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The metal coordination and spin state of the Fe(lll) center in nitrile hydratase (NHase) has stimulated the synthesis
of model complexes in efforts to understand the reactivity and spectroscopic properties of the enzyme. We report
density functional theory (DFT) calculations on a number of Fe(lll) complexes that have been prepared as models
of the NHase metal center, together with others having similar ligands but different ground state spin multiplicities.
Our results suggest that a DFT description of specific spin configurations in these systems does not suffer from
significant amounts of spin contamination. In particular, B3LYP calculations not only reproduce the observed spin
state preferences of these Fe(lll) complexes but also predict spin-dependent structural properties consistent with
those expected on the basis of ligand field models. An analysis of the natural bond orbital (NBO) transformation
of the Kohn—Sham wave functions has enabled quantitation of the overall contribution to covalency of ligand-to-
metal o-donation and sz-donation, and metal-to-ligand zz-back-bonding in these Fe(lll) complexes at their BLYP-
optimized geometries. Although sulfur ligands are the primary source of covalency in the Fe(lll) complexes, our
quantitative analysis suggests that hyperbonding between metal-bound nitrogens and an Fe—S bond represents a
mechanism by which Fe—N covalency may arise. These studies establish the computational methodology for future
theoretical investigations of the NHase Fe(lll) center.

Introduction electronic properties of the NHase metal center, but ac-
The metal coordination and spin state of the Fe(lll) center curately determining relative energies for the many energeti-

in nitrile hydratase (NHas&): has stimulated the synthesis Cally low-lying spin states accessible to open-shell Fe(lll)
of numerous model complexes in efforts to understand the COMPlexes is a computational challerigélartree-Fock
reactivity and spectroscopy of the enzyfnin principle, approaches are not suitable for computing t.he properties of
theoretical calculations might also provide insight into the th€se compounds because electron correlation must be taken
into account. Although post-Hartre&ock ab initio methods
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Figure 1. X-ray crystal structures of ferric complexés6: 1, azido(2,3,13,14-tetramethyl-4,8,12-triaza-3,12-pentadecadiene-2,14-dimercapto)itdn(lll);
2, chloro(N,N'-ethylenebis(mercaptosalicylidene-iminato)iron(f)3, (1-methylimidazolyl)[tris(2-mercaptobenzyl)amino]iron(I#;4, bis(N-2-mercapto-
phenyl-2-pyridinocarboxamidato)iron(l11§¢ 5, (1,2-benzenedimercaptd)N'-dimethyl-2,11-diaza[3.3]-(2,6)-pyridinophaneliron(If) g, [1,4,7-tris(4tert-
butyl-2-mercaptobenzyl)-1,4,7-triaza-cyclononane]iron@Atoms are colored using the following scheme: C, black; H, white; N, blue; O, red; S, yellow;
Fe, orange; Cl, green.

energy calculations upon biochemically interesting Fe- ground rather than electronic excited stafelevertheless,
containing structuresThe technical problems are exacer- it has been established that the lowest energy state of systems
bated by spin contamination in the calculated molecular wavein a particular spatial and spin symmetry is formally
functions, particularly when the transition metal has a low accessible via DFTS even though the transferability of
spin electronic configuratioh.While density functional current functionals to describe excited state densities remains
theory (DFT) methods have been shown to reproduce theto be definitively demonstrated.
structural properties of several biologically interesting transi- ~ As part of our ongoing efforté to understand the
tion metal center¥) their application to defining the ground  electronic properties of the mononuclear, non-heme metal
state spin multiplicities of Fe-containing systems has been center in Fe-dependent NHas&we now report a series of
the focus of relatively few systematic investigatidhideed, DFT calculations on Fe(lll) complexes that have been
the validity of using DFT calculations to sort metal spin states specifically prepared as models of the metal center in the
has been questioned because DFT is considered to modeénzyme (Figure 1). A number of Fe(lll) complexes possess-
- ing similar N/S ligands but different coordination geometries
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(NBO) analyse® of the optimized ground state structures
of the six complexes, together with consideration of de-
localization effects and three-centered bonding involving Fe,
have also identified metaligand interactions that may be
important in conferring a low spin ground state on the
mononuclear, non-heme Fe(lll) center of the enzyme.

Computational Methodology

The TURBOMOLE software packa#fewas used to perform all
DFT calculations employing the BLYP exchange-correlation func-
tional18and to compute a small number of single-point B3LYP
energies, which are explicitly specified in the text. All other single
point energies were calculated using the B3LYP functittdlas
implemented inGaussian98* We note that th&aussian98mple-
mentation of B3LYP differs from that coded in TURBOMOLE.
More specifically, the third form of the VWN local correlation
functional (VWN-III) is used inGaussian98while TURBOMOLE
employs the fifth form (VWN-V)22

The atomic coordinates for the Fe(lll) complexies6 (Figure
1)23-28 were obtained from either the Cambridge Crystallographic
Databasé? release 5.142 3, 5, and6), or from coordinate data
supplied as Supporting Information in relevant publicatidhar{d
4).23.26 For all complexes excef®, hydrogen atom positions were

Chang et al.

Fujitsu America Inc., Beaverton, OR). Structural superimpositions
were performed using the MOLDEN package (version 326);
the CAChe software in the case of complgx

Separate single-point energies were computed for the doublet,
quartet, and sextet spin configurations of each of these six Fe(lll)
complexes at their experimental geometries, using both the BLYP
and B3LYP density functionals. Bond lengths and angles in these
initial structures differed very slightly from those seen in the crystal
structures as a consequence of converting fractional crystal coor-
dinates into a format suitable for subsequent use in TURBOMOLE
and/or Gaussian98 A careful comparison of the differences,
however, revealed that these changes were within the estimated
error of the experimental measurements (Table S1, Supporting
Information) and are therefore unlikely to have any significant
impact on the results of our DFT studies. All calculations employed
a 6-31G* basis, although polarization functions were not included
on carbon atom&! Except where noted in the tables and text, the
density matrix in all single point energy determinations was
converged to a tight RMS threshold of 101078, SCF conver-
gence problems could generally be avoided by first performing a
Hartree-Fock calculation with either a STO-3G or 3-21G* basis
set from the automatically generated initial guess, with the resulting
orbitals used as input for subsequent DFT calculations. To achieve
convergence in more difficult cases, we also employed a strategy

obtained from crystallographic coordinates. In the case of complex in which the initial Hartree-Fock SCF was converged for either
2, appropriate hydrogens were added to heavy atoms in standardhe closed-shell electronic configuration (cation) or the system

geometries using CAChe WorkSystem Pro 5.0 (CAChe Group,
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containing two fewer electrons. In calculations of the vertical
transition energies of Fe(lll) complex8sndb6 at their experimental
geometries, an SCF convergence criterion of81B, in the SCF
energy was used rather than the RMS change in the density matrix.
Due to problems obtaining SCF convergence, relative energies and
[Flds values evaluated from the Kokisham reference determinant
for 3 and 6 were computed using TURBOMOLE instead of
Gaussian98Although the B3LYP energies calculated for a given
spin state usingsaussian98and TURBOMOLE have different
absolute values, relative spin state energies from either software
package generally differ by an inconsequential amount (less than
1 kcal/mol).

The geometries of complexds-3 were optimized at each of
their three possible spin states using the BLYP functional, as were
the geometries od—6 at their observed spin multiplicities. In the
case of compleX, the initial structure was that observed at 295 K.
These geometry optimizations were converged to a gradient of no
more than 10° E/Bohr, using an SCF convergence criterion of
1076 Ey/cycle. For the largest Fe(lll) comple®, fast Coulomb
approximation method®,as implemented in TURBOMOLE, were
used in a preliminary geometry optimization starting from the
experimental coordinates. The minimized structure was then
optimized further without Coulomb fitting, allowing the calculation
to converge within a few cycles. Since the initial Coulomb fitting
procedure requires an auxiliary basis set matched to the standard

(30) Schaftenaar, G.; Noordik, J. H. Comput.-Aided Mol. De200Q
14, 123-134. This software package can be obtained from http:/
www.cmbi.kun.nl~schaft/molden/molden.html.

(31) (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem. Physl972 56,
2257-2261. (b) Hariharan, P. C.; Pople, J. Pheor. Chim. Actd 973
28, 213-222. (c) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley,
J. S.; Gordon, M. S.; DeFrees, D. J.; Pople, JJAChem. Physl982
77, 3654-3665. (d) Rassolov, V.; Pople, J. A.; Ratner, M. A.; Windus,
T. L. J. Chem. Physl998 109, 1223-1229. (e) Feller, D.; Davidson,
E. R. InReviews in Computational Chemistry, Vol ipkowitz, K.

