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ZORA relativistic DFT calculations are presented which aim to reproduce geometric structures and EPR properties
of [Ni(mnt),]~ (H.mnt = maleonitrildithiol), two other paramagnetic low-spin Ni(lll) complexes, and an asymmetric
paramagnetic Co(ll) complex. The study tests the accuracy of the computational method as a prior step to the
modeling of the geometric and electronic structure of the active site of NiFe hydrogenases in its EPR-active oxidized
states Ni-A and Ni-B. Systematic deviations from experiment are found for the calculated g-values; relative differences
among them are, however, well reproduced. Because no significant improvements have been achieved by using
larger basis sets or more sophisticated functionals, g-values may be calculated rather rapidly at the VWN level.
This is most important for the modeling of the active site of NiFe hydrogenases because its complexity does not
permit calculations at high levels of theory. For [Ni(mnt),]~, excellent agreement between calculated and experimental
results is obtained for the N quadrupole coupling, whereas the calculated hyperfine couplings are not always in
good agreement with experimental data.

Introduction frequencies of the diatomic ligands bound to the Fe c&nger
] S have been used to verify the computational models. On the

Enzymes that catalyze the reversible oxidation of molec- g er hand, some of the best characterized properties of these
ular hydrogen are called hydrogenases. Be3|des Conta'f"ngenzymes are the parameters obtained by EPR (and ENDOR)
several iron atoms, many of them contain a redox active spectroscopy® These are very closely related to the
nickel ion* Many aspects of the enzyme operation mecha- gjectronic structure and are expected to depend sensitively
nism and the underlying electronic structure features are ill 5, the protonation state, which cannot be determined from
understood, so that their elucidation by theoretical methods;x_ray diffraction data. However. the theoretical calculation
is of great interest. Several density functional (DFT) studies ¢ g-tensors is not trivial. For decades, simple second-order

on the glctive site of these enzymes have been published)erirhation theory has been used, which can be applied to
recently? However, the various computational models differ giiher semiempirical or ab initio calculations but has

considerably, and none of the proposed mechanisms has been
generally accepted. (2) (a) Pavlov, M.; Siegbahn, P. E. M.; Blomberg, M. R. A.; Crabtree, R.

It seems that most of the DFT approaches used so far are ~ H:J. Am. Chem. S0a998 120, 548-555. (b) Paviov, M.; Blomberg,
L. PP . M. R. A,; Siegbahn, P. E. Mnt. J. Quantum Chen1999 73, 197—
not very sensitive toward small changes of geometric and/ 207. (c) De Gioia, L.; Fantucci, P.; Guigliarelli, B.; Bertrand iorg.

or electronic structure. Besides geometric parameters, the  Chem.1999 38, 2658-2662. (d) De Gioia, L.; Fantucci, P.; Guigliar-

energetics of hydrogen activatiiei and the infrared el B Bertrand, Pint. ) S:lf‘”&‘frgfr}fm%gheeﬁ'égg;égSiz(i)

4000-4007. (f) Amara, P.; Volbeda, A.; Fontecilla-Camps, J. C.; Field,
* To whom correspondence should be addressed. E-mail: vmfernandez@ M. J.J. Am. Chem. Sod999 121 4468-4477. (9) Li, S.; Hall, M.

icp.csic.es (V.M.F.); jcconesa@icp.csic.es (J.C.C.). B. Inorg. Chem.2001, 40, 18—24. (h) Stein, M.; Lubitz, WPhys.

(1) (a) Cammack, R.; Fernandez, V. M.; Schneider, Kl'the Bioinorganic Chem. Chem. Phy2001, 3, 2668-2675.
Chemistry of NickelLancaster, J. R., Jr., Ed.; VCH: Weinheim, 1988; (3) (a) Moura, J. J. G.; Moura, |.; Huynh, B.-H.; Kger, H. J.; Teixeira,
pp 167190. (b) Moura, J. J. G.; Teixeira, M.; Moura, |.; LeGall, J. M.; DuVarney, R. C.; DerVartanian, D. V.; Xavier, A. V.; Peck, H.
In The Bioinorganic Chemistry of Nickdlancaster, J. R., Jr., Ed.; D., Jr.; LeGall, JBiochem. Biophys. Res. Comm@82 108 1388—
VCH: Weinheim, 1988; pp 191226. (c) Albracht, S. P. Biochim. 1393. (b) Cammack, R.; Patil, O. S.; Hatchikian, E. C.; Fernandez,
Biophys. Actal994 1188 167—204. V. M. Biochim. Biophys. Actd987 912 98-109.

10.1021/ic020015t CCC: $22.00 © 2002 American Chemical Society Inorganic Chemistry, Vol. 41, No. 17, 2002 4417

Published on Web 07/31/2002



Stadler et al.

