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Abstract: K, band ESEEM spectroscopy was used to determine the hyperfine (hf)) and nuclear quadrupole
(ngi) interaction parameters for the oxo-170 ligand in [Mo*’O(SPh)4]~, a spectroscopic model of the oxo-
Mo(V) centers of enzymes. The isotropic hfi constant of 6.5 MHz found for the oxo-*’O is much smaller
than the values of ~20—40 MHz typical for the O nucleus of an equatorial OH) ligand in molybdenum
enzymes. The 7O ngi parameter (e?qQ/h = 1.45 MHz, 5 ~ 0) is the first to be obtained for an oxo group
in a metal complex. The parameters of the oxo-170 ligand, as well as other magnetic resonance parameters
of [Mo'"O(SPh)4]~ predicted by quasi-relativistic DFT calculations, were in good agreement with those
obtained in experiment. From the electronic structure of the complex revealed by DFT, it follows that the
SOMO is almost entirely molybdenum d,, and sulfur p, while the spin density on the oxo-'O is negative,
determined by spin polarization mechanisms. The results of this work will enable direct experimental
identification of the oxo ligand in a variety of chemical and biological systems.

Introduction 1-pyrazolyl)borate, X= Cl, NCS, N;, SR, OR)!0 Although the
. EPR experiments were mostly continuous wave (CW), the use
Electron paramagnetic resonance (EPR) has long been &y iqstopic substitutions and multifrequency EPR led to dramatic

convenient and direct probe of the active sites of molybdoen- ;oo ements in the quantity and quality of the data related to
zymes, such as sulfite oxidase (SO), xanthine oxidase (XO), i, ligand hyperfine interactionsff) in Mo(V) complexes In

and dimethyl sulfoxide (DMSO) reductase. Structural interpreta- particular, these studies of model compounds provided very
tion of EPR dgta from the enzymes has.been greatly aided _byusefu| correlations between tlgevalues, the nature of atoms
comparison with the EPR data from a wide range of synthetl_c directly coordinated to Mo(V), and the amount of spin popula-
molybdenum(V) complexes of known structure. These synthetic ;o tansferred from Mo(V) to the ligands. Specifically, for
complexes include Mo(ahf)abtt = o-aminobenzenethiol),  ,yyqen ligands, it was shown that thé of an axial oxot70 is
[MOO(XPh,)“]_,(X N S Se),cis-[MoO(qtl)2X] (X = Cl, Br; substantially weaker than that of a water or hydroxyl oxygen
qtiH = qU|noI|ne-8-th|(')I)}.*6 [MoOXL] ™~ and [MOO(X,H)L,] coordinated in the equatorial plah®.This result allowed

(X =0, f’; LH, = N,N'-bis(2-mercaptophenyl)-1,2-diamino- - ,qgjgnment of the oxygen ligands in xanthine oxidase, which
ethane),”® and (Tp*)MoOX, (Tp* = hydrotris(3,5-dimethyl- o ovided a deep insight into structure and function of this

—— : enzymet!
. ,\Uﬂg)‘(’feglsa'ltg’cﬁflﬁsr'ﬁztﬂ??ﬁ Bioanorganische Chermie Our current interest in model Mo(V) complexes is stimulated
8 Beckman Scholar. ' by the results of our recent investigation of the Mo(V) center

(1) Hanson, G. R.; Brunette, A. A;; McDonell, A. C.; Murray, K. S.; Wedd,  of the high-pH bpH) form of SO in1’0O-enriched water using
A. G.J. Am. Chem. Sod.981, 103 1953-1959. . .
(2) Boyd, I. W. Dance, I. G.; Murray, K. S.; Wedd, A. @ust. J. Chem. electron spir-echo envelope modulation (ESEEM) spectroscopy

1978 31, 279-284. in the microwave (mw)K, band!2 Th revealed th

(3) Dance, I. G.; Wedd, A. G.; Boyd, I. WAust. J. Chem1978 31, 519~ the crowave ( ) a ba d. at StUdy e. ealed .t €
526. presence of a weakly magnetically couplé® ligand, in

(4) Bradbury. ;- R+ Mackay, M. F.; Wedd, A. Gust. J. Chem1978 31, addition to a strongly magnetically couplédO from the

(5) Cramer, S. P.; Johnson, J. L.; Rajagopalan, K. V.; Sorrell, Bidchem. equatorial water/hydroxyl ligand that was detected previously

Biophys. Res. Commuth979 91, 434-439.
(6) Hanson, G. R.; Wilson, G. L.; Bailey, T. D.; Pilbrow, J. R.; Wedd, A. G. (9) Wilson, G. L.; Kony, M.; Tiekink, E. R. T.; Pilbrow, J. R.; Spence, J. T;

J. Am. Chem. S0d.987, 109, 2609-2616. Wedd, A. G.J. Am. Chem. S0d.988 110 6923-6925.

(7) Farchione, F.; Hanson, G. R.; Rodrigues, C. G.; Bailey, T. D.; Bagchi, R. (10) Cleland, W. E., Jr.; Barnhart, K. M.; Yamanouchi, K.; Collison, D.; Mabbs,
N.; Bond, A. M.; Pilbrow, J. R.; Wedd, A. G]. Am. Chem. Sod.986 F. E.; Ortega, R. B.; Enemark, J. khorg. Chem.1987, 26, 1017-1025.
108 831—-832. (11) Greenwood, R. J.; Wilson, G. L.; Pilbrow, J. R.; Wedd, AJGAm. Chem.

(8) Dowerah, D.; Spence, J. T.; Singh, R.; Wedd, A. G.; Wilson, G. L.; So0c.1993 115, 5385-5392.

Farchione, F.; Enemark, J. H.; Kristofzski, J. G.; Bruck, MJAAm. Chem. (12) Astashkin, A. V.; Feng, C.; Raitsimring, A. M.; Enemark, J. HAm.
S0c.1987 109 5655-5665. Chem. Soc2005 127, 502-503.
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by CW EPR!3 The hfi parameters of this weakly couplé®D
ligand were similar to those estimated earlier by CW EPR for
the model oxomolybdenum(V) complex, [M@(SPh)]~,156
which led us to tentatively assign this ligand in SO as an axial
oxo-70. An alternative option that could not be completely ruled
out was to assign this oxygen to an axt&DH ligand!? To
conclusively decide in favor of one of these options, further

investigation of SO as well as of model systems is necessary.

In particular, it is desirable to obtain information about the
nuclear quadrupole interactiond(i) tensor of an oxd?O in a
model system, which is a valuable parameter for distinguishing
between different kinds of oxygen ligands. Quite understandably,
no ngi data for the oxd“O were obtained by CW EPR6and

to our knowledge, no such data are currently available in the
literature.