B., Boyd, D. B., Eds.; VCH: New York, 1990; pp-#3.

(32) (a) Eichkorn, K.; Treutler, O.; @n, H.; Haer, M.; Ahlrichs, RChem.
Phys. Lett.1995 240, 283-290. (b) Eichkorn, K.; Weigend, F.;
Treutler, O.; Ahlrichs, RTheor. Chem. Accl997 97, 119-124.
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one, the doublé:- plus polarization SVP basiswas used for Table 1. Selected Molecular Properties of Fe(lll) CompleXest
geometry optimization o6. The wave function stability for the coordination net obsd spin
optimized structures df—6 at their observed spin multiplicity was complex geometry charge state ref
verified by time-dependent BLYP calculations (data not shotn).

X . ; o 1 octahedral 0 1/2 23
Relative energies were not corrected for zero-point contributions 2 square pyramidal 0 3/2 24
because previous studies on Fgh*+ suggest that such correc- 3 trigonal bipyramidal 0 5/2 25
tions make no difference in the relative ordering of different spin g octaﬂegra: J—ri %g) 2275

. . 11c octahedral
configurations 6 octahedral 0 1/2 28

The converged BLYP molecular orbital coefficients were _ _ _ S
employed as kel guesses for all BILYP computatons on . Cmmrs s S0 el B Ve Sl P,
c_omplext_esl—s. USII.’lg the density matrices obtained from B3LYP mined spin multiplicity given in this entry correspbnds to that observed for
single point calculations, NBO analy$esere performed for Fe(lll) the complex at 295 K.
complexes1—5 at their optimized ground state geometries by
processingsaussian98yenerated NBO archive files with the stand-
alone NBO 5.0 packag&.The large number of atoms in Fe(lll)
complex 6 mandated the use of an alternative procedure for
performing the NBO analysis. A B3LYP/LACVP* single-point
calculation on6 at its BLYP-optimized geometry was performed
with Jaguar 5.0 (Schrodinger LLC, Portland, OR), subsequent
analysis being carried out using NBO 5.0 as for complelxes.
This single-point calculation was converged to 1&MS change
in the density matrix, and 18 E, in energy/cycle, from an initial
guess based on ligand field theéynitial Fe valencies fromt-3
to 0 were tested; the configuration corresponding to'B®und to
two neutral sulfur atoms was found to converge to the lowest
er_lergy, probably reflecting the significant po'?_mz_ab'“w of the Figure 2. Superimposed high and low temperature crystal structures of
thiolate ligands. We note that the LACVP* ba¥igs identical to Fe(lll) complex5. Structures are colored using the following scheme: 153
6-31G* except for the effective core potential used on the Fe atom, K, blue; 295 K, red.
and hence, the NBO analysis should be qualitatively comparable

for all six complexes. shows the relatively small structural differences that may
) ) impact the spin state energetics of this Fe(lll) complex
Results and Discussion (Figure 2). Counterions and solvent molecules observed in

the crystal were not included in these calculations, however,
studies of the Fe(lll) center in NHase by calculating the leaving solvation effects as a potential systematic perturbation

properties of a series of six Fe(lll) complexes that possessOUtside the scope of this work.
mixed sulfur and nitrogen ligands (Figure %) X-ray DFT Calculations of Vertical Transition Energies. The
crystallographic structures are available for all of these relative energies of the lowest energy doublet, quartet, and
complexes, three of whictL(4, and6) have been prepared Sextet states were calculated for compleges at their
specifically as models for the NHase metal center. In observed geometries using the B3LYP and BLYP functionals
addition, our test set was chosen to encompass a variety of Table 2). In the case of complexes-4 and 6, DFT
charge states, ground spin states, and coordination geometriegalculations employing the B3LYP functional predicted
(Table 1), thereby improving our chances of identifying any ground state spin multiplicities that were in agreement with
unexpected systematic biases in our DFT calculations. experimental observations. While this was also true for
Experimental measurements show complekeg and6 to calculations on complexel 2, 4, and6 using the BLYP
have a doublet ground state, whi’2eand 3 adopt quartet ~ functional, a doublet ground state was predicted for complex
and sextet spin states, respectively. The remaining Fe(lll) 3 rather than the sextet that is observed for this molecular
complex5 exhibits temperature-dependent spin-crossover in geometry. It is difficult to interpret this result in light of the
the range 6-300 K, and separate single-point calculations small energy differences that were calculated using BLYP
on this compound were performed on the experimental for each of the spin states 8f The noticeable deviation of
structures determined at 153 and 2957KSuperimposition  [¥[is from its theoretical value suggests that the energy for
of the structures db observed at the two temperatures clearly the BLYP doublet is too low because of spin contamination,
in which case a modified approximation might reproduce
(33) Schifer, A.; Horn, H.; Ahlrichs, R.J. Chem. Phys1992 97, 2571 the correct ground state, if not the ordering of excited states.
f2t577. Basis sets used in this study can be downloaded from ftp:/ Tha validity and limitations of employing the value @s,
p.chemie.uni-karlsruhe.de/pub. . .
(34) Bauernschmitt, R.; Ahlrichs, -Chem. Phys. Letfl996 256, 454 as computed from a single determinant of KetBham
464. orbitals, has been discussed elsewhét@hese data also
(35) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E.; . . L .
Bohmann, J. A.: Morales, C. M.: Weinhold, RBO 5.0 Theoretical confirm that the BLYP functional tends to stabilize low spin
Chemistry Institute, University of Wisconsin: Madison, WI, 2001.  configurations of these Fe(lll) complexes to a greater extent
(36) Vacek, G.; Perry, J. K.; Langlois, J.-Nghem. Phys. Lett.999 310 than B3LYP, as previously reporté8Given that the BLYP

189-194.
(37) Hay, P. J.; Wadt, W. RI. Chem. Phys1985 82, 299-310. functional reproduced the ground state spin multiplicities of

We investigated the likely utility of DFT calculations in
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Table 2. Relative Spin State Energies and Noninteracti®gis Values
Calculated Using DFT Methods or the PUHF-INDO/S Semiempirical
Model for Fe(lll) Complexesl—6 at Their Experimental Geometries

BLYP/6-31G* B3LYP/6-31G*

PUHF-INDO/S
energy energy energy
complex (cm™) <S>ysP 2S+ 1 (em™l) [Fhis® 2S5+ 1 (cm™Ye
1 (Doublet)
Ms=1/2 0 0.76 2.01 0 077 201 0
Ms=3/2 9465 3.80 4.03 7515 3.82 4.04 3228
Ms=5/2 17148 8.76 6.00 10202 8.76 6.00 4673
2 (Quartet)
Ms=1/2 1864 1.20 241 4418 148 2.63 9636
Ms= 3/2 0 3.79 4.02 0 382 4.03 0
Ms=5/2 9022 8.76 6.00 6049 876 6.00 6735
3 (Sextet)
Ms=1/2 0 096 220 5870 1.18 2.39 9265
Ms=3/2 86 3.82 4.03 3040 3.89 4.07 1779
Ms=5/2 642 8.76 6.00 0 876 6.00 0
4 (Doublet)
Ms=1/2 0 077 2.02 0 0.78 203 0
Ms=3/2 10561 3.81 4.03 8040 3.81 4.03 9013
Ms=5/2 18828 8.77 6.00 11563 8.77 6.01 11571
5 (Doublet; 153 K)
Ms=1/2 0 0.77 2.02 808 0.83 2.07 1919
Ms=3/2 2255 3.82 4.03 0 384 4.04 0
Ms=5/2 13084 8.76 6.00 6384 8.76 6.00 8417
5 (Quartet; 295 K)
Ms=1/2 470 0.98 222 3296 120 241 4713
Ms= 3/2 0 382 4.03 0 3.85 4.05 0
Ms=5/2 9994 8.76 6.00 5686 8.76 6.00 8121
6 (Doublet)
Ms=1/2 0 077 2.02 0 0.80 205 0
Ms=3/2 6404 3.79 4.02 4018 3.84 4.04 4197
Ms=5/2 9222 8.76 6.00 4114 876 6.00 6091

aResults from calculations that identify the incorrect ground spin
multiplicity are italicized.? 2S+ 1 = (4 [Fgs + 1)Y2 ¢ PUHF—INDO/S
energies are taken from ref 41 and are included for ease of comparison.

complexedl, 2, 4, and®6, it is likely that BLYP calculations

will identify the proper ground state spin for compounds in
which the ASCF vertical transition energies are large, even
if there is some degree of spin contamination present in the
wave function.