NC ]

“ni CN
N/
ne—Lg— "SICN cl

1 F’Q s N
_ —N—Ni—/ @mo/j@
@fS\N,/s |CI/ | s
o No—<—=> 3 4
2

Figure 1. Schematic representations of the model compléxe4 used in the calculations. Hydrogen atoms are not shown.

shortcomings as it requires, among other things, a goodfunctional, and (c) the geometrical data, we have performed
evaluation of electronic excitation energfeglore recently, extensive calculations on the Ni and Co complexes given in
a more sophisticated approach, still within a perturbation Figure 1: the planar anions [Ni(maf) (H.mnt= maleoni-
theory scheme, has been used by Schreckenbach et al. butiledithiol) (1) and [Ni(mp}]~ (H.mp = 2-mercaptophenol)
has not yet been implemented in commercially available (2), the five-coordinated neutral complex Ni(NCN)CI
software? (NCN'’ = C¢H3(CH2NMe,),-0,0') (3), and the anionic cobalt
An alternative for systems with one unpaired electron has complex [CpCo(dith)] (Cp = cyclopentadienyl and ditk
been developed by van Lenthe et al. in which the spin  pyridin-4-yl-ene-1,2-dithiolate)4). Calculated geometries
orbit interaction was included in the Hamiltonian of a spin- andg-tensors as well as hyperfine and quadrupole couplings
restricted relativistic DFT methddThe currently available  are compared with available experimental data.
implementation of this method allows for the calculation of
g-tensors as well as of the parameters quantifying the Methods

_hyperflr.\e coupling A-tensors) and nucle_ar quadru.pole All calculations were done with the Amsterdam density func-
interactions P-tensors that can b? determ'n_ed eXpe”mer." tional (ADF) program packadeéusing Slater-type orbitals and the
tally by EPR and ENDOR techniques. Until recently, this  zoRra (zeroth-order regular approximation) relativistic metfbd.
method has been applied only to some small model com- The different parameters used to evaluate the computational models
pounds and a handful of transition metal compleikasiost require slightly different computational approaches. Particularly,
of them of the simple Hitype. During the preparation of this  the two components of the hyperfine coupling tendpnamely
manuscript, however, a first study on two paramagnetic Ni the isotropic (scalar) compones, and the anisotropic component
complexes (one Ni(lll) and one Ni(l)) using the same method T, are taken_here from differenf[ gal_culations,_as will be explained
appeared? followed by another study by the same group N more_detal_l later. S_calar n_elatlwstlc calculations were car_rled o_ut
on active site models of NiFe hydrogenaseis the present ~ €MPloying either spin-restricted (open shell) wave functions (in
paper, we primarily test whether paramagnetic Ni(lll) ?eometry optlmlza_tlons) or splnjunrestngted wave functions (mainly
L . . ._for the determination of isotropic hyperfine couplirgs, but also
complexes containing heavy Ilgands, and ESpl,:"Cla"Y thelrfor that of spin densities, which are taken from a Mulliken
EPR parameters., .Can be descr'bef_j properly with this neWpopulation analysis, and quadrupole couplings). On the other hand,
DFT method, as it is generally considered that the so-calledhe calculations ofy- and T-tensors, which included spirorbit
Ni-A and Ni-B states of the active site of NiFe hydrogenases, interactions, employed spin-restricted (open shell) wave functions
for which EPR/ENDOR parameters have been determinedexclusively.
in detail, are Ni(lll) state3? In addition, we present A double{ basis set without polarization functions was used in
calculations of a low symmetry paramagnetic Co complex, most of the spin-restricted calculations. Here, it is referred to as
as the active site of these enzymes is asymm#&iia get basis A or A depending on the treatment of nonvalence orbitals:
an idea of the accuracy of the obtained values and theirin the former, the core orbitals are frozen, whereas the latter is a

dependence on (a) the size of the basis set, (b) the densityull €lectron basis set. A larger basis set, which is tripteroughout
and includes one polarization function for all atoms except Ni and

(4) Abragam, A.; Bleany, B.Electron Paramagnetic Resonance of Co, was also used, primarily in the spin-unrestricted calculations;

Transition lons Clarendon: Oxford, 1970; Chapter 15. it is further referred to as basis set B (frozen cores) b(fBll

(5) (a) Schreckenbach, G.; Ziegler,J .Phys. Chem. A997 101, 3388~ electron). These basis sets A/&nd B/B are those designated in
3393'1 (%)ZSChre‘:kenbaCh’ G.; Ziegler, Theor. Chem. Accl998 ADF as standard basis sets Il and IV, respectivély.

(6) van Lenthe, E.; Wormer, P. E. S.; van der Avoird, JAChem. Phys. The density functionals employed are all based on the VWN
1997 107, 2488-2498. local density functional parametrized by Vosko etéBLYP17:18

(7) van Lenthe, E.; van der Avoird, A.; Wormer, P. EJSChem. Phys.
1998 108 4783-4796.