Therefore, in this work, we undertook!dD ESEEM study
of the model oxomolybdenum complex, [M@®(SPh)]~. The
purposes of this investigation were to obtain tlygparameters
for the oxo70 ligand and to improve the accuracy of thi
parameters. Thifi andngi parameters obtained were analyzed
in terms of the electronic structure, both qualitatively and using
density functional theory (DFT) calculations. The success of
DFT in reproducing the characteristic values of tieandnqi
parameters for the oxtO allows one to expect a similar degree
of success in the applications of DFT to SO and other
molybdoenzymes.

Materials and Methods

Synthesis of [Md’O(SPh)] . [PPh][Mo!"OCl] was prepared by
a method analogous to that for [PfMoOCI,].* Water (50uL of 70
mol % of H,'’O, an excess) was added to a red/brown mixture of MoCl
(0.06 g) and dry PRI (0.082 g, dried under vacuum for 48 h) in
DCM (8 cnP) and stirred vigorously for 3 min. The resulting pale green
solution was filtered, carefully layered with hexane (8%grand allowed
to stand for 48 h to yield green crystals of [Rpko’OCly].

[Mo*"O(SPh)]~ was prepared by the method of Hanson €t Al
solution of MeCN (20 crf), DMF (5 cn?), NEt; (0.7 cn¥), and HSPh
(0.027 g) was prepared. A 4.3 émliquot was then added to 0.05 g of
[PPh][M0o"OCly). The resultant solution was filtered directly into the
EPR tubes. The majority of the counterion was presumed to be
[NEtsH] .

Pulsed EPR MeasurementsESEEM measurements were performed
on a home-builK, band pulsed EPR spectrométethat operates in
the mw frequency range from 26.5 to 40 GHz. The specific mw
frequency of 29.372 GHz and the range of magnetic fields from 1030

to 1060 mT used in our experiments provided the so-called “weak (

interaction” conditions, in which théfi constant of'’O (as, ~ 6.6
MHz1) was less than twice its Zeeman frequency. This facilitated a
simple interpretation of the ESEEM spectra. At the same time, under
these experimental conditions, th® parameters were not very far
into the weak interaction limit, which resulted in an easily measurable
ESEEM amplitude.

In our experiments, we used two-pulse (primary) and four-pulse
ESEEM techniques. The durations of the 90 and®I8@ pulses were
14 and 25 ns, respectively. These pulses provided a mw field amplitude
of about 20 MHz, more than twice as great as the largest frequency of

(13) Cramer, S. P.; Johnson, J. L.; Rajagopalan, K. V.; Sorrell, Bibthem.
Biophys. Res. Commu979 91, 434-439.

(14) Carducci, M. D. Ph.D. Dissertation, University of Arizona, 1994, 335.

(15) Enemark, J. H.; Raitsimring, A. M.; Astashkin, A. V.; Walker, F. -
Band (27-40 GHz) Pulsed EPR Spectrometer of theadgnsity of Arizona;
46th Rocky Mountain Conference on Analytical Chemistry; American
Chemical Society: Washington, DC, 2004; Vol. 46.
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aAm = 1 transition oft’0. As a result, a nearly complete excitafibn
of the ESEEM harmonics with frequencies up to those corresponding
to Am = 2 transitions of'’O was achieved (which practically
represented all easily observable harmonics), and the numerical
simulations could be performed in the complete excitation limit. At
the same time, the mw amplitude of 20 MHz (which translatesQo/
mT excitation width in the EPR spectrum) was only about half of the
intrinsic EPR line width and did not significantly affect the orientational
selectivity in our measurements. The temperature of measurements was
about 20 K.

Density Functional Calculations.All calculations were done with
the ORCA packag¥. Two sets of scalar relativistic DFT calculations
were carried out. The first set of calculations was done on the
experimental structureThe second set was performed on geometry
optimized structures. Optimizations were done in redundant internal
coordinates using the built-in optimizer of ORCA and using the BP86
functional®°the SV(P) (on H and C¥ and TZVP (on Mo and $)-?2
basis sets, the RI approximatigi?*and the COSMO solvent model
(with e = 80 simulating a polar environment) together with the ZORA-
(MP)?62"scalar relativistic correction in the one-center approximaition.
The coordinates for the optimized structure are given in Table S1.

Property calculations were done at the two above-mentioned
geometries and the B3LYP and BP86 functionals. Again, the COSMO-
(water) solvation model was employed together with the scalar
relativistic ZORA(MP) method (but without the one-center approxima-
tion). The property calculations used an extensive uncontracted basis
set at the Mo center (880p17d),2°*°the uncontracted TZVP basis on
sulfur (149p1d), and the uncontracted IGLO-IIl ba&ison oxygen
(11s7p2d). The carbons were described with the uncontracted SVP basis
(7s4pld), while the hydrogens were described with the uncontracted
SV basis (4). Altogether, this calculation used 1055 basis functions.

The g-tensors were calculated according to the coupled-perturbed
Kohn—Sham procedure as described previod3lp-tensors were
evaluated according to the procedure of van Lenthe in the ZORA
formalism33 Spin—orbit coupling contributions were treated with the
coupled-perturbed KohnSham method outlined previousy.SOC
corrections for both Mo and O were computed. For the field gradient,
we used the straight ZORA electron density since we have found in a
recent study that the ZORA-4 formalism does not improve the results
of ZORA calculations relative to four-component reference calcula-
tions3> The SOC operator was the accurate SOMF approxim&tion

(16) Dikanov, S. A.; Tsvetkov, Y. D. InElectron Spin-Echo Enelope
Modulation (ESEEM) Spectroscop@RC Press: Boca Raton, FL, 1992.
(17) Neese, FORCA: An ab initio, Density Functional and Semiempirical
Program Packageversion 2.4, revision 24, August 2004.
(18) Becke, A. D.Phys. Re. A: At. Mol. Opt. Phys1988 38, 3098-3100.
19) Perdew, J. PPhys. Re. B 1986 33, 8822-8824.
(20) Schier, A.; Horn, H.; Ahlrichs, RJ. Chem. Physl992 97, 2571-2577.
(21) Schier, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100, 5829~
5835.
(22) Ahlrichs, R.; May, K.Phys. Chem. Chem. PhyZ00Q 2, 943-945.
23) Eichkorn, K.; Weigend, F.; Treutler, O.; Ahlrichs, Rheor. Chem. Acc.
1997 97, 119-124. ;
(24) Eichkorn, K.; Treutler, O.; ®m, H.; Haer, M.; Ahlrichs, RChem. Phys.
Lett. 1995 240, 283-290.
(25) Klamt, A.; Schiirmann, G.J. Chem. Sog¢Perkin Trans. 21993 799-
805.
26) van Lenthe, E.; Snijders, J. G.; Baerends, H. Chem. Phys1996 105
6505-6516.
(27) van Willen, C.J. Chem. Phys1998 109 392-399.
(28) van Lenthe, J. H.; Faas, S.; Snijders, JGBem. Phys. Let200Q 328
107-112.
(29) Huzinaga, S.; Miguel, BChem. Phys. Lett199Q 175 289-291.
(30) Huzinaga, S.; Klobukowski, MChem. Phys. Lettl993 212, 260-264.
(31) Kutzelnigg, W.; Fleischer, U.; Schindler, M. IFhe IGLO-Method: Ab
Initio Calculation and Interpretation of NMR Chemical Shifts and Magnetic
Susceptibilities;Springer-Verlag: Heidelberg, 1990; Vol. 23.
(32) Neese, FJ. Chem. Phys2001, 115 11080-11096.
(33) van Lenthe, E.; van der Avoird, A.; Wormer, P. EJSChem. Physl998
108 4783-4796.
(34) Neese, FJ. Chem. Phys2003 118 3939-3948.
(35) Neese, F.; Wolf, A.; Fleig, T.; Reiher, M.; Hess, B. A.Chem. Phys.
2005 122 204107.
(36) Hess, B. A.; Marian, C. M.; Wahlgren, U.; Gropen, Chem. Phys. Lett.
1996 251, 365-371.
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the multicenter implementation described previolsiyhe auxiliary