These studies also offered an opportunity to calibrate the
performance of projected unrestricted Hartr€eck (PUHF)
calculations®?® using the intermediate neglect of differential
overlap (INDO/S) semiempirical Hamiltonigh that were
employed in our previous study of the spin preferences and
spin-dependent properties of Fe(lll) compleXeBespite the
widespread use of the PUHF-INDO/S method to compute
spin multiplicities}? the comparison herein appears to be the

(38) (a) Reiher, M.; Salomon, O.; Hess, B. Fheor. Chem. Acc2001,
107, 48-55. (b) Salomon, O.; Reiher, M.; Hess, B.A.Chem. Phys.
2002 117, 4729-4737.

(39) (a) Cory, M. G.; Zerner, MJ. Phys. Chem. A999 103 7287-7293.
(b) Cory, M. G.; Stavrev, K. K.; Zerner, M. @nt. J. Quantum Chem.
1997 63, 781-795. (c) Harriman, J. EJ. Chem. Phys1964 40,
2827-2839. (d) Sasaki, F.; Ohno, K. Math. Phys1963 4, 1140-
1147. (e) Phillips, D. H.; Schug, J. @.Chem. Physl974 61, 1031
1039. (f) Hardisson, A.; Harriman, J. B. Chem. Phys1967, 46,
3639-3648. (g) Sando, K. M.; Harriman, J. E. Chem. Physl967,

47, 180-185.

(40) (a) Zerner, M. C.; Loew, G. H.; Kirchner, R. F.; Mueller-Westerhoff,
U. T. J. Am. Chem. S0d.98Q 102 589-599. (b) Zerner, M. C. In
Reviews in Computational Chemistry, Vol. Ripkowitz, K. B., Boyd,

D. B., Eds.; VCH: New York, 1991; pp 313365.

(41) Boone, A. J.; Cory, M. G.; Scott, M. J.; Zerner, M. C.; Richards, N.

G. J.Inorg. Chem 2001, 40, 1837-1845.
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first example of such an analysis. In general, PUHF-INDO/S
calculations ordered the spin states identically to B3LYP,
with the exception of comple, for which the doublet and
sextet state orders were reversed (Table 2). The energies of
the Mg = 1/2 states in the BLYP calculations appear to be
systematically stabilized relative to those obtained in PUHF-
INDO/S calculations. This difference may be a consequence
of a lack of orbital-dependent exchange in the BLYP
functional. Since HartreeFock exchange tends to stabilize
higher spin multiplicities, one might expect that the PUHF
method would yield higher energy doublet configurations
than BLYP, at least in relative terms.

PUHF-INDO/S calculations predict a different ordering
of the higher spin states of compl@&when compared with
BLYP and B3LYP, an observation that deserves further
consideration in light of the successes of the PUHF method.
It is possible that the disagreement between the DFT and
PUHF-INDO/S calculations for Fe(lll) compleémight arise
from an artifactual lowering of the energy computed for the
doublet spin state due to spin contamination of the kehn
Sham wave function, reversing the spin state ordering
predicted by the DFT calculations. This hypothesis is
supported by the observé®[is value for the doublet state
of 2 when computed using the B3LYP functional (Table 2).
Thus, although all methods correctly predict the experimental
ground state spin multiplicity, the order of excited states in
this complex remains unclear.

The availability of high and low temperature structures
for complex5, which bracket a temperature-dependent spin
transition?” provided an opportunity to evaluate the sensitiv-
ity of calculated spin state energies to small changes in
molecular structure. Both semiempirical and DFT methods
predict correctly thats is a ground state quartet at the
structure of the Fe(lll) complex determined at 295 K. When
these single-point calculations were repeated using the low
temperature (153 K) structure, only the BLYP functional
predicted a ground state doublet in agreement with experi-
ment. As noted elsewhef& this may merely reflect the
tendency of BLYP to stabilize low spin configurations of
these Fe(lll) complexes to a greater extent than B3LYP. Even
though B3LYP calculations did not correctly predict the
doublet ground state & for the low temperature structure,
the energy separation computed for the doublet and quartet
states is only 808 cri (2.3 kcal/mol) (Table 2). This value
lies within the demonstrated uncertainty of the B3LYP
model?" and the small energetic separation calculated for
these states is consistent with the spin crossover behavior
reported for this compleX. Notably, the B3LYP vertical
transition energies calculated for the other five compounds
are all greater than 3000 ch(8.5 kcal/mol). The PUHF-
INDO/S model also fails to predict the lowest energy spin
state for comple at its low temperature structure.

(42) (a) Estiy G. L.; Cory, M. G.; Zerner, M. CJ. Phys. Chem. 200Q
104, 233-242. (b) Stavrev, K. K.; Urahata, S.; Herz, T.; Han, J,;
Coucouvanis, DInt. J. Quantum Chen2001, 85, 469-474. (c) Cory,
M. G.; Stavrev, K. K.; Zerner, M. CAdv. Quantum Chenl999 35,
357—369. (d) Clark, TTHEOCHEM200Q 530, 1-10.
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Table 3. Structural Properties of the Initial and BLYP/6-31G* Optimized Geometries for Fe (lll) Complexé3

internal coordinate  initial vallle Ms=1/2 Ms=3/2 Ms=5/2 internal coordinate  initial valié Ms=1/2 Ms=3/2
1 Fe-S1 2.196 2.22 2.21 2.35 4 Fe-S1 2.227 2.29 d
Fe—-S2 2.209 2.28 2.48 2.48 F&2 2.230 2.29 d
Fe—N1 1.978 1.98 2.18 2.17 FeN1 1.955 1.97 d
Fe—N2 2.158 2.19 2.13 2.37 FeN2 1.998 1.98 d
Fe—N3 1.969 1.97 2.12 2.17 FeN3 2.003 1.98 d
Fe—Nazide 2.061 2.04 2.03 2.06 FeN4 1.955 1.97 d
S1-Fe—N2 172.5 170.5 174.9 172.7 SFe—N2 165.8 167.2 d
N1-Fe—-N3 174.9 174.3 167.5 167.2 SFe—-N3 166.7 167.0 d
N1—-Fe—N4 178.8 179.2 d
2 Fe—CI 2.336 2.26 2.31 2.25 5 Fe-S1 2.198 d 2.22
Fe-S1 2.195 2.22 2.27 2.37 F&2 2.197 d 2.22
Fe-S2 2.187 2.23 2.25 2.37 F&N1 2.227 d 2.33
Fe—N1 1.980 1.95 1.99 2.15 FeN2 2.023 d 2.03
Fe—N2 2.031 1.96 2.02 2.15 FeN3 2.021 d 2.03
S1-Fe-S2 82.3 84.2 84.3 88.7 FeN4 2.228 d 2.33
N1—-Fe—N2 83.4 85.1 83.9 78.7 SiFe-S2 90.1 d 91.2
N1—-Fe—N4 151.1 d 151.8
3 Fe-S1 2.308 2.23 2.31 2.36
Fe—-S2 2.302 2.24 2.36 2.35 6 Fe-S1 2.287 2.316 d
Fe—-S3 2.294 2.22 2.39 2.34 FS2 2.270 2.311 d
Fe—N1 2.211 2.07 2.04 2.38 FeS3 2.286 2.343 d
Fe—N2 2.145 2.02 2.03 2.24 FeN1 2.075 2.153 d
S1-Fe-S2 125.6 127.1 124.3 122.9 +BI2 2.058 2.151 d
N1—-Fe—N2 176.7 176.7 177.2 176.9 F&I3 2.080 2.139 d

a Atom labels correspond to those shown in Figuré Bond lengths and angles are those of the initial structure used in the DFT calculations, which may
differ very slightly from the crystal structure (see Table S1 in Supporting Information). All bond distances and angles are reported in units egA and d
respectively ¢ Values for the initial geometry d are reported for its high temperature (295 K) structdiéhe DFT-optimized geometry of the complex
at this spin state was not computed.