(8) van Lenthe, E.; Baerends, E.J.Chem. Phys200Q 112 8279~ (12) (a) Volbeda, A.; Charon, M. H.; Piras, C.; Hatchikian, E. C.; Frey,
8292. M.; Fontecilla-Camps, J. Qlature1995 373 580-587. (b) Volbeda,
(9) (a) Patchkovskii, S.; Ziegler, ™. Chem. Phys1999 111, 5730~ A.; Garcin, E.; Piras, C.; De Lacey, A. L.; Fernandez, V. M
5740. (b) van Lenthe, E.; van der Avoird, A.; Hagen, W. R.; Reijerse, Hatchikian, E. C.; Frey, M.; Fontecilla-Camps, J. £.Am. Chem.
E. J.J. Phys. Chem. R00Q 104, 2070-2077. (c) Patchkovskii, S.; S0c.1996 118 12989-12996.
Ziegler, T.J. Am. Chem. So@00Q 122, 3506-3516. (d) Belanzoni, (13) (a) ADF 1999.02 and ADF 2000.02. (b) Fonseca Guerra, C.; Snijders,
P.; van Lenthe, E.; Baerends, EJJChem. Phys2001, 114, 4421— J. G.; Te Velde, G.; Baerends, ETheor. Chem. Acd.998 99, 391—
4433. 403.
(10) Stein, M.; van Lenthe, E.; Baerends, E. J.; Lubitz, WPhys. Chem. (14) van Lenthe, E.; Snijders, J. G.; Baerends, B. Lhem. Physl1996
A 2001, 105 416-425. 105 6505-6516. (b) van Lenthe, E.; Ehlers, A.; Baerends, EJ.J.
(11) Stein, M.; van Lenthe, E.; Baerends, E. J.; Lubitz, JWAm. Chem. Chem. Phys1999 110, 8943-8953.
Soc.2001 123 5839-5840. (15) Further details can be found at http://www.scm.com/Doc/atomicdata/.
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Modeling the Actve Site of NiFe Hydrogenases 1

Table 1. Bond Lengths and-Values for [Ni(mnt}]~ (1) from Spin-Restricted Calculations

bond lengths [A] g-value$
geometry methad Ni—S S-C1 ci-Cc1 Ox Oy 0;
exptP 2.1472.151 1.7051.727 1.3671.370 2.14 2.04 1.99
exptl VWN, A 2.096 2.030 1.977
VWN, B 2.086 2.029 1.975
symmetrizeél VWN, A 2.149 1.720 1.368 2.097 2.030 1.976
VWN, B 2.086 2.029 1.974
optimized VWN, A 2.166 1.792 1.370 2.112 2.032 1.979
VWN, B 2.117 1.719 1.380 2.077 2.029 1.974

aA, B refer to the basis set usétiThe bond lengths have been taken from ref 20b. Ghvalues given are those measured in a frozen solutidhiof
DMSO/CHCE.2%¢ ¢ The distances given here are those obtained by symmetrization of the experimental data referred to préVinaighprincipal direction
coincides with the normal to the molecule plane, while theligection is perpendicular to the symmetry plane which does not intersect the ligands.

and BP (Becke Perdew)”1°gradient corrections were also tested. crystalline state (as (BY)- and f-BusN)-salt). Besides the
Additional details about the computational parameters are given in g-values, the principal values of th&tensors off!Ni and
the corresponding subsections. all ligand atoms (for the nucléfC, N, °N, and33S) are

Detailed structural and EPR data are available for the anions nown20.26 The hyperfine tensors have been studied by
[Ni(mnt)z]~ (H;mnt= maleonitrildithiol) (1)** and [Ni(mp}]~ (H2- Hayes, using a DFT method different from odfsvery
mp = 2-mercaptophenol)2}. The neutral complex [Ni(NCH- recentI’y also the ZORA method used in the present work
Cl (NCN' = Ceho(CHNMez);-0,0) (3) has been also charac- % lied 1o complek by Stein et alo Our first aim here
terized by EPR spectroscopy, but structural data are only known pp. P y : .

was to find the least costly way of calculating accurate

for the analogous iodine derivatigé2® All three complexes can ) |
be regarded as Ni(lll) dlow-spin systems with one unpaired Structural and magnetic resonance parameters (in order to

electron and can thus be treated within the spin-restricted formalism. apply the same procedure to the much bigger models of the
Because the X-ray structures of these complexes show only smallhydrogenase active site). Consequently, the results presented
deviations from idealized symmetry, most calculations have been later are similar but not identical to those of Stein et al.,

performed on symmetrized geometri&@yy, C,,, andC; for 1, 2,
and3, respectively) that were obtained from the experimental ones
using a utility included in the Cerius2 program packége.

EPR data of [CpCodith] (4) are used which were obtained in
tetraethylene glycol frozen solution (77 R)X-ray data were not
accessible, and consequently, a model construction was employe
as starting point for a full geometry optimization. The energetically
minimized structure was then used for the EPR calculations.

