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Abstract: X-ray absorption spectra have been measured at the S K-, Cl K-, andsMmd L,-edges for the

d® dioxomolybdenum(VI) complexes LMofBCHPh), LMoQ,Cl, and LMoG(OPh) (L = hydrotris(3,5-
dimethyl-1-pyrazolyl)borate) to investigate liganohetal covalency and its effects on oxo transfer reactivity.
Two dominant peaks are observed at the S K-edge (2470.5 and 2472.5 eV) for,(3@QHHPh) and at the

Cl K-edge (2821.9 and 2824.2 eV) for LM@Cl, demonstrating two major covalent contributions from S and

Cl to the Mo d orbitals. Density functional calculations were performed on models of the three Mo complexes,
and the energies and characters of the Mo 4d orbitals were interpreted in terms of the effects of two strong
cis-oxo bonds and additional perturbations due to the thiolate, chloride, or alkoxide ligand. The major perturbation
effects are for thiolate and Clr mixed with the ¢, orbital ando mixed with the ¢ orbital. The calculated

4d orbital energy splittings for models of these two major contributions to the bonding of thiolate and ClI
ligands (2.47 and 2.71 eV, respectively) correspond to the splittings observed experimentally for the two
dominant ligand K-edge peaks for LMe@CHPh) and LMoQCI (2.0 and 2.3 eV, respectively) after
consideration of final state electronic relaxation. Quantification of the S and Cl covalencies in the d orbital
manifold from the pre-edge intensity yields42% and~17% for LMoO,(SCH,Ph) and LMoQClI, respectively.

The Mo Ly-edge spectra provide a direct probe of metal 4d character for the three Mo complexes. The spectra
contain a strong, broad peak and two additional sharp peaks at higher energy, which are assigned to 2p transitions
to the overlappingy} set and to the dand dy levels, respectively. The total peak intensities of the Me L
edges for LMoQ(OPh) and LMoQCI are similar to and larger than those for LMgSCH,Ph), which agrees

with the calculated trend in ligaremetal covalency. The theoretical and experimental description of bonding
developed from these studies provides insight into the relationship of electronic structure to the oxo transfer
chemistry observed for the LMa® complexes. These results imply that anisotropic covalency of the Mo

Seys bond in sulfite oxidase may promote preferential transfer of one of the oxo groups during catalysis.

1. Introduction three structural families, the Mo center is coordinated by S
donors from thecis-ene-1,2-dithiolate (dithiolene) of one (or
two) novel pyranopterin (molybdopterin) un#&? This ligand
system is unique to Mo and W in metalloproteins, and it appears
that coordination by this ligand (and in some cases an additional
S ligand) is essential for the catalytic function of these enzymes.

Mo-containing enzymes are essential for all forms of life.
With the exception of nitrogenase, most of these enzymes
catalyze reactions in which there is a net transfer of an oxygen
atom between substrate and water, as shown in‘eq 1.

- + -
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Scheme 1.(Top) Coordination of the Mo Site of Sulfite
Oxidase, Showing the Novel Pyranopterin That Contributes
the Ene-1,2-dithiolate Group, and (Bottom) Proposed
Reaction Cycle for Sulfite Oxida%e
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aSulfite (X) is oxidized by oxygen atom transfer (OAT) from
[MoV'O,)%*, water coordinates to the reduced [MO(H,0)]?* center,
and two successive coupled electrgroton transfers reoxidize the
Mo site back to [Md'O;]%.

The coordination about the Mo atom from the X-ray crystal
structure of chicken liver sulfite oxidase at 1.9 A resolution is
shown in Scheme 4.The Mo atom is five-coordinate and

Izumi et al.

Single turnover experiments on DMSO reductase fRimodo-
bacter sphaeroidé4 and on xanthine oxidaeare consistent
with oxygen atom transfer (OAT) at the Mo center in these
enzymes and provide support for Scheme 1, proposed for sulfite
oxidase.