Overall, the DFT wave functions for Fe(lll)-containing electronic and molecular structure in these Fe(lll)-containing
complexesl—6, obtained using either the B3LYP or BLYP  compounds. Geometry optimization was carried out for
functionals at the observed geometries, suffer from limited complexesl—3 at each of their three possible spin states,
spin contamination, based on the noninteracting values ofand for4—6 at their experimentally determined spin state.
[(Flks computed inGaussian98Table 2). For example, the In general, the optimized structures corresponding to the
B3LYP wave functions for the doublet states of complexes known ground state spin and the experimental structures were
2 and3 exhibited significant amounts of spin contamination. very similar, as judged by both numerical (Table 3) and
Since2 and 3 exhibit ground state quartet and sextet spin graphical comparisons (Figure 3). The increased bond lengths
configurations, respectively, at their crystal geometries, it is between the axial nitrogen ligands and Fe(lll) in the
reasonable that the calculated doublet Kesinam wave  optimized structure ob at the quartet versus the doublet
functions will become spin contaminated as the spatial spin state are in excellent agreement with those seen in the
overlap of a and B orbitals decreases to more closely structure of the high temperature (295 K) form. On the other
resemble a loweks determinant of a highes state, in this hand, the DFT-optimized structure ®ht its preferred sextet
caseMg = 1/243 spin state appears to differ significantly from experiment.

Energetics and Structural Properties of Complexes +3 For example, the FeN bonds of the optimized high spin
at Their Spin-State-Dependent DFT-Optimized Geom-  (Ms = 5/2) structure are longer than those observed in the
etries. Having established the overall ability of DFT calcula- crystal, and the pucker of the rings containing the metal
tions to reproduce the ground state spin multiplicity for ligand bonds is noticeably different in the theoretical and
complexesl—6 at their experimental geometries, we inves- experimental structures (Figure 3, S2). Examination of
tigated the ability of DFT methods to (i) reproduce these the unit cell, however, suggested that crystal packing likely
geometriesa priori, and (i) model the relationship between influences the experimental geometry observed for the rings

. . of the ligand in complexs.
(43) A true spin doublet§ = 1/2) has only one unpaired electron. In a . 3
spin-unrestrictecinsatz and to the degree that essentially paiced Correlations between metaligand bond lengths, molec-

andg spin orbitals unpair in space, a single determinant belonging to ylar symmetry, and Fe(lll) spin state, at least as expected

a higher spin state with the sanhs value is approximated. For L . -

example, a quantum mechanically rigorous description of a system from qualitative arguments of elegtrostatlc repulsion between

with quantum numbens§SM¢3= |5/2,1/ZTequires a linear combination  ligand electrons and metal d-orbitals, were also reproduced
of multiple determinants to take into account the 10 ways of arranging i At ; ;

three o- and two 8 spin electrons in five unique spatial orbitals. by these DFT geometr_y optimizations, with changefs in bond

Nevertheless, within the limitation of a single-determinant wave lengths and angles being greater than the uncertainty of the

function, a particular spin configuration associated with a specific computational method. For example, the Fefliyand bond
determinant can be intuitively mapped to|3Mgdstate of broken . ' _
spatial symmetry. More detailed discussions of these issues are [€Ngths computed for complekin the Ms = 5/2 state are

g\éagggea 7((«)3)('81)02d|ehm€\?, h.;I%ase, D. dea lg?]rg- _Cherg-l%gz significantly longer than those observed at its actual low spin
A . ocn, .; Holthausen, M. emist’'s Guide to H

Density Functional Theory2nd ed.; Wiley-VCH: Weinheim, 2001, ground St_ate (Tablg 3). Longer metdigand bonds, as well
pp 149-155. as the distortion in the NAFe—N3 bond angle, should
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Figure 3. Superimposition of spin state specific DFT-optimized geometries and initial structures of Fe(lll) comptexeStructures are colored using
the following scheme: initial structure, red; optimized structure, green. In the casehefcrystal structure obtained at 295 K is shown in the superimposition.
Complexes were optimized at the following spin multiplicitiebA, Ms = 1/2; 1B, Ms = 3/2; 1C, Ms = 5/2; 2A, Ms = 1/2; 2B, Ms =3/2; 2C, Ms = 5/2;

3A, Ms = 1/2; 3B, Ms =3/2; 3C, Ms = 5/2; 4, Ms = 1/2; 5, Ms =3/2; 6, Ms = 1/2.

decrease the splitting of the metal d orbitals, thereby mately 0.18 A) of the calculated changes in metaand
stabilizing the high spin state. When compléx was bond lengths in the octahedral complEin its various spin
optimized at its intermediate, quartet spin state, the axial Fe states is consistent with experimental observations. For
N1 and Fe-N3 bonds lengthened by up to 0.20 A from the example, in Fe(lll) complexes that undergo spin crossover,
initial structure, and distortion of the NIFe—N3 bond angle the average bond lengths for the experimental low sigig (
was observed (Table 3). Presumably, orbital degeneracy is= 1/2) and high spinNls = 5/2) geometries have been shown
removed as a consequence of these changes in geometrto change by approximately 0.15%A.

thereby allowing the adoption of a low energy quartet In the case of the square pyramidal Fe(lll) comp&x
electronic configuration. The average magnitude (approxi- shortening the axial FeCl bond (positioned along theaxis)
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might be expected to raise the energy of th@wbital in a Table 4. Relative Spin State Energies and Noninteracfigis Values

simple electrostatic d-shell repulsion model. while the Calculated for Fe(lll) Complexe$—6 at their BLYP/6-31G* Optimized
. - . ' Geometried

lengthening of the remaining ligand bonds would lower the

b; and b orbital energies as well as the energy (Scheme

S1, Supporting Information). The net result of both changes | energy Wb 28 energy Wb 98

should compress the energy range of the d-orbital manifold, _S°MPIex (€M) Slis +1 (eml) PR 2S+1

. ; : i ; 1 (Doublet)

resulting in a h|gh spin multiplicity. Geometrl'cal cha'nges' Me= 1/2 o 0.76 501 0 077 202

from the experlmentgl structures that are c_onS|stent with this yc=32 5184 381 4.03 1961 3.88 4.06

model are observed in the calculated, optimized geometries Ms=5/2 7664 8.76 6.00 1627 8.76 6.00

BLYP/6-31G* B3LYP/6-31G*

for complex2 at the intermediate and high spin states (Table 2 (Quartet)
3). Equally, shortening the FeCl bond without any changes ~ Ms=1/2 1656 102 225 5208 123 243
; . . : Ms=3/2 0  3.80 4.02 0 3.84 4.04
in the remaining metalligand bond lengths should raise the . —5, 2709 876 6.00 353 8.76 6.00
energy of aorbital, thereby increasing the energetic splitting 3 (Sextet)
of the b and a orbitals and leading to a stabilization of the ms=1/2 0 0.76 2.01 4246 0.91 2.15

low spin electronic configuration. Consideration of the DFT- Ms=3/2 714 3.79 4.02 1739 3.83 4.04
optimized structures & reveals small decreases in both the Ms=52 1289 876 6.00 0 8.76 6.00
axial Fe-Cl and the equatorial metaligand bond lengths # Results from calculations that identify the incorrect ground spin state
in the doublet structure relative to their values in the BLYP- 2 italicized?2S+ 1= (4 [$s + 1%
optimized quartet. Although the F& bond lengths in the  between the quartet and sextet state energies computed for
BLYP-optimized structure oR at the quartet state were complex2 is within the known uncertainty of the method.
longer than those seen in the initial geometry, we note that In addition, the noninteracting?[s values showed a marked
one of the two independent molecules that are present inimprovement in the level of spin contamination for the low
the unit cell has slightly longer FeS bonds than the othét. spin state B3LYP wave functions &fand3 relative to that
This observation suggests that crystal packing effects mayseen for calculations of vertical transition energies. On the
explain this small discrepancy between theory and experi- other hand, single point energies computed at these optimized
ment. geometries using the BLYP functional predicted that complex
The axial Fe-N1 and Fe-N2 bond lengths of complex 3 should adopt a doublet or quartet rather than the observed
3, as calculated for an excited state spin quartet, decreasecdsextet state. The ordering of spin states using the BLYP and
significantly (0.34 and 0.21 A, respectively) relative to the B3LYP models was also completely different for the three
cognate bonds at the optimized sextet geometry. This complexes, with BLYP stabilizing determinants of lower spin
behavior is again consistent with that expected from qualita- multiplicity (Table 4).
tive ligand field models in which increased axial metal Chemical Bonding in the DFT-Optimized, Ground
ligand interactions in a trigonal bipyramidal complex would State Structures of Complexes +6. The extent to which
raise the d orbital energy to increase the splitting between coordination of Fe(lll) by deprotonated amides plays a role
the € and @' orbitals (Scheme S2, Supporting Information). in determining the spin state properties and reactivity of the
When optimized at the low spin state, the decrease in theNHase metal center, as well as in inorganic model com-
axial Fe-N bond lengths relative to their values in the high plexes, remains a subject of discussidff Similar metat-
spin structure was accompanied by concomitant shorteningamide bonds in metalloenzymes are rare, the only other
of the remaining metatligand bonds. The trigonal arrange- examples being observed in nitrogerfdsend acetyl-CoA
ment of the equatorial ligands was also distorted due to ansynthase/carbon monoxide dehydrogerfade.light of the
increase in the SiFe—S2 bond angle (Figure 3, s&&). ability of DFT calculations employing the B3LYP functional
The latter observation is consistent with expectations from to model the observed spin states and optimized geometries
the Jahn-Teller theorem, in which the symmetry of a system of Fe(lll) complexesl—6, we undertook a detailed analysis
will break in order to remove orbital degeneracy resulting of the B3LYP wave function, as represented by a single
in maximal occupancy of the two lowest energy molecular determinant of KohsSham orbitals, within the NBO
orbitals. formalism for each structure at its ground state, BLYP-
Given that BLYP-optimized geometries for complexes optimized geometry. Our initial analysis examined the
1-3 at their three possible spin states were available, we distribution of electrons in these complexes, as determined
next determined whether DFT calculations employing the by spin magnetization density (SMD) and partial charges
B3LYP functional would give relative energies for these obtained using natural population analysis (NPA) (Table
structures that were consistent with known ground spin states . .
from experimental measurements (Table 4). Calculations (45) Ts'h,\e,l"’.‘;re,{éfﬁ}rfs"‘}&kls\?vrf; 'g'cléjrfv‘;’hg?g?’kg\)gss't’tﬁf'ifrg;n?'gﬁ;eanela"y'
using the B3LYP functional reproduced the known ground S0c.2002 124, 11417-11428.