Results and Discussion

[Ni(mnt) o] ~. [Ni(mnt);]~ (1) has been experimentally
characterized in full detail in (frozen) solution and in the

(16) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200~
1211.

(17) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

(18) (a) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(b) Russo, T. V.; Martin, R. L.; Hay, P. J. Chem. Phys1994 101,
7729-7737.

(19) Perdew, J. PPhys. Re. B 1986 33, 8822-8824.

(20) (a) Maki, A. H.; Edelstein, N.; Davison, A.; Holm, R. Bl. Am. Chem.
Soc.1964 86, 4580-4587. (b) Kobayashi, A.; Sasaki, Bull. Chem.
Soc. Jpn.1977, 50, 2650-6. (c) Huyett, J. E.; Choudhury, S. B.;
Eichhorn, D. E.; Bryngelson, P. A.; Maroney, M. J.; Hoffman, B. M.
Inorg. Chem.1998 37, 1361-1367.

(21) (a) Balch, A. L.J. Am. Chem. Socl969 91, 1948-1953. (b)
Kdéckerling, M.; Henkel, GChem. Ber1993 126 951-953. (c) Chou,
J.-H.; Varotsis, C.; Kanatzidis, M. G. IRioinorganic Chemistry. An
Inorganic Perspectie of Life Kessissoglou, D. P., Ed.; NATO ASI
Series C; Kluwer Academic Publishers: Dordrecht, The Netherlands,
1995; Vol. 459, pp 333348.

(22) (a) Grove, D. M.; van Koten, G.; Zoet, R.; Murall, N. W.; Welch, A.
J.J. Am. Chem. S0d.983 105 1380-1381. (b) Grove, D. M.; van
Koten, G.; Mul, P.; Zoet, R.; Linden, J. G. M.; Legters, J.; Schmitz,
J. E. J.; Murall, N. W.; Welch, A. Jnorg. Chem.1988 27, 2466~
2473.

(23) Preliminary calculations on the iodine complex soon revealed that the

d

who used mainly large full electron basis sets.

Geometric Structure. Selected bond lengths taken from
the experimental structure and from the corresponding
symmetrized one are compared with calculated values in
Table 1. Symmetrization clearly does not change the relevant
geometric characteristics (nor does it affect thealues).
Consequently, the geometry optimizations were carried out
on Dy, symmetric structures. In these optimizations, a
significant effect was found when changing the size of the
basis set or the density functional. Without gradient correc-
tions, basis set A already yields acceptable agreement with
experimental data. Particularly, the-Ns bond length, which
is most important for the resulting-values, is calculated
well. On the other hand, the bigger basis set B yields-aiNi
bond length that is clearly too short.

It is well-known that the inclusion of gradient corrections
improves the accuracy of DFT calculations in terms of
thermodynamic properties, for example, bonding energies.
Usually, it also leads to better bond lengths and thus to a
more accurate molecular geometry. We tested the BLYP and
BP gradient-corrected functionals and found substantially
longer bond lengths (data not shown) than in the correspond-
ing calculations without gradient corrections, which reflects
a well-known trend® However, the Ni-S bond length is
calculated to be too long when gradient corrections are
included, particularly with basis set A. Actually, the com-
bination of the VWN local density functional and basis set
A yields geometric data that are almost as close to the
experimental data (the average deviation is 0.03 A in bond

method is much less accurate here, probably because of the presencéengths and 0.5in angles) as the best values obtained with

of such a heavy atom as iodine, and were thus not pursued further.

(24) Cerius2 molecular modeling systeMolecular Simulations Inc.: San
Diego, CA, 1999.

(25) Mabbs, F. E.; Collison, DElectron Paramagnetic Resonance of
Transition Metal CompoundsStudies in Inorganic Chemistry 16;
Elsevier Science Publishers: Amsterdam, 1992; p 249.

(26) (a) Davison, A.; Edelstein, N.; Holm, R. H.; Maki, A. B.. Am. Chem.
Soc.1963 85, 2029-2030. (b) Schmitt, R. D.; Maki, A. HJ. Am.
Chem. Soc1968 90, 2288-2292.

(27) Hayes, R. Glnorg. Chem200Q 39, 156-158.

(28) Ziegler, T.Chem. Re. 1991, 91, 651-667.
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gradient corrections (using basis set B and BLYP). Besides, of the results recently obtained with the same method for
it is much less costly with respect to the computational effort. another planar dsystem, an iron(l) porphyrif?.