into 21 + 1 — Am, different frequencies that depend on the

basis set used in the BP86 calculations as well as for the calculation of specificmy values involved in the nuclear transition. The splitting

the SOC integrals was generated automatically from the orbital basis.

Accurate numerical integration in the presence of steep basis functions
was ensured by using very dense integration meshes in the core region

of the heavy atoms.
ESEEM Theory for 7O

The 10 nucleus has spih= 5/2 and a nonzero quadrupole
moment. While there is a considerable body of work, both
experimental and theoretical, concerning ESEEM of high-spin
(I > 1/2) nuclei® most of those studies deal withN and?2D
(bothl = 1). The ESEEM investigations of nuclei with= 5/2
(10, 27Al) are much fewer in numbe®¥ 41 but they provide a
sufficient background for understanding tHéO ESEEM
observed in this work. The purpose of this section is to introduce

the necessary spectroscopic parameters and to show their

approximate relation to thé’O frequencies in the ESEEM
spectra of the [M&O(SPh)]~ complex.

The spin Hamiltonian accounting for the nuclear Zeeman
interaction,hfi, andnqgi can be written as follows:

H= _VliZ + ms[szix + TZYiY + (B0 T Tzz)iz] +
K32 + (% — 151 (1)

where v, is the Zeeman frequenciso is the isotropichfi
constant,Tz (j = X, Y, Z) are the relevant components of the
anisotropichfi, k is the nuclear quadrupole coupling constant
(k = €2Qq/[4l(2] — 1)h]), andy is the asymmetry parameter of
the electric field gradient on the nucleus. X, Y, and Z are the
axes of the laboratory coordinate frame, wh// Z. X', Y',
and Z are the principal axes of theqgi. The electron spin
projection onB,, ms (Mms = [£[), assumes the values 6f1/2
and 1/2.

Let us consider first the ESEEM frequencies. To obtain
approximate expressions necessary for a qualitative analysis
we will omit the nonsecular part of the Hamiltonian eq 1:

H= _VllAz + mg(a, + Tzz)iz + Qizz (2

whereQ = 3/2k[3b%, — 1 + 5(bs, — b3.,)], and bxz, byz,
andbzz are the direction cosines of the Z axis in théyXz’'
frame. We will denote the transition frequencies between the
nuclear spin projectionsy andm + Amy (my = [z0) within

the a and 3 electron spin manifolds ag,™ andv;™. These
frequencies are given by

1 -
Vo " = |71 £ S(@s + T22) + Q@M + Am)|-Am - (3)
In particular, for theAm, = 1 transition, one obtains

£ BT T T QM+ 1) (4)

1 _

V(l,ﬂ =

In the case of weakqj, obviously, vy} ~ Am - v .

From eq 3, one can see that each of the fundamental
frequencies, collectively denoted™ andv;™, actually splits

(37) Neese, FJ. Chem. Phys2005 122, 034107/+034107/13.

(38) Thomann, H.; Bernardo, M.; Goldfarb, D.; Kroneck, P. M. H.; Ullrich, V.
J. Am. Chem. S0d.995 117, 8243-8251.

(39) Matar, K.; Goldfarb, DJ. Magn. Reson., Ser. 2994 111, 50-61.

(40) Matar, K.; Goldfarb, DJ. Chem. Phys1992 96, 6464-6476.

(41) Matar, K.; Goldfarb, DJ. Phys. Chem1992 96, 3100-3109.

between the spectral Iinezﬁ}]‘ corresponding to the nuclear
transitionsm, < m, + Am, (denotedvﬁf/‘;‘(m)) andm + 1 <
m+ 1+ Am (denotedvﬁf,‘}'(m + 1)), as obtained from eq 3,
is equal to

Avgy = e (m + 1) = ve (M) = 2QAm|  (5)
In this approximation, the splitting is purely due to thei. In
most cases, however, it cannot be used to experimentally
determine thengi parameters because thdi distribution,
whether purely statistical or because of tifeanisotropy, will
broaden the individuaifﬁfg'(mo lines to the extent that small
guadrupolar splittings cannot be resolved.
Along with fundamental frequencies given by eqs 3 and 4,
in many ESEEM techniques, combination frequencies are also
observed. Thus, for a system with= 1/2, one can observe the
sum and difference combinations gf andvj, v = v + v}
andvs' = |v; — vy, respectively. Foi > 1/2, however, all
other possible combinations of fundamental frequencies in
and # manifolds (e.g.,v + v; or [v; — vj|) may also
contribute to the ESEEM spectra. From a practical standpoint,
the sum combination frequenay, = v, + v} is the most
interesting one because in favorable conditions it may allow
one to easily estimate theqi parameters. The idea, first
investigated theoretically elsewhefe?! follows from the
explicit expression fouz(l,:

ve(m) = ve(m) + vi(m) = — 2v, + 2Q(2m + 1) (6)

As with the fundamental frequency discussed above, the generic
sum combination frequenoy}I splits into a quintet of frequen-
cies corresponding to different transitiong < m; + 1. The
splitting between the frequencies in this sum combination quintet
is obviously

Avy = |vy(m + 1) — vy(m)] = 4|Q) (7)
The splitting is again due to thegi only. In this case, however,
the individual v},(m.) lines in an ESEEM spectrum are not
broadened by théfi distribution (see eq 6), and in favorable
cases, the splitting of the sum combination Iinig into a
quintet can be observed.

Our discussion so far was based on the simplified Hamiltonian
given by eq 2 that did not contain any nonsecular terms.
Neglecting these terms is reasonable for a qualitative discussion
if the anisotropic hyperfineT;) and quadrupolarkj coupling
constants (in frequency units) are small compared with the
nuclear transition frequencies. The analysis of the experimental
data in the following sections shows that this represents a good
approximation for the oxadZO ligand in [MoO(SPh)]~, when
the experiments are performed in the rifwband.