in f th i (46) Smith, B. EAdv. Inorg.‘Chem1999‘ 47,159-218. (b) Peters, J. W.;
spin state of these complexes, although the difference Stowell. M. H. B.. Soltis, S. M. Finnegan. M. G.: Johnson. M. K.
Rees, D. CBiochemistryl997 36, 1181-1187.

(44) Kbonig, E. In Structure and BondingClarke, M. J., Goodenough, J. (47) (a) Darnault, C.; Volbeda, A.; Kim, E. J.; Legrand, P.; VemeX.;

B., Ibers, J. A., Jgrgensen, C. K., Mingos, D. M. P., Neilands, J. B., Lindahl, P. A.; Fontecilla-Camps, J. ©lat. Struct. Biol.2003 10,
Palmer, G. A, Reinen, D., Sadler, P. J., Weiss, R., Williams, R. J. P., 271-279. (b) Doukov, T. I.; Iverson, T. M.; Seravalli, J.; Ragsdale,
Eds.; Springer-Verlag: Berlin, 1991; Vol. 76, pp-5152. S. W.; Drennan, C. LScience2002 298 567—572.
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Table 5. NPA-Derived Partial Charges and Spin Magnetization In an effort to probe the extent of covalency in the-+e
Densitiesf (_SMDs) of Selgcted Atoms in Fe(lll) ComplexXes6 at Their Iigand bonds of complex$—6 bond orders were computed
DFT-Optimized Geometrié$ ) . - o\

using the natural atomic orbital (NAO) compositions of

partial partial ; ; ; ;
atom charge  SMD atom charge  SMD natural localized mqlecular (_)rbltals (NLMOs), with the sign
1 F 138 +10852 % F 134 1002 of these values being obtained from the overlap integrals
S1 098 10013 S1  —o094 4o000s  between natural hybrid orbitals (NHOs) located on the
S2 -0.39 —0.011 S2  —0.24 +0.009 covalently bonded atoms (Table 6). Such NPA/NLMO bond
N1~ -053 -0012 N1 —068 —0.006 order§® have been considered to be superior to alternative
N2 —-0.72 —0.006 N2 —0.49 —0.006 icdsb L
N3 —052 —0011 N3 —050 —0006 metrics™ and ha_V(_a bgen gpplled in an_alyses of Fhe extent
Nazice —0.65 —0.012 N4 —0.68 —0.006 of d-orbital participation in the bonding of main-group
8; :83; 18-881 complexes? In spin-unrestricted calculations, which have
9 Fe +1.48 +2.850 45  Fe 4152  2.909 separaten. spin andg spin density matrices, we consider
cl —0.69 +0.195 S1  -0.27 —0.020 the total bond order to be the sum @f and/ spin bond
si -021 -0019 s2  -027 -0.020 orders, and the difference between these values to represent
S2 -0.18 —0.048 N1 —0.55 +0.061 . N S
N1 —058 —0.030 N2 -056 —0001 the extent of spin polarization in the bond, at least within a
N2 —0.59 —0.005 N3 —-0.56 —0.001 single-reference approximation. Across the series of six
N4 —0.55 +0.062
3 Fe 166 14073 % Fe 1073 +1190 complexes, the FeS bonds tend to show a greater _degree
s1 —0.42 +0.207 S1  -014 -0073 of o covalency than those between the metal and first-row
S2 —0.38  +0.239 S2 -0.12 -—0.035 elements, and only small amounts of bond spin polarization
NSOy ool oot are observed i, 4, and6, which have ground state doublet
N2 —0.62 -0.059 N2 -052 -0010 configurations. The bond between Fe and the azide nitrogen
N3 -0.52 -—0.011 in 1 shows the greatest degree of “relative” spin polarization
a Atom labels correspond to those shown in Figuré @bserved spin at 17%, while the mos.t polarized bonds4&nd6 are Fe-
multiplicities are shown as superscripts. N4 and Fe-S1, respectively. Complex@sand5 have several

bonds with large {70%) amounts of relative spin polariza-
5).1548 The metal center carried a partial positive charge in tion, although only the FeCl bond in 2 is significantly
all complexes, values ranging frof0.73e~| (complex6) polarized in absolute terms, with almost 0e2| moreg than
to +1.66e~| (complex3) even though the metal is formally o spin character. Every metaligand bond in sextet complex
in the ferric oxidation state. The reduced Fe(lll) charges can 3 is spin-polarized to an extent of 600%, which is
likely be attributed to the nephelauxetic effect, whereby consistent with an excess of nonbondingspin electrons
ligand charge donation partially shields the metal d electronslocalized on Fe: Pauli repulsion keeps ligameblectrons
from the central ion nuclear charge and drives expansion of further away from the metal thgfrelectrons.

the d-electron “cloud”? The identity of the metal as Fe(lll) For all six complexes, a clear trend is also seen in the
was more clearly evident from the SMD computed for each total bond order between Fe(lll) and its ligands compared
complex. In all cases but that of compl8xthe excesst with the molecular spin state (Table 6). Thus, the doublet

spin on the iron was within 0.2 units of formal expectation state of6 has a total bond order of 2.03, a value greater
for a &P system (Table 5). For compleX SMD analysis than that computed fat and4 (approximately 1.7), which
revealed the presence of significant spin delocalization onto are also ground state doublets. All three total bond orders
the sulfur atoms coordinating the Fe(lll), but even so exceed the values of 1.21 and about 1.55 that are calculated
approximately 97% of the spin density was located within for the sextet comple, and quartet complexe? and 5,

the first sphere of ligand atoms (Figure 4). This spin respectively. Given that the latter two compounds have
delocalization likely results from the polarizability of sulfur ~ different coordination (Table 1), the similarity in computed
ligands and the high spin configuration adopted by Fe(lll) total metal bond order is especially noteworthy. As an
in the electronic ground state of this complex. Visualization alternative approach to exploring the chemical bonding in
of the SMD for complexed—6 (Figure 4) showed that there  these open-shell systems, we analyzed each of the ground
is little uncompensatef spin density in the wave functions ~ State, optimized complexes using bond valence sum (BVS)
calculated for these structures, consistent with the modestanalysis:* These calculations employed known parameters
spin contamination as measured by the deviation®ifts for N and S ligands bonded to Fe(If); and a reference
from Ms(Ms+ 1) (Table 3). The absence of uncompensated Iength of 1.976 A for the FeCl bond cal_culated according

$ spin density in these visualizations also signals that the t© literature procedurés?in agreement with our NBO-based

wave function is a reasonable single-determinant approxima-Strategy, the BVS values calculated for compleends
tion to a state of “pure” spin in which occupation of the were similar despite the different Fe coordination numbers.

