however, has revealed41) ((g)) ,\ljlatrla, % KS l\(/ljulkhetrjede, slnc,l\;lg- 'ahen;\l%k% g& lé388—éﬁ93-
conflicting interpretations of the bonding between metals in high ann, b. 5., Dimstead, M. V., Mascharax, . org. ©.hem.
oxidation states and deprotonated ami#e4!Support for the 1999 38, 3268 3260, (c) Marlin, D. S.; Olmstead, M. M.; Mascharak,

) i A P. K. Inorg. Chim. Acta200Q 297, 106-114. (d) Marlin, D. S.;
hypothesis that the deprotonated amides are best described as  Mascharak, P. KChem. Soc. Re 200Q 29, 69—74.
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and imine ligands in complexe 11, and12. The values shown are
those computed for the pure spin state of lowest energy.

is further complicated by the fact théthas an overall negative
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that exhibit high, or intermediate, spin preferences. Comparison
of complexesl (S= %,) and3 (S= 1/,) suggests that the ability

of the metal to donate electron density into the unoccupied 3d
orbitals on sulfur could result in increased separation of #fe t
and g orbital splitting in these octahedral complexes. Even in
these cases, however, the importance of $eanteractions is
hard to evaluate since the covalent character of theNFeonds
seems higher in compleXthanl. The effects of coordination
geometry in defining preferred spin state further complicate the
situation. For example, the Fe(lll) center is calculated to be low

spin in all of the octahedral complexes possessing an N/S ligand

shell. Even complex, which exhibits spin equilibria between
high and low states, is predominantly low spin at ambient
temperatur@® Our inability to separate out effects associated
with the nature of FeS bonding from those of coordination
charge. While it can be argued that charge effects are notgeometry is a significant problem in interpreting our spin-
dependent, theoretical results. These INDO/S calculations
therefore do not provide substantial evidence that the sulfur
two Fe(lll) complexes is complicated due to differences in their ligands play an unusual role in controlling the Fe(lll) spin state
through formation of metalligand bonds with significant
covalent character. This is consistent with the observation that
the (8= 1/5,) spin state of Fe(lll) in the NHase metal center is complex9 mimics the ability of the enzyme active site in spin
not readily apparent on the basis of our computational results. preference, electronic spectroscopy, and its ability to form six-
For example, while the calculated partial atomic charges on the coordinate structures on treatment with either azide &fiam
nitric oxide2® even though (i) one of the three sulfur ligands is
the low-spin octahedral complexes, there appears to be little replaced by nitrogen and (ii) the coordinating sulfurs are not at
variation in the Wiberg bond orders. Thus the range of values the oxidation level of those present in the NHase metal
centert#2We also note that two octahedral Fe(lll) complexes
complexes is not very different from that seen for complexes in which the metal is coordinated by carboxamide moieties in
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the absence of FeS bonds also have a low-spin electronic
configuration?1p

Inorganic Chemistry, Vol. 40, No. 8, 2001845

inexpensive method for computing the spin-state preferences
of Fe(lll) complexes in which there is an N/O/S ligation shell.

On the other hand, recent studies on the behavior of Given the crystal structure of a complex that does not exhibit

complexes?, 11, a Co(lll)-containing analogue af, and two

temperature-dependent spin equilibrium, the PUHF method

other Fe(lll) complexes prepared as models of the NHase centercorrectly computes the observed spin preferences of the Fe(lll)
when treated with various oxidants suggest that there arecenter in this class of compounds. Conversely, the disagreement

significant differences in the chemical reactivity of the-f®
bonds in these structuré®.43 Although these observations
might reflect limitations in modeling the F€S bonding in these

between the observed and PUHF-derived spin states may
indicate some disparity between the structure of the complex
under the conditions used for the magnetism measurements and

systems at the INDO/S level of theory, more work has to be that present in the single crystal. These calculations at the
performed to elucidate the mechanisms underlying these reacyNDO/S level of theory provide no substantial evidence that

tions. In addition, the calculations described here only reflect the sulfur ligands play an unusual role in controlling the Fe-

the electronic structure of the molecular ground states. Important ||y spin state through formation of metaligand bonds with

effects on the transition state energetics and mesalfur
bonding during the oxidation reaction are therefore unlikely to
be evident in the bond orders computed using the PYUHF
INDO/S method.

Conclusions

Fully projected UHF calculations, in combination with the
INDO/S semiempirical model, represent a computationally

(42) Tsukimara, M.; Dohmae, N.; Odaka, M.; Chijmatsu, M.; Takio, K;
Yohda, M.; Hoshino, M.; Nagashima, S.; Enda].IBiol. Chem1997,
272, 29451-294509.

(43) (a) Tyler, L. A.; Noveron J. C.; Olmstead, M. M.; Mascharak, P. K.
Inorg. Chem.1999 38, 616-617. (b) Tyler, L. A.; Noveron J. C;
Olmstead, M. M.; Mascharak, P. Knorg. Chem.200Q 39, 357~
362. (c) Kung, I.; Schweitzer, D.; Shearer, J.; Taylor, W. D.; Jackson,
H. L.; Lovell, S.; Kovacs, J. AJ. Am. Chem200Q 122, 8299-8300.

(44) (a) Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G. L.; Bhat, T.
N.; Weissig, H.; Shindyalov, I. N.; Bourne, P. Bucleic Acids Res.
200Q 28, 235-242. (b) Abola, E. E.; Sussman, J. L.; Prilusky, J.;
Manning, N. O.Methods Enzymoll997, 277, 556-571. (c) Bernstein,

F. C.; Koetzle, T. F.; Williams, G. J. B.; Meyer, E. F., Jr.; Brice, M.
D.; Rodgers, J. R.; Kennard, O.; Shimanouchi, T.; TasumiJ.Ntol.
Biol. 1977, 112 535-542.

(45) Sayle, R. A.; Milner-White, E. Jrends Biochem. Sc1995 20, 374~

376.

significant covalent character. Such bonding, however, likely
does affect the chemical reactivity of the Fe(lll) center. On the
other hand, these semiempirical calculations suggest that low-
spin character may be stabilized by thelonating ability of

the deprotonated amide ligands. In light of the observed spin-
crossover behavior &, and the lack of a clear pattern between
metat-sulfur bonding and metal spin preferences in the INDO/S
description of complexe8—13, the stability of the low-spin
Fe(lll) in the NHase center probably reflects a subtle combina-
tion of geometric and electronic effects. Further computational
studies to delineate the relative importance of these contributions
in defining the spin-state preferences of Fe(lll) are underway.
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