The accuracy of the expressions for the ESEEM frequencies
would be improved by including the nonsecular terms, but at
the expense of making the equations less transparent and less
suitable for a qualitative discussion. More importantly, it is due
to the nonsecular terms that the nuclear eigenstates within one
of the electron spin manifolds become generally nonorthogonal
to more than one eigenstate within the other manifold, which
is a necessary condition for the ESEEM to appear at all. As a

J. AM. CHEM. SOC. = VOL. 127, NO. 47, 2005 16715
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simple demonstration of how the nonsecular terms of Hamil-
tonian 1 determine the ESEEM amplitude for 5/2, one can

use the following expression for the primary ESEEM derived 3 B
from a general formula for the case of arbitrary spin and zero E l
nqi:42 g
< A
= Lieviy) - 167 a2l
Vi (7) = 5[16 127) — 16Vy5(7) + 3V ()] 8) m C
where — T T T T T
v ( ) 1030 1040 1050 1060 1070
‘L’ =
1/2 . . B, (mT)
[1 - 7(1 - COSa)(llr - coswér + ECOSw(l,‘L' + ECOSw(lS‘L')] Figure 1. Field-sweep spectrum of [M&O(SPh)] - recorded using a two-
pulse ESE technique. Experimental conditions: mw frequen@g.372
9) GHz; mw pulses= 2 x 17 ns; time interval between the mw pulseg =

] ] 200 ns. Points AB, = 1040 mT), B B, = 1053 mT), and CH, = 1058.3
is the primary ESEEM fol = 1/2, 7 is the time interval between  mT) correspond to the angles between thexjs andB, of 11, 56, and

the mw pulses, and; 5,5 = 27vg 5,5 The ESEEM ampli- 79, respectively.

tude factor is given b been tried, the most productive ones were the primary ESEEM,
which allowed us to easily determine thé tensor, and the
integrated four-pulse ESEEM that allowed us to determine the
ngi tensor. Below, we consider the ESEEM results in detalil.
For convenience, we will use in the following the molecular
In this hfi-only approximation, the ESEEM amplitude is coordinate framex y, 2) with the z-axis being parallel to the
determined by the nonsecular terms related to the anisotropicM0=O0 bond, and with the- andy-axes being parallel to two
hfi. For weakngji, however, it is still a very good approximation ~mutually perpendicular ©Mo—S planes. The ESEEM mea-
because the weakqi primarily affects the ESEEM frequen- surements were performed at several positions in the EPR

_ (T + T2)

2 2
Vo Vg

(10)

ciesl6 spectrum that corresponded to different angldsetween the
From eq 8, it follows that the fundamental harmoni¢} external magnetic fiel, and the gaxis. By symmetry, the,g

(in the case of zeraqi v} = Am - v}, ;; see above) will have axis is parallel to the M&O bond and, by definition, to the

relative amplitudes] k#mi_ If the aniso’tropimﬁ is sufficiently z-axis. For a position within the EPR spectrum that corresponds

weak, therky < 1, and the amplitude of these harmonics will 0 @ g-factor ofg, the angled is found from
rapidly decrease with increasidgn,. Therefore, in the limit of

2 2
weakhfi andnqi, the fundamental lines dfm, = 1 transitions cod f = 9 9% (11)
in ESEEM spectra will have the largest amplitude among all 9 -
fundamental lines.
The features of the ESEEM spectra flor= 5/2 described The hfi andnqi tensors obtained from the ESEEM analysis

here will facilitate the qualitative understanding of the experi- described below were axial, with the main axes being parallel
mental spectra of [MBO(SPh)]~. The expressions given in 0z Therefore, although the measurements were performed at
this section will also provide preliminary estimates for tife many EPR positions, we only present the spectra obtained at
andngi parameters of the ox&O ligand. The refinement of ~ EPR positions A (neag,, ¢ ~ 11°), B (6 ~ 56°, close to the
these parameters, however, will be done using ESEEM simula-magic angle), and C (near, 0 ~ 79°) marked in Figure 1.
tions based on numerical diagonalization of the full spin-  Primary ESEEM Spectra. Determination of hfi Param-
Hamiltonian (eq 1) and the density matrix formalism. eters The primary ESEEM spectra obtained at EPR positions
A and C for [Mo’O(SPh)]~ and [Mad®O(SPh)]~ are shown
in the Supporting Information (Figure S1). One of the lines
Field-Sweep Spectrum.The field-sweep spectrum of observed in these spectra is easily recognizable; it is a weak
[Mo’0O(SPh)]~ detected using the primary ESE technique is line with positive amplitude at the proton Zeeman frequency,
shown in Figure 1. As expected from il symmetry of the vy ~ 45 MHz. This line is caused by thefi of the unpaired
complex, and in agreement with results reported elsewhere, electron of Mo(V) with numerous protons of the solvent and
the g-tensor is essentially axial, wih~ 2.019 andy; ~ 1.982. ligands. In addition to thery line, there are multiple lines in
A small shoulder at the high-field side of the spectrum is due the low-frequency region that are only observed for the sample
to the®>Mo isotope! The spectrum of the complex with natural ~ with 17O (compare solid and dashed traces in Figure S1). The
abundance of!’O (i.e., essentially, [M®O(SPh)]") was latter fact indicates that these are the lines'@ nuclear
identical. Since the spectrum in Figure 1 does not exhibit any transitions (with positive amplitude) and their linear combina-
features attributable t4’0, ESEEM experiments have been tions (with negative amplitude).
performed in order to determine the spectroscopic parameters Figure 2 shows the low-frequency part of the primary ESEEM
of the oxo270 ligand. Although several ESEEM techniques have spectra obtained at EPR positions A, B, and C. In each spectrum,
one can see a pair of prominent lines with positive amplitude,

Results and Discussion

(42) Dikanov, S. A Shubin, A. A.; Parmon, V. N. Magn. Resorl.981, 42, situated symmetrically with respect to th& Zeeman fre-
(43) Mims, W. B.Phys. Re. B: Solid State1972 3, 2409-2419. qguency,vo, that varies from 6.0 MHz (trace A) to 6.1 MHz

16716 J. AM. CHEM. SOC. = VOL. 127, NO. 47, 2005



Hyperfine and Quadrupole Parameters of [Mo'’O(SPh),]

ARTICLES

ESEEM Amplitude
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Figure 2. Solid traces A, B, and C, cosine Fourier transforms (low-
frequency part) of the primary ESEEM of [Mt®(SPh)]~ obtained at EPR
positions A, B, and C, respectively (see Figure 1). Experimental condi-
tions: mw frequency= 29.372 GHz; mw pulses 2 x 17 ns; dead time
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Figure 3. The dependences of the hyperfine (a) and quadrupole (b)
splittings on 1— 3cog 6, whered is the angle between tigg axis andB.

The hyperfine splitting was determined as the splitting between the lines
vé and vé in the primary ESEEM spectra (see Figure 2). The quadrupole
splitting was determined as the splitting between the adjacent component
lines of thev}, quintet (see Figure 4 and eq 7). Dashed lines represent least-
squares fits.