Kohn—Sham molecular orbitals reflects broken spatial sym- In addition, bond valence sums were inversely related to the

metry.
(50) Reed, A. E.; Schleyer, P. v. B. Am. Chem. S0d.99Q 112 1434~
1445,
(48) Reed, A. E.; Weinstock, R. B.; Weinhold, F. Chem. Phys1985 (51) (a) Liu, W.; Thorp, H. H.Inorg. Chem.1993 32, 4102-4105. (b)
83, 735-746. Brown, I. D.; Altermatt, D Acta Crystallogr., Sect. B985 41, 244—
(49) Schdfer, C. E.Inorg. Chim. Acta200Q 302 1035-1076. 247.
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Figure 4. Graphical representations of the spin magnetization density computed for the DFT-optimized structures of Fe(lll) camieResitive
density is contoured as green, negative as red. Atoms are colored using the following scheme: C, black; H, white; N, blue; O, red; S, yellow; Fe, orange;
Cl, green.

spin magnitude observed for these complexes at their“hard” ligands, we nevertheless sought to develop a sys-
experimental geometries (Table S2, Supporting Information). tematic analysis of the NBO data that would (i) estimate
In contrast, while the assumption of equality between the covalency in terms of electrons shared, and (ii) allow
BVS and the formal valence of the metal center appears partitioning into different symmetries of metdigand
justified for 2, 5, and 6, it does not hold for the low spin interaction. Interactions that may be considered in the
complexesl and4 (BVS > 3) and the sexted (BVS < 3). description of metatligand bonding include pure ionicity
The apparent failure of BVS calculations for these systems (crystal-field),o-overlap,w-back-bonding, and-donation.
likely reflects the fact that effects arising from spin config- The analysis of NPA partial charges and NPA/NLMO bond
uration were not explicitly included in the original formula- orders, together with comparisons of NBOs and their
tion of this method. The uniform decrease in BVS upon DFT corresponding NLMOSs, can be used to estimate the contribu-
optimization of the experimental structures is consistent with tion of each type of interaction to metdigand bonding.
the general lengthening of the +igand bonds associated The utility of comparing NBOs with NLMOs to estimate
with the BLYP functional®® but the cause of the dispro- covalency in metatligand bonding, particularly in distin-
portionate drop in the BVS value for complex upon guishingo- from s-symmetry interactions, has been recog-
optimization is unclear. Although the BVS-valence equiva- nized> The combination of this idea, NBOs, and three-
lence appears to be violated in our test set, it is clearly centered hyperbonding leads to a formalized yet intuitive
possible that BVS analysis on crystallographic structures of strategy for the analysis of metdigand bonding. Purely
known valence, and NPA/NLMO bond orders computed for ionic interactions are outside the scope of the method as
molecules resemblind—6 at their optimized geometries, applied in this paper. Feigand bonds with covalent
might be equally valuable strategies in predicting spin character greater than a threshold value, which is dynamically
multiplicities. adjusted in the NBO method until a suitable reference Lewis
Analysis of Metal—Ligand Covalency in the Ground structure is found, will appear as NBOs. The NHO composi-
State Structures of Complexes 6. Estimating the extent  tion of all Fe-contributing NBOs in the six DFT-optimized
of covalency for metatligand bonds in open-shell transition complexes was identified using the algorithms implemented
metal complexes on the basis of bond order will be dependentin NBO v5.0. In our analysis of complexés-6, these NBOs
on the particular choice of metric, for which there are many were invariably o-bonds: nosz-symmetry metatligand
possible definitiond®® Such information, however, is likely  interaction was sufficiently strong to appear as a NBO. For
to be an important element in assigning the relative roles of all complexes, the primary NHO located on Fe that partici-
Fe—S and Fe-amide bonding for determining the low spin pated in covalent bonding was of an"sgpe, with the
ground state of the NHase metal cerffet Although the contribution of the Fe 4s orbital varying widely between 15%
NPA/NLMO bond orders computed far-6 were consistent  and 53% (Table 7). On the other hand, ligand orbitals
with the expectation that bonds between Fe and polarizable
ligands have a greater order than those between Fe and52) Kaupp, M.Chem. Eur. J1999 5, 3631-3643.
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Table 6. Selected NLMO/NPA Bond Orders in Fe(lll) Complexés6 Table 7. NHO Compositions of NBOs Containing Fe Character in
at Their DFT-Optimized Geometrig% Fe(lll) Complexesl—6 at Their DFT-Optimized Geometrigs
total Fe character Fe ligand
metal [(a—=p) NBO occupancy (%) hybridization hybridization
o spin S spin bond (o + )] x 1
B o Fe-S1 0.96643 27.0 g4 spts
bond order order o+ order a—p 100 B Fe-S1 0.97283 217 ad spit
1 Fe-S1 0.278 0.285 0.563 1.702—0.007 —1.2 o Fe-S2 0.96505 22.8 3d spis
Fe-S2 0.224 0.199 0.422 +0.025  +5.8 o Fe-N1 0.97256 11.3 S spit
Fe-N1 0.112 0.092 0.204 +0.020  +9.7 B Fe—Naside 0.80365 14.7 &t sp
Fe—N2 0.048 0.047 0.095 +0.000  +0.4 2 aFe-S1 0.95094 23.1 8¢ SpLé
Fe-N3 0.101 0.085 0.186 +0.016  +8.4 o Fe-S2 0.94614 26.4 id spié
Fe—Nazige 0.096 0.136 0.232 —0.040 —17.0 3 BFe-S1 0.96942 21.8 8pd55 SpP5do-1
2 Fe-Cl 0.041 0.239 0279 1.544-0.198 —70.9 B Fe-S2 0.96960 23.4 8pd>4 spPodoL
Fe-S1 0.236  0.196 0.433 +0.040  +9.2 S Fe-S3 0.97160 23.7 4d SpPedol
Fe-S2 0.268 0.220 0.488 +0.048  +9.8 4 oFe-S1 0.97308 24.5 8¢ spt4
Fe-N1 0.078 0.104 0.181 —0.026 —14.3 a Fe-S2 0.97296 24.6 sé spi4
Fe—N2 0.067 0.096 0.163 —0.029 —18.0 5 aFe-S1 0.93891 27.7 sd 3]
3 Fe-S1 0.059 0.270 0.329 1.213-0.212 —64.3 o Fe-S2 0.93889 27.7 sd )
Fe-S2 0.054 0.300 0.355 —0.246  —69.3 6 aFe-S1 0.94634 315 g4 sptt
Fe-S3 0.062 0.297 0.358 —0.235 —65.6 a Fe-S2 0.94202 31.3 ad spit
Fe-N1 0.016 0.070 0.087 —0.054 —62.0 o Fe-S3 0.94426 31.4 a4 spit
Fe—N2 0.015 0.068 0.084 —0.053 —63.6 B Fe-S1 0.96339 21.4 L] sppo
4 Fe-S1 0.235 0.207 0.441 1.738+0.028 +6.4 B Fe-S2 0.96238 22.6 &4 sp/3
Fe-S2 0.235 0.248 0.483 -0.013  -27 B Fe-S3 0.96480 21.6 a4 sp6
Fe-N1 0.106 0.126 0.233 -0.020 -85 o
Fe—N2 0.079 0.090 0.169 —~0.010 —6.0 a Atom labels correspond to those shown in Figure 1.
Fe—N3 0.079 0.090 0.170 -0.011 6.6 _ _ _ _
Fe-N4 0.106 0.136 0.242 —-0.029 -—12.2 metal to ligand. The differential properties of NBOs and
N1-C(O) 0510 0506 1.016 +0.004  +04 NLMOs are valuable in deriving the contributions of these
N4—C(O) 0510 0.506 1.016 +0.004  +0.34 . : . )
C(0)-O1 0.609 0611 1.220 ~0002 -018 interactions to ground state metdigand bonding. Thus,
C(0O)-02 0.609 0.611 1.220 —0.002  -0.14 NBOs emphasize spatial locality at the expense of occupation
5 Fe-S1 0298 0260 0.557 1.564 0.038 +6.8 number: they are defined over at most two atomic centers,
Fe-S2 0.297 0.298 0.595 0.000 —0.07 | . . o
Fe—N1 0.011 0067 0078 —0056 -72.1 and their occupations deviate below 1.00 (for a smirbital
Fe-N2  0.060 0.073 0.133 -0012  -92 basis) in proportion to the delocalization of the electron into
Fe—N3 0.060 0.068 0.128 —0.008 5.9 ; ;
Fo NA 0010 0063 0073 0052 713 empty orbitals elsgwhere in the mplecule. NLMOs, on the
6 Fe-S1 0311 0228 0539 2027 0.083 +15.3 other hand, have integral occupation numbers by construc-
Fe-S2 0.293 0.255 0.548 0.038 +7.0 tion, although they are usually still associated with a
Eg:ﬁg g'ggg g'gg’g 8'?255 0 86%47 J_rg.g particular NBO. What may be thought of as the “additional”
Fe-N2 0065 0.069 0.134 0004  -31 fractional electron as one moves conceptually from an NBO
Fe-N3  0.060 0.067 0.126 —0.007 55 to an NLMO comes from the principal delocalizations of