Comparison with recent work shows that a slight improve- ~ Hyperfine Coupling. The A-tensor, which describes the
ment of some of the calculated structural parameters, hyperfine coupling interaction between the unpaired electron
particularly the S-C1 bond length, can be achieved using a and a nucleus with noninteger sgircan be decomposed in
combination of a large full electron basis set and the BP an isotropic and an anisotropic component, referred to as
functionall® However, the resulting effect on calculated &soand theT-tensor, respectivefy. The isotropic component,
g-values (see later) and the electronic structure is small and,which is a simple scalar that can be calculated as the
from our point of view, does not justify the dramatic increase arithmetic average of the principal valu&sof the A-tensor,
of computation time that will result when larger and/or less depends on the spin density at the nucleus whereas the

symmetric structures, for example, hydrogenase active site@nisotropic component (the traceless teriBoresults from
models or complexe8 and4, have to be calculated. a dipolar interaction between the magnetic moments of the

electron and the nucleus. This implies that the latter
component is likely to be calculated well using the frozen
core approximation, whereas the former requires an accurate
description of the inner shells.

As will be discussed in following paragraphs, the aniso-
tropic hyperfine coupling can be obtained in the same-spin
orbit calculations as thg-values. In fact, we found that, at
least in the case of Ni, it is not well calculated in
spin-unrestricted scalar relativistic calculations (data not
shown), where the effect of spiorbit coupling, which
determines the deviation of the electron magnetic moment
from the free electron value, is not considered. On the other
hand, the isotropic hyperfine couplings, is not well
calculated within the spin-restricted formalishi® Therefore,
spin-unrestricted calculations were performed on the opti-
mized structure of complet. The a, values in Table 2
were calculated with the full electron basis sét ®hich
performed considerably better than basis setvAereas no
further improvement was obtained when a second polariza-
tion function was added to the ligand atoms (data not shown).
We decided to use the gradient-corrected BP functional in
the spin-unrestricted calculations because it showed the best
overall performance in agreement with earlier wétk.

For a;, of nickel and the carbon atoms, good agreement

g-Values. The calculated electronic structure is fully
coincident with that described in great detail by Stein et%l;
that is, the SOMO is largely delocalized over the four sulfur
atoms and the central Ni atom (mainly in it drbital, as
already proposed by Maki et #8. Examining Table 1, we
find that virtually identicalg-values are calculated for the
symmetrized and the experimental structure. Although it is
well-known thatg-values are very sensitive to structural
changes, the result is not surprising in this case given the
small deviation of the X-ray structure frodD,, symmetry.
This justifies our decision to use a symmetric starting
structure in the geometry optimizations. Table 1 further
demonstrates that, within the VWN local density method,
the smaller basis set A systematically yields higher (and thus
better)g-values than basis set B, in agreement with previous
work0 In the case of the two optimized structures, the
differences are particularly big because the calculatedS\i
distances are very different.

The inclusion of gradient corrections generally did not
improve theg-values. Only small improvements of 0.002
0.006 were found foigy. This is in full accordance with
earlier results, which indicated that the use of the small basis
set A and the VWN functional yields satisfying results

regarding both geometr ies ggd/alueséiavCAlso, the use of with experiment is obtained. The experimental value;gf
the frozen core approximation does not affect ghealues: (33S) is unknown but can be estimated from the principal
we found differences smaller than 0.001 between full electron o1 \ac of the A-tensor yielding +5.2 or +23.3 MHz

basis sets Aand B and basis sets A and B, respectively. genending on the choice of signs for the three principal
Therefore, most of the spin-restricted calculations described, a1 es In earlier works, equal signs were proposed for the
later, either within the spinorbit or t_he scalar relativistic three values leading tas, = +23.3 MHz and a total spin
approach (fog- andT-tensor calculations and for geometry yensity at the four sulfur atoms of approximately 0%5%?
optimizations, respectively), were done at this computational o yever, in recent DFT studies, much better agreement with
level (VWN and basis set A), which performs equally well oy ariment was found for the alterative assignment of
as the method chosen by Stein et al. (BP and a large full sjgns027our calculated total spin density of 0.64 reproduces
electron basis set}. satisfactorily the mentioned experimentally derived value
One important result to be noted is that all calculated (0.55f¢26b and is identical to the value found by Stein et
g-values in Table 1 are smaller than the experimental values.a|.1° However, Table 2 shows thais, is calculated much
This is most pronounced fgx, which was expected because too small. Trying the other geometries in Table 1, we noticed
it shows the greatest deviatiohg from the free electron  that this value is virtually independent of the geometric
value ge = 2.0023. However, the relative error, which we parameters. However, we found that it is significantly bigger
may define as [E (Ag@°YAg™")] x 100%, is similar for (1.6 MHz) when the BLYP functional is used instead of BP,
Ox and gy (=21%). Note that the valug, does not follow  although BP clearly yields better agreement for all nuclei
that rule: it is calculated to be significantly smaller than the
free electron value although the experimental value is rather(29) For the principal values, the following relations appl: + Tz + Ts
. - : =0A=asx+T;i=123
close toge. Still, the agreement with the experiment can be (30) Belanzoni, P.; Baerends, E. J.; Gribnau, MPhys. Chem. A999
considered remarkably good for all thrgevalues in view 103 3732-3744.
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Modeling the Actve Site of NiFe Hydrogenases 1