From the axial symmetry of the [MoO(SRh) complex, we
can reasonably expect théi andngi tensors of’O also to be
axial, with the main axes being parallel to the #0 bond

= 174 = 120 ns. Dashed traces show the Corresponding simulated primary (mo'ecu'ar aXlg) Therefore, our analys|s of the expenmenta'

ESEEM spectra. The simulation parameters were as follows: nuéf€ys,
isotropic hfi constant,aiso = 6.5 MHz; anisotropichfi tensor was axial,
with T = 1.6 MHz; ngi tensor was axial, with the quadrupole coupling
constane?Qg/h = 1.45 MHz. The axes of thkfi, ngi, and g-tensors were
coincident. The assignments of the clearly visible lines are indicated.

data will be based on this approximation. At the end, however,
we will return to a discussion of how good this approximation
really is in quantitative terms.

If the main axes of the axia- andhfi tensors are collinear,

(trace C). Based on the discussion in the Theory section, thesgNen the anisotropi¢ifi constant at a given EPR position is

lines can be attributed to them = 1 transition frequencies,
andv/lg. Although it is not possible to say which of these lines
corresponds to the electron spin manifold and which to tite
manifold, we have tentatively assigned the high-frequency line
to thea-manifold. The opposite assignment will ultimately result
in the simultaneous change of the sign ofl&il parameters.

The line with negative amplitude at the frequency of about
12 MHz is a sum combination ling'. The positive line at the
frequency 0f~19.5 MHz in spectrum B is the fundamental line
of the Am = 2 transitions,vi. The assignments of all the
mentioned lines, as well of other clearly visible lines, are
indicated in Figure 2.

The fact that the/(l, line is reasonably narrow (although it
broadens somewhat in spectrum A) and does not shownainy
related features indicates that the is weak, and the qualitative
analysis outlined in the Theory section is applicable. It follows
from eq 4 that the centers of gravity of the composﬁg lines
do not depend ongqi (to first order inngi) and are approximately
located at the frequencies of

LM = Vot N+ T (12)

The splitting between these lines then gives us a measure of

the hfi constantajso + Tzz.

simply Tzz = Tp(1 — 3cog 6), where# is found from eq 11.

The dependence of the splitting between the experime/ljtal
andv/lg lines,A = ajso + Tzz, on 1— 3cog 0 is shown in Figure

3a. As expected, this dependence is linear, and a least-squares
linear fit yields the approximatefi parametersis, ~ 6.3 MHz
andTgp ~ 1.6 MHz.

Thesehfi parameters will be used as an initial approximation
in numerical simulations described below. To perform these
simulations, however, one also needs to obtain an initial
approximation for thenqi parameters. From the analysis given
in the Theory section, it follows that the most suitable
experimental parameter that can be utilized for measuring the
qguadrupole coupling constant is the splitting between the
component lines in the sum combination quint»é;(mo (see
eqgs 6 and 7).

The primary ESEEM spectra in Figure 2 did not reveal any
splittings in thev(l, line, the most plausible reason being an
insufficient frequency resolution of the primary ESEEM tech-
nique limited by the transverse relaxation time of the electron
spin. As an alternative, one can use the four-pulse ESEEM
technique that also exhibits the sum combination . this
case, however, the spectral resolution may be much higher than
in the primary ESEEM spectra because it is now determined

(44) Van Doorslaer, S.; Schweiger, 8hem. Phys. Letl997 281, 297—305.
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by the electron spin longitudinal relaxation time. To our
knowledge, using the four-pulse ESEEM for resolving quad-
rupole splittings of the/(l, line in the case of = 5/2 was only
discussed theoreticalf$, 4! while the experimental attempts to
observe these splittings were not successful. In this work,
because of the well-defined structure and axial symmetry of
the [Mol’O(SPh)]~ complex, we were able to resolve thgi
splittings of the sum combination line. These experiments are
described in detail below.

Integrated Four-Pulse ESEEM Spectra. Determination of
ngi Parameters.In this work, to increase the resolution of the
sum combination line, the four-pulse ESEEM technique with
integration over the time interval between the first two pulses,
7, was used. The advantage of the integrated four-pulse ESEEM
technique is that alt-dependent terms average out, and a one-
dimensional (1D) spectrum with nearly zero dead time can be
obtained?® C

The integrated four-pulse ESEEM spectra of [N@(SPh)]~ ' )
obtained at EPR positions A, B, and C are shown in Figure 4. '
In spectrum A ¢ ~ 11°), the generic sum combination
line clearly splits into a quintet of separate Iine’;{m.), with
|Avi|~ 0.4 MHz. A quintet splitting is also observed in
spectrum C@ ~ 79°), but in this case, it is about half as large,
|Av§| ~ 0.2 MHz. In spectrum B{ ~ 56°), no splitting is
observed. This behavior is consistent with an axial or nearly

ESEEM Amplitude

/L
lllllllllllll L} l T l L]
0 5 1011 12 13 14
MHz

Figure 4. Solid traces A, B, and C, cosine Fourier transforms (low-
frequency part) of integrated four-pulse ESEEM of f[N@(SPh)] ~ obtained

. . . . . 1
axial ngi tensor, in which case the sign ab, for the angles) at EPR positions A, B, and C, respectively (see Figure 1). Experimental
< 54.7 (the magic angle) is to be opposite to the Sigmmﬁ conditions: mw frequency= 29.372 GHz; mw pulses 14, 14, 17, and
for & > 54.7. The dependence OA’V(J; on 1 — 3co2 0 14 ns; dead time= t¢ = 20 ns. Dashed traces are the corresponding

. simulated spectra of the integrated four-pulse ESEEM. The simulation
obtained from the four-pulsed ESEEM measurements at EPRparameters are the same as in Figure 2. The assignments of the clearly

positions A, B, and C, as well as at several other positions, is visible lines are indicated.