a Atom labels correspond to those shown in Figuré Rercentages are  the€ NBO within the NHO basis. In effect, the NLMO is the
calculated usingx- and 3-bond orders of higher precision than shown in  deviation of reality from an idealized local bonding picture.
the table. The different compositions between an NBO and its corre-
participating in covalent bonding the Fe in these complexes sponding NLMO are thereby well suited to extract the degree
had mostly p character, ranging from 50% to 96%, with to which electrons in a crystal-field model of a metal
d-orbital contributions from sulfur ligands being less than complex, e.g., @ Fe**, with ligands of integral charge,
1%. NBO surface plots demonstrate theymmetry of these ~ delocalize weakly between the metal and ligands to produce
NBOs, and the variety of bonds between Fe and ligand atomscovalency. For example, metal-to-ligand donation appears
that were found to be highly covalent (Figure 5). NBO as ligand lone pair hybrid character in a d-type metal NLMO
analysis was also used to identify three-center “hyper- that was not present in the associated NBO. Likewise,
bonding”!® which we interpret as the participation of a systematic examination of the Fe character in ligand LP
significant resonance structure involving the interaction of NLMOs reveals the extent to which ligand charge has moved
a lone-pair on one ligand atom and the formal NBO between into the metal center relative to a localized NBO referetice.
Fe(lll) and another ligand atom (usually sulfur). Three-center lllustrations of these ideas are provided by several NBO-
hyperbonding that enhanced the degree of covalency inNLMO pairs taken from an analysis of the KohBham
Fe—N bonds at the expense of £8 bonds was observed wave function for comple® (Figure 6). Hence a mostly LP
in complexesl, 2, 4, and6. On the basis of the symmetry
of the participating NBOs, the increase in covalency wa

S (53) We note that while the NBO algorithm analyzeand/ spin density
matrices separately, we and the NBO program authors define a lone

primarily associated witlv-donation by the N atom. “pair” (LP) to signify a valence orbital localized essentially to a single
In addition to the NBOs automatically identified by the g}olmc')c center, despite a maximum possible smirbital occupancy
SOﬂW_are algomhm_S, three types of met?gand Interactions  (s4) Murakami, T.; Nojiri, M.; Nakayama, H.; Odaka, M.; Yohda, M.;
remain to be consideredi-donation by ligand lone electron 1Dc(>)2h4n:i%'3 g.; Takio, K.; Nagamune, T.; EndoProtein Sci.200Q 9,
pairs Of_a degr,ee less than the threshold deflnlljg an NBO; (55) Wendt, M Weinhold, F.NBOView 1.0 Theoretical Chemistry
m-donation by ligands to the metal; aneback-bonding from Institute, University of Wisconsin: Madison, WI, 2001.
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Figure 5. Spin NBOs exhibiting significant covalency in Fégand bonds that are representative types present in complex&s (A) 1, oo Fe—-S1
(thiolato); (B) 1, oo Fe—N1; (C) 1, f Fe—Nazids (D) 4, oo Fe—S1 (thiophenolato). In all figures, Fe is located at the left end of the NBO, and orbitals are
colored green and yellow to represent positive and negative phases, respectively. Atom labels correspond to those given in Figure 1.

Fe @

Figure 6. Selected NBOs (top) and their corresponding NLMOs (bottom) for complékhese illustrate three classes of weak electron delocalization
between Fe and ligand atoms: (A) metal-to-ligantlack-bonding; (B) ligand-to-metatdonation; (C) ligand-to-metat-donation. Contours were generated
with NBOView 1.0%5 using a minimum value of 0.02, and step size of 0.02. Atom labels correspond to those shown in Figure 1.

Fe NLMO showsrt-back-bonding to the sulfur atoms (Figure
6A), which is manifested as a distortion of the Fe d-type LP
NBO toward the S atoms. The extent of covalency (ligand
to metalo-donation) in the mostly ionic FeCl bond can be
also seen in a Cl LP NBO and NLMO that point along the
Cl—Fe line of centers (Figure 6B). Finally, thesymmetry
overlap evident in the NLMO of Figure 6C when compared
to its clearly LP-type sulfur NBO signifies this as a
m-donation from the S ligand to the Fe(lll) center.

In order to place these ideas onto a quantitative footing,
we devised the following scheme for calculating the extent
of covalency in the Feligand bonds. The weak delocaliza-
tions in LP-type NLMOs can be quantitated by the following
expression:

Z Laimo x (1 — lOFe) +
eTP

3 Fawo x (1 10L)] 1)

where the first and second terms are summed over the one-
center (lone-pair) NBOs centered on Fe and the ligand atom
of interest, respectivelyOr. is the occupancy of a one-center
NBO on iron, and hence, (& 'Og) represents the number

of Fe electrons that are delocalized onto other atdsis

the corresponding occupancy of a one-center NBO on the
ligand atom, and (+ 'O.) represents the number of ligand
electrons located elsewherey o is the ligand character

in the Fe LP NLMO divided by the total non-Fe character,
and Fevo is the iron charactemia L LP NLMO divided

by the total non-L character. Given these definitions, it is
seen that the terms of expression (1) estimate the delocal-
ization of (i) Fe electrons onto the ligand, and (ii) ligand
electrons onto Fe, respectively. These latter two quantities
therefore represent the fraction of delocalized Fe electrons
on a specific ligand atom and the fraction of delocalized
ligand electrons on Fe, respectively. Covalency contributed
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by two-centered NBOs that do not participate in three- Table 8. Covalent Character of FeLigand Bonds in Complexe$—6
centered hyperbonding was estimated using the expressiorft Their Optimized Ground State Geometties

bond covalency total covalency
[min(Feyge OF Lygo) % 2Ol @) bond (le) ()
1 Fe-S1 0.565 2.142
where Fago and Lygo represent the fraction of Fe and ligand Fe-S2 0.625
NHO contributions in a two-center NBO, respectively, and Eg:m; 8'%1
20 is the electron occupancy of the two-center NBO. If a Fe-N3 0.299
given Fe-ligand NBO was identified as participating in a ) Ee—('\;lazide 8-23(5) 1732
three-centered hyperbond, then our calculations replaced Fg:51 0.426 '
expression 2 with the following: Fe-S2 0.554
Fe-N1 0.341
: 3 Fe—N2 0.140
[NBOgcpg x min(Feygg Or Lyge) x O] 3) 3 FoS1 0,345 1281
) ) ) Fe-S2 0.372
in which NBOscng is the amount of two-center NBO Fe-S3 0.383
character in the three-center hyperbof@,is the electron Ee—mé 8-82?
o e— .
occupancy of t_he three-center hyperbond, anq the remaining Fo_S1 05445 2163
terms are defined as above. In our analysis, three-center Fe-S2 0.5570
hyperbonds arose from resonance between anliand Fe-N1 0.2036
NBO and a donor lone pair on another ligand not involved Eg:mg g'g}gg
in a metal-containing two-centered NBO. The additional Fe—N4 0.2193
covalency between Fe and this lone pair arising from 5 E*g% g-gig 14
participation in the_ three-centered hyperbond was estimated Fe N1 0.078
using the expression Fe-N2 0.119
Fe-N3 0.119
3 ; 3 Fe-N4 0.075
['D x min(Fégo O Lygo) x “O] “) 6 Fe-S1 0.608 2.768
i . . Fe-S2 0.657
where®D is the donor lone-pair character in the three-center Fe-S3 0.634
hyperbond. We chose to use three-center hyperbonds in lieu Fe-N1 0.288
of their constituent NBOs as a basis for calculating covalency Eg_mg 8'%22