Table 2. Calculated and Experimental Hyperfine Coupling Data for [Ni(sjnt(1)2P

aiso [MHZ] T-tensor [MHZz] A-tensor [MHZz]
nucleus BP exptl ref VWN exptl calcd exptl ref
6INi 175 13+ 3¢ 26a (26.0,-5.3,—20.7) (29,8, —21y (43.5,12.2-3.2) @5, 8, <6) 20a
335 0.6 5.2 (-12.8 —11.524.3)  (-18.8,—18.8,37.6) (—12.2-10.924.9)  (13.513.543) 26b
13c1 -28 21 20c (2.6, —-2.34.9) (-2.5,—2.5, 5.0) 5.4 —5.1 2.1) (4.6,—4.6, 3.0f 20c
13¢c2 -22 -29 20c  (0.4,0.7,—0.3) (0.3,0.1-0.4p (—2.6,—1.5, —2.5) (-2.6,—2.8,—3.4)  20c
14N 0.1 0.4 20c €¢0.6,—0.4, 1.0) (-0.26,—0.29, 0.55) €0.5-0.3 1.1) (0.13, 0.10, 0.94) 20c

aThe calculations are based on the geometry optimized using basis set A and the VWN funatigualues were taken from gradient-corrected spin-
unrestricted calculations using basis setfBincipal values of th&-tensor were taken from spin-restricted sparbit calculations without gradient corrections
using basis set A2 Bold numbers indicate that the sign could not be determined experimentally. An italicized number indicates that the axis of the calculated
T- or A-tensor does not coincide with the correspondipignsor axis® Measured in liquid solutiorf! Ty and T, are calculated from the experimental data
for Ay, Ay (assumed to be of equal sign; otherwise no agreement with calculations results) and a agire b6 MHz. Withais, < 16 MHz, no consistency
of experimental data is found; that is, one would hgg > 6 MHz, andaiso > 16 MHz deviates too much from the experimental value in liquid solu#n.
T, then is chosen such that a tracel@stensor results. This yieldd, = —5 MHz, compatible with the experimental resuRShe given values were
calculated under the assumption of opposite signs for the axial and equatorial components of the expéyitaeatal’ Actually, opposite signs for the
valuesA; were reported by Huyett et &°¢but they are not consistent with their valuesagf and theT-tensor.9 The givenT; values were recalculated from
the experimentaly values because the values reported by Huyett € alre not internally consistent.

other than sulfur. In any case, agreement with experimentis One possible explanation for the observed deviation of
not satisfying. Probably, they, values, being strongly = computedT-tensors from experiment is the effect of spin-
conditioned by the spin polarization of the innermost orbitals, polarization, which is not included. It has been shown,
depend critically on the accuracy with which the density however, that this contribution is small for the nuclei in
functionals represent exchange interactions at high electroncomplex1.1° The isotropic and anisotropic componeats
densities. The different accuracy of thg, values obtained  andT; calculated for complex can be combined and then

for ®INi and 23S suggests that the symmetry of the local compared with the experimentally observed hyperfine cou-
interelectron interactions, which determine the orbital po- pling represented by thA-tensor’s principal values. As a
larization contributions to the overall spin density, is also of consequence of the discussed discrepancies and uncertainties,
great importance. only for Ni and C1 is good agreement found (Table 2).

We have to conclude that, even with the gradient-corrected Quadrupole Coupling. Finally, the nuclear quadrupole
functionals now available to us, we cannot reliably calculate interaction with the nitrogen atoms should be examined.
the isotropic hyperfine coupling for all nuclei with good Experimentally, theP-tensor was found to be almost axial
accuracy. We are aware that Stein et al. reported a betterwith principal valued(1, 2, 3)= (—1.95, 0.85, 1.10) MHz;
but still not very accurate, value foas(3*S) using a the smaller positive component is perpendicular to the
nonstandard homemade basis set with an added tight 1smolecular plane, and the negative component is oriented
function for Ni and S° We could reproduce their value of  along the CN bon@% From the spin-unrestricted calculation
3.1 MHz using this basis set, made available to us by E. with basis set B we obtain a similarly oriented tensor with
van Lenthe, but we would like to point out that the agreement P(1, 2, 3)= (—1.95, 0.79, 1.16) MHz in excellent agreement
for ®INi then becomes worse, also when applied to hydro- with experiment. It should be mentioned that the use of the
genase active site modéfsThis approach thus does not frozen core approximation is not recommendable here, as
generally solve the problem. already pointed out by van Lenthe efah the present case,