shown in Figure 3b. The sign oAv(l, at & < 54.7 was

tentatively taken as negative. Changing this sign to the opposite The percentage of’O-substituted [MoO(SPh)~ was esti-

will ultimately result in a change of the sign of the quadrupole mated as the ratio of the experimental and calculated primary
coupling constant. Both assignments, however, will result in ESEEM amplitudes. The resultingO enrichment was only

identical ESEEM spectra. about 28%, which was unexpectedly low, given the 70@%
The splitting between the component lines in the’ enrichment of HO used to synthesize the complex. This fact,
quintet is described by eq 7, whe@e= 3/2k[3cog 6 — 1] for however, is in line with an earlier observatfasf disappearance

an axialngi tensor ¢ = 0). From a linear least-squares fit to Of the [Mo’O(SPh)]~ EPR signal in about 20 min after
the data in Figure 3b, one can then estim&@gh = 40k ~ dissolving the solid compound in GBN, when the experiment
1.48 MHz. This quadrupole coupling constant, along with the Was performed in a liquid phase. This disappearance was
hfi parameters estimated above, was used as an initial ap-€xplained by exchange of the o with residual water in
proximation in numerical simulations of the primary and the solvent.
integrated four-pulse ESEEM spectra. Finally, we have used the numerical simulations to investigate
Numerical Simulations of the ESEEM SpectraNumerical ~ Possible departures of tii andngi parameters from the ideal
simulations were performed using the home-written software @xial model employed above. Such departures may be caused
SimBud®® that allows one to simulate various orientation- DY small distortions of the complex geometry that usually take
selective pulsed EPR experiments. In the simulationshthe ~ Place in a frozen solution. The results of these extended
andngji parameters determined from the plots in Figure 3 were simulations are summarized as follows: the minimal ratio of
used as an initial approximation. The simulations assuming axial the two small components of thei tensor,T2/T1y = 0.7 (T2
hfi and ngi tensors whose main axes are parallel to the main T11 = 1 corresponds to the axial tensor), the angle between the
axis of the g-tensor have resulteddg, = 6.5+ 0.1 MHz, T, main hfi axis, and the main axis of the g-tensof, < 5°; the
= 1.6+ 0.1 MHz, ande’Qg/h = 1.45+ 0.05 MHz. One can ngi asymmetry parametey,< 0.15; the angle between the main
see that the simple estimates of tifeandngi parameters made ~ Ndi axis and the main axis of the g-tenség, < 10°. One can
using the plots in Figure 3 were actually very accurate. The S€€ from these results that the possible departures from axiality
examples of simulated spectra are shown by dashed traces irr€ actually very small, and ti@& symmetry of [MoO(SPh]~

Figures 2 and 4. in frozen solution is preserved with good accuracy.
Qualitative Discussion of thengi and hfi Parameters.To
(45) Astashkin, A. V.; Raitsimring, A. MJ. Magn. Reson200Q 143 280 discuss thé’0 nqgi andhfi data in terms of electronic and spin
201 populations of the oxygen orbitals, we have to specify the orbital

(46) Astéshkin, A. V.; Raitsimring, A. M. Available for download frolnttp:// . )
quiz2.chem.arizona.edu/g005. model appropriate for the description of the #0 group. Three
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out of four valence orbitals of the oxygen atom (or rathér O  as thes-bond. The other limiting case @ = 0 (pure p orbital),
ion) participate in the M&O bond. One of these orbitals one obtainsd, = dp, ~ dsp,, indicating that all ther- and
represents a general hybrid of gnd s orbitals and makes a o-bonds are of the same strength.

o-bond with the @ orbital of Mo(V). The s-character of this While the analysis of thegi gives information about the
orbital, sy, is difficult to predict from qualitative considerations, electronic populations of the oxygen orbitals, the analysis of
and the values fronysy = O (purep, orbital) to ys; = 1/2 the hfi provides one with spin populations of these orbitals.
(conventional sp hybrid) are conceivable. Despite this uncer- Although the unpaired electron mainly occupies theotbital,
tainty, we will still denote this orbital as gp other orbitals of molybdenum, including those participating in
Two more oxygen orbitals participating in the K@ bond the bond formation with the axial oxygen, acquire some spin

are the pand g orbitals that maker-bonds with, respectively,  population via a polarization mechanism. This spin population

dx; and d orbitals of molybdenum. The fact that these orbitals is further propagated to the oxygen orbitals and determines or,

are virtually pure p-orbitals follows from th€, symmetry of at least, affects thkfi of the oxo1’0. Thehfi parameters can

the complex and from the axial symmetry of the g-tensor and be qualitatively analyzed using the following equations that

the hfi andngi tensors of!’O. relate the observed isotropic and anisotrdmficparameters of
The fourth valence orbital of oxygen does not participate in 17O with the spin populations of its bonding orbitals:

the bonding with molybdenum. This orbital, splike the

bonding orbital sp discussed above, is also a general sp hybrid. 0698,
The s-character of gpy2 = 1 — y¢, can assume the values T = hR, Pmo + By(L = Xs)Psp, = 28505 + by
from 1/2 to 1. 00

Let us consider first th&’0O quadrupole interaction tensor. 9b9,8,

The axialngi tensor that corresponds to the quadrupole coupling Ty = "2 Puo T b1 — Xsl)pspﬂ + bpppx - 2prpy
constante?Qg/h ~ +1.45 MHz can explicitly be written as h@loo

(PxxPyy,P2) ~ 4:(—0.036;-0.036,0.072) MHZ! Thengi tensor o _

associated with a single electron in a p-orbital is approximately Boo = (s + (1~ Ze)p, + oy, T ) (14)
(—0.52-0.52,1.04) MHz €Qqg/h ~ 20.8 MHZ9). If all of the
oxygen valence orbitals are fully occupied, then the tatgl
coupling constant would be zero. A nonzengi coupling
constant appears because the bondingdptal and the pand
py orbitals donate part of their electronic populations £ d}.,
and d, orbitals of Mo(V). The z-component of thegi tensor
can be expressed as

where g and g, are the electronic and nuclear g-factors,
respectivelyp is the Bohr magnetoif, is the nuclear magneton,
and h is Planck’s constant. The characteristic isotropit
constantsas ~ —5260 MHz anda, ~ —120 MHz, and the
anisotropichfi constantb, ~ 170 MHz correspond to a spin
population ofp = 1 localized h a s or p (adgndicated by a
subscript) orbital of oxygef?5° The spin population on Mo,
P,=2P(1—yo)+(2— 63pﬂ)p|l|3(1 ~ ) ~ pmo, @nd the molybdenurroxygen distanceRwoo, represent
variable parameters that are known with a certain degree of
accuracy, while the spin populations on various oxygen orbitals,
Pspa» Ppo @Ndpp, are the values we want to estimate. Since the
anisotropichfi is axial (Txx = Tyy = Tp), the spin populations
where P} = 1.04 MHz is the parallel component of thji pp, @nd pp, should be similar, and we will simply sgp, = pp,.
tensor associated with a single electron on a p-orbitadf©f In our experiments, we have determined tagfand T have
The first term describes the contribution of the sp orbital of the same signs. The absolute signs are, however, unknown.
oxygen that does not participate in bonding with molybdenum Therefore, we have to consider the solutions for two possible
(sp2), while the other three terms are the contributions of the gets ofhfi parameters: (1o = 6.5 MHz, Ty = 1.6 MHz, and
bonding orbitals. The factors in front of eaélj and Pf/2 are (2) aiso = —6.5 MHz, Ty = —1.6 MHz. To solve eqgs 14 with

P PY
(2= 8,)5 — (2-8,)5 (13)

the electronic populations of the oxygen orbitals, apd oy, respect to oxygen spin populations, we will assyme ~ 0.8
anddsp, are the parts of these populations donated to molyb- and take Ryoo = 1.7 A8 Substituting all the necessary
denum. parameters into eqs 14, we can now easily estimate the values