because they should better reflect the intrinsic bonding
present between Fe and both the donor and acceptor ligan
atoms than the NBO and lone pair separately would.
Expressions (2)(4), which define the covalency due to hyperbonding in complex that arises from therans
o-bonding between ligands and metal, range between 0 andrelationship of three pairs of thiophenolato (acceptor NBO)
0.5 for NBOs with an extreme of either metal or ligand and amino (donor) ligands. The extensive mixing of the metal
character, or with equal participation of the two, respectively. d orbitals with both the sulfur and nitrogen ligand orbitals
For example, if summed over hypothetiealand 5 NBOs raises the energy of the participating d-orbitals relative to
of unit occupancy (equivalently, perfectly localized two- those not aligned along the bond axes, thereby splitting the
center NLMOs) between Fe and a ligand with 50% atomic d manifold on Fe and stabilizing the low spin configuration.
character each, a total of 1.0 would result. The number of Equally notably, complexek 4, and6 all have calculated
shared electrons can be considered as twice this numbercovalencies greater than 20| suggesting that this is the
Auxiliary donation ors-back-bonding would add to the primary determinant for a low spin ground state in these
calculated covalency via expression 1 beyond the contribu- particular Fe(lll) systems. This proposal is consistent with
tions from formal two- or three-centered bonding. Thus, these the fact that2, 5, and 3 all have covalencies of less than
expressions provide a convenient means by which to compare2.0e”|. The quartet complexesand5 still have calculated
bonding of ligands in the same complex, or between covalencies of greater than Je5|, however, while the sextet
complexes. 3is the least covalent by our measure. In a further interesting
Using this approach, as summarized in expressiord, 1  observation, we determined that three-center hyperbonding
we calculated the covalent contributions to all-figand was present for the NiFe—S2 interaction but absent for
bonds in1—6, and the total covalency present in these the N2-Fe—S1 interaction in the salen complgxas would
complexes (Table 8). Our results clearly explain the low spin be expected from the similéransarrangement of donor and
character of compleg in its ground state. This experimental acceptor atoms between these two ligand sets (atom number-
observation is perplexing at first sight because there are noing corresponds to that in Figure 1). The DFT-optimized
obvious “strong field” ligands present # Our procedure  ground spin quartet structure also shows the greatest differ-
suggests that metaligand covalency is higher i than in ence in Fe-N bond lengths of the three spin states explored
the other five Fe(lll) complexes, a fact mirrored by its high (Table 3). For example, the F&1 bond length in the
NPA/NLMO Fe-ligand bond order. Further analysis re- experimentally determined structure is somewhat shorter (by
vealed that there is an exceptional amount of three-center0.051 A) than the FeN2 bond, with approximately equiva-

d aAll values were computed from expressions-4. Atom labels
correspond to those shown in Figure 1.

470 Inorganic Chemistry, Vol. 43, No. 2, 2004



Spin-Dependent Properties of Fe(lll) Complexes

@P-o.m

0.49 -0.68

0.4412/ 1.0163/ 0-59
+0.0280/ +0.0035
0.5445 0.2418/

0.1696/

-0.0112/ -0.0294/ 102 01 (?197/
0.3192 0.2193 .
g D—O.G? I
‘a’ +1.40
-0.67
0.2328/
1.2200/ 0.4828/
-0.0198/
-0.0022 -0.0130/
0.2036 0.1688/
0.0102/ 0.5570
1.0164/ 0.3193 0.24
+0.0042
+0.59 %068
-0.49

Figure 7. Schematic representation of the metiijand bonding in carboxamidato compléxCalculated NPA partial charges are shown adjacent to each
atomic center. In each set of numbers associated with a given bond, the NPA/NLMO bond order is given first, and the NPA/NLMO spin polarization is
shown second. In cases for which a third value is given, this derived #igfahd covalency in units ofe”|. Atom labels correspond to those shown in
Figure 1.
lent Fe-S bond lengths. This geometric asymmetry is tonated backbone amide nitrogens should serve as strong
consistent with an analysis of the HOM©4 to LUMO + donor species to the Fe. These arguments raise the possibility
4 o and s spin orbital energies of this complex (data not that similar three-center hyperbonding exists in the NHase
shown), which lack any degeneracy associated with squareFe(lll) center, where the metal is ligated by two pairs of
pyramidal coordination. The inequivalent & bonds in trans S—Fe—N bonds: aCys-113 and the amide nitrogen
both the experimental and calculated structures suggest thadf aCys-115, anaCys-115 and the amide nitrogen@®er-
differences in hyperbonding may be critical in rationalization 1141¢ On the other hand, definitive statements about the
of the spin quartet ground state for compl&x extent to which such three-center hyperbonding determines
Implications for the Role of Metal Bonding and the observed low spin Fe(lll) configuration are complicated
Ground Spin State in the NHase Active Site Of the six by the fact that both of the cysteinyl sulfur atotnans to
complexes studied} is the closest structural mimic of the the amide ligands are post-translationally oxidized, a struc-
NHase metal center, in that the metal is coordinated by bothtural modification that is required for catalytic activity.
deprotonated amide and thiolate ligands. As such, a detailedThus, the extent of three-center hyperbonding in the enzyme
understanding of the bonding in this complex might provide active site may differ significantly from those seen in
important insight into the precise ligand field determinants complexest given that (i) the oxidized sulfur atoms will be
of the Fe(lll) spin state in the enzyme. The salient features less polarizable than their reduced precursors, and (ii) nearby
of the bonding around Fe(lll) i4 were therefore character-  arginine residues from the NHa8esubunit polarize the SO
ized (Figure 7). Both deprotonated amides can have two bonds, inductively pulling negative charge away from the
limiting resonance forms:(N=C(R)—0O"), in which charge metal. Resolving the delicate balance between mditgand
is localized on the electronegative oxygen atom, and bonding mechanisms and the electronic consequences of
(—N~—C(R)=0), where negative charge is localized on the post-translational oxidation in NHase will therefore require
nitrogen bonded to the positively charged metal ion. The further theoretical study.
NPA-based partial charges and NPA/NLMO bond orders
show the best approximate description of this ligand to be a
charge-polarized system, with partial negative charges on The low spin Fe center of NHase presents a variety of
both the nitrogen and oxygen atoms, anet@land C-O challenges to computational characterization. Although the
bonds that do not exhibit double bond character (Figure 7). coordination asymmetry alleviates the need to describe
Three-center hyperbonding involving the deprotonated ni- multiple electronic configurations among degenerate one-
trogen and the adjacent thiophenyl ring contributes to the electron states, spin contamination is still possible if occupied
Fe—N bonding and delocalizes charge away from the amide o spin andj spin orbitals do not overlap extensively in the
nitrogen. Clearly, this is not a feature of the nitrile hydratase single-determinant KohaSham wave function representa-
active site, where the thiophenyl ring 4is replaced by an  tion of the density. On the basis of the noninteracting value,
alkyl a-carbon of the amino acid residue to which the the DFT wave functions determined for these open-shell
nitrogen belongs. Given that lone pairs on the deprotonatedFe(lll) complexes suffer remarkably little from spin con-
carboxamidato nitrogens of proteins do not have an adjacenttamination, even when the metal is in a low spin state with
potential electron sink other than the peptide carbonyl, the several available determinants of higl&ut identicalMs.
carboxamidato bonding would be expected to be either moreThese results establish the ability of DFT functionals to
charge-polarized, or possibly to exhibit greaterlCdouble- optimize the structure of Fe(lll) complexes with N/S ligation
bond character, than in complex In either case, depro- at various possible spin multiplicities, and to reproduce

Conclusions
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correctly the experimentally observed ground state. For Finally, and in contrast to the results of our previous
almost all of the complexes studied, DFT single point semiempirical calculatior’s,analysis of the NHase model
energies computed using the B3LYP functional correctly complex4 shows that the carboxamidato ligands in this
predict observed ground state spins, the computed energycomplex do not exhibit substantial double bond character in
differences generally lying outside the known errors of the either the carbonyl €0 or the amide €N bonds. Instead,
method. Although the BLYP model gives spin state depend- three-center hyperbonding, as also observed for complexes
ent optimized geometries that are consistent with the predic-1 and 6, contributes to the metaligand covalency in this
tions of ligand field models, this functional seems less compound that results in the observed ground state doublet.
reliable than B3LYP for calculating the relative energetics These studies therefore establish the computational meth-
of these Fe(lll) complexes, principally because of artificial odology that will be needed to explore the electronic struc-
stabilization of lower spin configurations. Thus, although ture and reactivity of the fascinating, and unusual, NHase
BLYP is a suitable method for geometry optimization of Fe(lll).
these Fe(lll) complexes, and therefore the NHase metal
center, inclusion of orbital-dependent exchange will likely ~ Acknowledgment. We thank the National Science Foun-
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correlate qualitatively with chemical expectations. For
example, Fe'S bonds have more covalent character-Re
bonds. Using a novel proc.edure, analysis of th? N.BO data bond valence sum calculations for compleXes6 at both their
(?an be employed to quanutatg electron delocallg_atlon frqm experimental and DFT-optimized geometries, and qualitative
ligands onto the metal, and vice-versa. The utility of this gjagrams for the d-orbital splitting in idealized square pyramidal
method is demonstrated in rationalizing the low spin and trigonal bipyramidal complexes. This material is available free
character of compleg, and this approach should be generally of charge via the Internet at http:/pubs.acs.org.
applicable to other mononuclear transition metal centers that
are amenable to NBO analysis. 1C0350032
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