Table 2 shows that the anisotropic component, that is, thethe principal values of thB-tensor are clearly calculated to
T-tensor, is calculated quite well for the Ni atom and the be too small when the core orbitals of nitrogen are frozen:
ethylenic carbon atoms C1. For the two atoms of the cyano for example, we obtaiR(1, 2, 3)= (—1.63, 0.62, 1.01) MHz
group, the agreement with experiment is worse. Naturally, with basis set B. On the other hand, we found that the use
these very small anisotropic couplings are especially sus-of the small basis set A for all non-nitrogen atoms does
ceptible to small errors. This has already been pointed outhardly affect thé“N nuclear quadrupole coupling parameters
by Hayes?’ Significant deviation from experiment is also as long as the nitrogen atoms themselves are treated with
found for theT-tensor of*3S. As pointed out previously, the  basis set B Effects of spir-orbit coupling can be ne-
isotropic couplingais, of **S has not been determined glected: ifitis included, the computation time is significantly
experimentally, but the calculations strongly support the increased without changing the results.
smaller of the two possible values. This implies an “experi-  [Ni(mp)]~. Qualitatively, the electronic structure of the
mental” T-tensor as given in Table 2. Clearly, the three anionic complex [Ni(mp)~ (2) is similar to that of complex
resulting values are bigger than those calculated. Again, we1, with the SOMO mainly distributed over the central Ni
verified that the calculated values do not significantly depend atom (in the ¢, orbital) and the four ligand atoms of the
on the geometrical and computational parameters. Actually, first coordination sphere. However, it shows somewhat
our values are similar to those reported by Stein et%l., different g-values because of the different ligand system.
despite the different basis sets and density functionals.  Table 3 compares the results obtained for both the sym-

. : _ _ ~ metrized experimental geometry and the energy minimized
(1) \?glf)e%oa’T‘F;\??E’Qngac‘i’lggciﬁgfrj.CC".;Dceor']':‘sciy'lp‘c'.;"',':e'\r"no;rfgng'\’/_ geometry with experimental values. First of all, it should be
M. Inorg. Chem2002 41, 4424-4434. noted that the agreement between experimental and energy-
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Table 3. Interatomic Distances angtValues for [Ni(mp}]~ (2) from Spin-Restricted Calculatiohs

interatomic distances [A] g-values
geometry NS Ni—O S-S O-0 Ox Oy 0,
exptl dat& 2.117-2.119 1.849-1.851 3.011 2.597 2.188 2.033 2.014
symmetrized 2.117 1.850 3.010 2.596 2.136 2.020 1.972
optimized 2.156 1.841 3.024 2.597 2.159 2.019 1.974

aBasis set A and the VWN functional were employ@d@he bond lengths have been taken from ref 21b. galues were measured in a frozen solution
of 2in DMF.21¢ ¢ The g principal direction is perpendicular to the molecule plane, while theirgction bisects the -SNi—S and G-Ni—O angles.

minimized geometry is generally good. This confirms that SOMO and the low-lying unoccupied orbitals. This could
basis set A in combination with the VWN local density be due to the chloro ligands which might be modeled less
functional is a good choice for structure determination in accurately, but also the low molecular symmetry, leading to
the type of systems described in the present paper. Concerna mixture of atomic orbitals, might be responsible. Actually,
ing EPR parameterg-values very similar to those shown analysis of the SOMO of comple® shows that it has

in Table 3 were obtained with basis set B (data not shown), significant contributions from ,e 2 rather than consisting
confirming that the calculategtvalues are relatively insensi-  of a pure ¢ orbital, as already postulated by Grove etl.
tive to the size of the basis set. The differences with  [CpCodith] ~. The structure of this low-spin cobalt(ll)
experimental values are slightly larger than those Observedcomplex (also a tisystem) can be observed in Figure 1. It
for [Ni(mnt),]~ (1) with again allg-values calculated to be s an anionic low symmetry complex with the metal atom
too small. In particularg, is significantly underestimated  coordinated to the two sulfur atoms from the dith ligand and
whereas for the other two values the relative erroAqis to one cyclopentadienyl. Because no experimental data in
about 30%. The reason for these larger errors remainsthis respect are available, we will skip the discussion of the
unclear. One could think of an influence of the molecular calculated structural parameters.

symmetry, which is lower in compleg; we will comment g-Values. The experimentag-values measured in frozen
on this point later. Analysis of the calculated hyperfine gg|ution areg(x, Y, 2) = (2.235, 2.034, 1.992in the range
couplings cannot clarify the situation because no experi- ound for the oxidized states of NiFe hydrogenases. We
mental data are available for comparison; it has only been calculatedg(x, y, 2 = (2.110, 2.000, 1.988) for the fully
reported that th&Ni hyperfine splitting in the EPR spectrum  qptimized structure; here, the, grincipal direction ap-
1S |n5|gn|f|f:ant 2te o _ proximately bisects the-SCo—S angle, and the,glirection
[Ni(NCN')CI ;). The two anionic complexes discussed s roughly perpendicular to the-Co—S plane. All three
previously are rather symmetric four-coordinated systems components of thg-tensor are underestimated as expected,
which are highly delocalized, only about one-third of the g showing the most important deviation (relative error 46%).
unpaired electron being located at the nickel center in.a d - Apsolute errors fog, andg, are considerably smaller. From
orbital. On the other hand, the oxidized states of NiFe or point of view, the relative error, as defined previously,
hydrogenases are asymmetric and less delocalizesyst  is not suitable for discussing these two latter values, because
tems? with five ligands? coordinated to Ni. Therefore, the ¢ the proximity of both of them ta. Comparing these
Cssymmetric square-pyramidal complex Ni(NCN')GB) results with those found for [Ni(mn)~ and [Ni(mp)}]~, one
is of great interest for the further evaluation of the COMpu- gpserves that the differences between experimental and
tational method. The experimentgdvalues were reported calculatedg, values are larger for [CpCo(dith)] although
asg(x y, 2) = (2.369, 2.195, 2.024f These values are  the g, component of the tensor is now better reproduced. It
ama_zmgly similar to those reported for the (_)X|d|_zed states js reasonable to assume that differences in molecular
of NiFe hydrogenases and suggest a low-spin Ni(lll) center symmetry (which is lower in the latter compound) may be