SubstitutingP,; = +0.072 MHz into eq 13 and taking into of p; | o, andpsp, as a function of s-character of thebonding
account thae = 1 — xs+ anddp, = 0y, (because of the axial  orpital, 5. The estimates for the two limiting casesyef = 0
symmetry of the experimentatji tensor), we can easily estimate  (5-bonding orbital is pure andys = 1/2 (o-bonding orbital
Op, = Op, & (1 — xs')0sp, = 0.07. Since the typical values 6f s a conventional sphybrid) are presented in Table 1.
are expected to be considerably greater than 0.07, it appears |t seems that at least some of the spin populations estimated
that it is a relatively minor imbalance in the population transfer fqy s = 1/2 are about an order of magnitude too small, while
from different orbitals that results in the observ&® nqi those estimated foys = 0 seem to be reasonable. Although
coupling. Neglecting this imbalance result) = dp, ~ (1 — this may be taken as an indication that thbonding orbital is
Xs)0sp,- In the limiting case of¢st = 1/2 (a conventional sp closer to a pure p-orbital than to the conventional sp hybrid,
orbital), one obtainsdp, = dp, ~ Osp,/2, Which may be  thjs s really not a solid ground to prefer one hybridization over
interpreted as an indication that thebonds are twice as weak  the other. Also the analysis of tHéO nqi performed above
gives reasonable electronic populations for both kinds of

(47) Thengi tensor principal components ar® = —k(1 — »), P, = —k(1 +
7), and Py = 2k, wherek = €2Qq/[41(2l — 1)h] and 7 is the asymmetry
parameter of the electric field gradient on the nucleus. (49) Morton, J. R.; Preston, K. B. Magn. Reson1978 30, 577-582.

(48) Kamper, R. A.; Lea, K. R.; Lustig, C. DProc. Phys. Soc., LonddtB57, (50) Zhidomirov, G. M.; Schastnev, P. V.; Chuvylkin, N. Quant. Chem. Calc.
70B, 897—-899. Magn. Reson. Param.: Free Radicdl978 367.
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Table 1. Spin Populations in the Bonding Oxygen Orbitals Estimated Using Equation 14 for the Limiting Cases of yst = 0 (o-bonding orbital
is pure pz) and yst = 1/2 (o-bonding orbital is a conventional sp, hybrid) and the Different Possible Signs of the hfi Parameters.

aso = 6.5 MHz as = —6.5 MHz aso = 6.5 MHz as = —6.5 MHz
Ty = 1.6 MHz Ty = 1.6 MHz Ty =-1.6 MHz Ty =-1.6 MHz
%t =0 xt=0 ot =112 1t =112 B3LYP?
Ppys Ppy —0.018 0.025 —0.0004 0.02 —0.017
Pspa —0.019 0.005 —0.0024 0.0006 —0.017

aCalculated according to the lalin partitioning scheme from calculations on the X-ray structbieveraged to axial symmetry. The anisotropy is

0.003 unpaired electrons.

Figure 5. Comparison of the optimized (a) and experimental (b) structures
of [MoO(SPh)] .

hybridization. Therefore, in the following section, we will
compare our spin and electronic population estimates with the
results of quantum-chemical (DFT) calculations.

Results of DFT Calculations. The purpose of the DFT
calculations was to provide an understanding of the electronic
structure of [M3’O(SPh)]~ that leads to the observéxdi and
ngi parameters of thé’O-oxo ligand. We were particularly

interested in answers to the questions that created uncertainties

in our qualitative analysis performed above. Namely, what is a
hybridization of the oxygen valence orbitals, and what are the
absolute signs of thénfi parameters? However, while our

qualitative analysis was performed for an isolated subset of the

orbitals, DFT calculations involve all of the electrons in the
complex anion. Therefore, before discussing the magnetic
resonance parameters of tH® ligand, one has to evaluate the
overall quality of the DFT calculations.

The experimentdland BP86/ZORA optimized structures are
shown in Figure 5. The MeO bond is predicted slightly too
long (by ~0.05 A, similar to what has been found in a related
study’l). Likewise, the Me-S bonds are computed slightly too
long (by ~0.03-0.05 A), but the overall agreement is reason-
able, and the ligand positions and ring orientations are largely
preserved in the computed structure.

The overall electronic structure of the complex has been
analyzed in detail befoPé>3and needs little additional explana-
tion. The singly occupied MO is of the weaktlyantibonding
type (Mo 4dy based) and oriented perpendicular to thesh

(51) Cosper, M. M.; Neese, F.; Astashkin, A. V.; Carducci, M. D.; Raitsimring,
A. M.; Enemark, J. Hlnorg. Chem.2005 44, 1290-1301.

(52) McMaster, J.; Carducci, M. D.; Yang, Y.; Solomon, E. I.; Enemark, J. H.
Inorg. Chem.2001, 40, 687—702.

(53) McNaughton, R. L.; Tipton, A. A.; Rubie, N. D.; Conry, R. R.; Kirk, M.
L. Inorg. Chem.200Q 39, 5697-5706.
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Figure 6. (a) The singly occupied spin unrestricted natural orbital of
[MoO(SPh)]~ contoured at 0.05 (e/boh#2 (b) The total spin density of
[MoO(SPh)]~ contoured at 0.001 e/bchrThe calculations used the
experimental geometry and the scalar relativistic B3LYP/ZORA functional
together with large, uncontracted Gaussian basis sets.

triple bond which dominates the ligand field (Figure 6). The
net spin density roughly follows the shape of the singly occupied
molecular orbital (SOMO) with one important exception; due
to spin-polarization, a significant amounrt@.063 electrons in

the Mulliken analysis and-0.048 electrons in the ‘lvadin
analysis) of negative spin population appears on the oxo-oxygen.
According to either the Lwdin or the Mulliken analysis, 80

82% of the positive spin population is located in the Mo 4d-
orbitals, and 3-4% of the spin population resides on each of
the sulfur atoms. Spin populations on carbons and hydrogens
are fairly small.