with the unpaired electron in azdrbital. to some degree responsible for this different degree of
We calculatedy(x, y, 2 = (2.151, 2.112, 1.998) for the accuracy.

fully optimized structure whereas the partial optimization of
the two chloro ligands’ positions with all remaining atoms
fixed at the positions experimentally determined for Ni-
(NCN")I, yieldedg(x, y, 2 = (2.198, 2.090, 2.001). The axes
'a_be“f?g in this system corresponds to havmggppnnmp_al been determined independently, nothing is known about the
dlre_ct|or_| no_rmal to the njolgcule symmetry_plane while the signs of these values. We calculatag = —79 MHz and

ox direction is roughly coincident with the NiC bond. The T(x, y, 2) = (—170, 124, 46) MHz yieldingA(x, y, 2) =
discrepancy between experimental and calculatedlues (_2’4é 45,-33) Mi—|z If' We now use the sam,e ,signs for

IS ratger I;]':\rge (relative ;err?rb4cgo%), but V‘I’e do not behevl\j the three experimental valuds we obtain estimated values
it to be the mere result of bad structural parameters. Most , * "1 13" \i1> andTx. v, 2) = (~168, 130, 38) MHz.

likely, it is the consequence of an insufficiently accurate
description of the MO energies, particularly that of the

Hyperfine Coupling. Because of the noninteger spin of
the only natural isotope®Co, a clear hyperfine structure is
visible in the EPR spectrum of compldxEstimated values
are A(x, y, 2) = (281, 17, 75) MHZ2® Becausea;s, has not

other sign combinations lead to worse agreement between

computed and experimental values. Clearly, agreement

(32) Gessner, Ch.; Trofanchuk, O.; Kawagoe, K.; Higuchi, Y.; Yasuoka, between experiment and calculatlon'ls very good for the
N.; Lubitz, W. Chem. Phys. Letfl996 256 518-524. T-tensor, and we must conclude ttagt is computed much
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too small. The reason for this is not really clear, but we  Because the deviation of computed hyperfine coupling
believe that a correct description of the isotropic hyperfine parameters from experiment has been shown to be quite large
coupling is hampered by the fact that the SOMO consists of for certain atoms in [Ni(mn)~ (1) and [CpCodith] 4), these
a mixture of several rather different atomic orbitals. This is parameters must be used cautiously for the verification of
a direct consequence of the low molecular symmetry of the active site models. Particularly, the isotropic hyperfine
complex4 in comparison to comple%, where much better  coupling seems to be calculated accurately only in those cases
agreement with experiment is found for the central metal where molecular symmetry leads to simple molecular orbital
ion. patterns at the atom concerned. Significantly better agreement
is expected with the anisotropic componé&nglthough the
latter is not always determined experimentally without
Good agreement with experimental structures is obtainedambiguity. On the other hand, excellent agreement has been
for the studied complexes in calculations using basis set A found for the'N quadrupole coupling in complek, and
and the VWN functional. In fact, the discrepancies in bond the same is expected for the modeling of such interactions
lengths and angles are much smaller than the experimentain the active site of NiFe hydrogenases.
errors reported for the hydrogenase active site structures,
which thus should be well modeled at this level of theory. BI
Because they-values were always calculated too small
for all complexesl—4, accurate reproduction of the experi-
mentalg-values of NiFe hydrogenases cannot be expected
with active site models. In fact, fa, andgy, which are not
very close to the free electron valgg we expect to find
relative errors of at least 20%, so that any observation of
smaller deviations should be taken rather as an indication
of possibly incorrect theoretical models. On the other hand, Supporting Information Available:  Coordinates of1-4
the relative errors should be very similar for Ni-A and Ni-B  optimized with basis set A and the VWN functional (PDF). This
models, which means that the experimental differences in material is available free of charge via the Internet at http://
g-values between Ni-A and Ni-B should be well reproduced PUPs-acs.org.
(within this same level of underestimation). IC020015T

Conclusions
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