The calculated EPR parameters show encouraging agreement
with the experimental values (see Table 2). The effects of the
solvent correction are very limited (as found in a related sf)dy
and are, therefore, not further documented. The effects of the
scalar relativistic correction at the ZORA level are somewhat
larger and improve the agreement with the experimental values
for all quantities. The ZORA effect on the g-tensor is reasonably
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Table 2. Comparison of Experimental Magnetic Resonance Parameters of [Mol’O(SPh)4]~ with Those Calculated by DFT

Experimental Experimental Structure Optimized Structure
BP86 B3LYP BP86 B3LYP

0 1.982 1.9889 1.9831 1.9908 1.9839

o 1.982 1.9900 1.9844 1.9918 1.9850

O3 2.020 2.0275 2.0251 2.0247 2.0224

Ay(**Mo) (MHz) 66 31.75 49.23 30.25 47.85

Ax(?*Mo) (MHz) 66 31.92 49.43 30.49 48.10

A5(%*Mo) (MHz) 157 111.94 144.68 107.54 141.51

aiso (170) (MHz) 6.5+0.1 2.00 4.39 2.93 4.16

T5 (F0) (MHz) 1.6+0.1 1.96 2.24 0.57 2.47

€qQ/h (MHz) 1.45+ 0.05 1.069 1.024 0.790 0.737

n <0.15 0.25 0.2 0.13 0.15
small (~2—4 ppt). The Mohfi’'s are smaller by~10 MHz if Turning first to the spin populations in the oxygen valence
the ZORA correction is not applied, while the oxygdeifiis are orbitals, the Levdin analysis predicts a negative spin population
affected by less than 0.1 MHz. THéO nqi calculated in the ~ of —0.017 electrons in the oxygen, prbital, while the total
nonrelativistic limit is 12% smaller than the ZORA value. sr-spin population amounts t60.035, which shows that all three

The predicted g-tensor correctly reproduces the experimentaloxygen p-orbitals carry about the same spin population. The
finding that one principal g-value is larger than the free electron spin population in the oxygen 2s orbital is quite small and
g-value, while the two perpendicular components are below it. amounts to—0.0004 electrons, which is 2 orders of magnitude
This is unusual for adsystem, where all ligand field excited  smaller than the p-spin population. Thus, from this point of view,
states only contribute to negative shifts. To understand this there is very little evidence for significantspybridization at
finding, one has to go beyond ligand field theory and take into the oxo group. The equivalence of the ando-bonds is also
account ligand-to-metal charge transfer excitations, which are shown by approximate equality of the electronic populations
particularly low-lying in the thiolate-ligated Mo(V) complexes. of oxygen p-orbitals £1.54 electrons/orbital).

The anisotropy in thé*Mo hfi is predicted with excellent From the analysis presented above, the calculations definitely
accuracy. The Fermi contact term is, however, underestimatedayor the solution which hags = 0 with both ais, and To

by 20% (for the B3LYP functional) or more (for the pure GGA  ositive. The first column in Table 1 shows the oxygen spin
functional BP86) owing to insufficient core level spin-polariza-  yopylations estimated from eq 14 fpe = 0 and positiveais
tion.34:54.59 ) ) » N andTp. One can see that they are in excellent agreement with

The calculated isotropic component of tﬁ@.hfl is positive those predicted by DFT (last column in Table 1). Also, the
and~2 MHz sma!ler 'Fhan j[he experimental estimate of 6.5 MHz. qualitative consideration of theqi for ys = 0 (eq 13) resulted
The SOC correction is quite small and amounts te-0.8 MHz in the electronic populations of oxygen bonding orbitals being
on the individual tensor components. The calculated anisotropy approximately equal, in agreement with the DFT results
in the hfi thus mainly stems from the spin-dipolar part and 5ithough, unlike DFT, it only shows the differences in the
appears to be slightly overestimated by the calculations. The gjactronic populations). The significance of this result is in the
agreement is nevertheless fairly reasonable, especially given tha[%1Sy applicability of the local qualitative treatment to more

all contributions to thdfi are indirect, through spin-polarization complicated systems, where the structural information about the

andhthroulghl-spad?e_ mteractl?ns. o _— complex may be limited, and the conditions for rigorous
The calculateahqi tensor also reasonably compares with the 51 m_chemical calculations are not well defined.

experimental estimate. Better agreement (1.05 MH£fg€/h

calculated vs 1.45 MHz measured experimentally) is found for conclusions

the calculations based on the experimental structure, which

shows somewhat less symmetry than the optimized structure. In this work, we usedk, band ESEEM spectroscopy to

The calculated value, although off by50%, is still quite good determine theénfi andngi parameters for th&’O nucleus of an

considering how small the quadrupole coupling constant is axial oxo ligand in [M8’O(SPh)]~, a model for theaxial oxo

(recall that a single electron in an oxygen p-orbital gieggYh ligand of the molybdenum center of sulfite oxidase. The

~15-20 times larger than the observed and calculated values).isotropic hfi constant found for the ox&O, aiso(:’0) = 6.5
Since the overall agreement between calculation and experi-MHz, is very small compared to the values-e20—40 MHz

ment is reasonable, it is possible to use the calculation resultstypical for the 7O nucleus ofequatorial OH) ligand in

to evaluate the qualitative model from the previous section. In molybdenum enzymé'd:1356-58 The 17O nqgi parameters pre-

doing so, it should be stressed that individual atomic or orbital sented here are, to our knowledge, the first determination of

spin and charge populations are not observables in the strictthe ngi parameters for an oxo group in a metal complex. The

guantum mechanical sense. They are nevertheless good guideguadrupole coupling constaf¢Q/h = 1.45 MHz) for the oxo-

in approaching a qualitative understanding of the experimental 17O ligand in a molybdenum complex is substantially smaller

spectroscopic parameters. Below, we compaigvdin spin than the~6.5 MHz found for1’OH; ligands in other metal

populations from the B3LYP calculations on the experimental complexe$%60

structure with the experimental estimates.

(56) Gultteridge, S.; Malthouse, P. G.; Bray, R.JCInorg. Biochem1979 11,

(54) Munzarova, M. L.; Kubacek, P.; Kaupp, Nl.. Am. Chem. So200Q 122, 355—-360.
11900-11913. (57) Bray, R. C.; Gutteridge, Biochemistry1l982 21, 5992-5999.
(55) Munzarova, M.; Kaupp, MJ. Phys. Chem. A999 103 9966-9983. (58) Xia, M.; Dempski, R.; Hille, RJ. Biol. Chem1999 274, 3323-3330.
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The EPR parameters of [M&(SPh)]~ predicted by rela- Finally, it appears that thiefi andngi parameters determined
tivistic DFT calculations are in very good agreement with those and analyzed in this work for an axig ligand are sufficiently
obtained by experiment. Particularly encouraging is the close characteristic to enable direct experimental identification of the
similarity between the calculated and observhfi and oxo ligand in a variety of chemical and biological systems. In
ngi parameters of the ox¥O ligand, considering how small  particular, our results strongly support the earlier hypothesis
these interactions are in the present case. The calculations alsthat the weakly magnetically coupled ~ 5 MHz) 17O
clearly show that the SOMO alone does not accurately representnucleus observed in the high-pHpH) form of chicken liver
the spin density in the molecule. For [M®(SPh)]~, the sulfite oxidase arises from an axial oxo ligand.
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density delocalized on this oxygen, and allow one to more Supporting Information Available: Cosine Fourier trans-

productively use the qualitative approach for the interpretation forms of the primary ESEEM of [MBO(SPh)]~ obtained at
of the hfi and ngi parameters in terms of spin and electronic

populations EPR positions A and C, and the corresponding spectra for

[Mo1%0O(SPh)]~ (Figure S1). Geometry optimized coordinates
of [MoO(SPh)]~ (Table S1). The material is available free of
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