Extensive investigations into the chemistry of oxomolybde-
num(lV), -(V), and -(VI) have accompanied the studies on the
native sulfite oxidase¥:26-22 Analogues incorporating the
facially coordinating hydrotris(3,5-dimethyl-1-pyrazolyl)borate
(L) ligand have been particularly successful as functional mimics
for enzymes with [M¥' O,]%" centers. The reaction of LMEO,X
(X = ClI, Br, OPh, SPh, SC#Ph, SCH(CH),) with PPh
generates an unsaturated “LM@X” center that can be trapped
with pyridine to form LMdY OX(pyridine). In wet, oxygenated
solvents, “LMd¥OX” undergoes two successive one-electron
reactions through a paramagnetic LK@X(OH) intermediate
to regenerate the catalytic LM@®,X complex2°-31 |sotopic
oxygen atom tracer studies on this system demonstrate that the
O atom transferred to PRklerives from the [MoG@ 2" center
and that HO, not dioxygen, is the ultimate source of the O
atoms®2 This is the only synthetic system that incorporates the
key features of Scheme 1, proposed for the catalytic cycle of
sulfite oxidase. A theoretical study on the energetics of this
catalytic cycle reveals that the direction of approach of the
substrate to the [MBO,]2" center in the OAT step is critical
to maximizing the stability of the “LMY OX(OPPHh)” adduct®?

The calculations also indicate that the displacement of the
oxidized substrate from the “LM6OX(OPPh)" center by HO
occurs through a concerted associative mechanism. The Mo-
(IV), Mo(V), and Mo(VI) intermediates in the catalytic cycle

exhibits approximate square pyramidal coordination geometry, have been trapped and examined structurally and spectro-
with oxygen atoms in the axial and equatorial positions. Both scopically?®>32LMoVOY; (Y = SR, OR; R= alkyl, aryl) have
EXAFS'-16 and resonance Raman spectrosébmdicate that been subjected to extensive EPR, PES (photoelectron spectros-
the oxidized enzyme possesses two oxo groups coordinated tacopy), and MCD (magnetic circular dichroism) studies, and an
a Mo(VI) center. The remaining equatorial positions are electronic structure model for these complexes has been
occupied by the two S atoms from one ene-1,2-dithiolate ligand developed* 37 These studies reveal considerable S ligand
and the S atom from the side chain of a cysteine that is contribution to the singly occupied,dorbital of these com-
conserved throughout all sulfite oxidases. Site-directed mu- plexes. The relative rates of OAT catalysis by L¥W0,X
tagenesis of this cysteine to serine in the human or rat enzymesdepend on X (X= Cl > SR > OR) (Table 1)30:32

results in an inactive enzynié. : :
The proposed reaction cycle for the Mo center of sulfite 39%%"35.‘"“" M. T.; Gutteridge, S.; Bray, R. Giochem. J1980 185

oxidase (Scheme 1) involves the transfer of an O atom from a  (21) Bray, R. C.; Gutteridge, S.; Lamy, M. T.; Wilkinson, Biochem.
dioxo-Mo(VI) center of the enzyme to sulfite to generate an J.1983 211, 227-236. )

ox0-Mo(IV) center and sulfat® The active site is regenerated | ﬂzzéifcﬂ%e’ﬁggé Sggcgés_',o%g'('pke' C.A; Sunde, R. A.; Enemark,
by two consecutive one-electron processes involving the heme  (23) Gutteridge, S.; Lamy, M. T.; Bray, R. ®iochem. J198q 191,
prosthetic groups in the protein and ultimately cytochrame  285-288.

The first electron-transfer reaction generates a paramagnetic Mo-, _ (24) Schultz, B. E.; Hille, R.; Holm, R. HJ. Am. Chem. Sod 995

(V) state that can be detected by EPR spectroséoffy23

117, 827-828.

(25) Hille, R.; Sprecher, HJ. Biol. Chem.1987 262, 10914-10917.
(26) Holm, R. H.Chem. Re. 1987, 87, 1401-1449.

(27) Holm, R. H.Coord. Chem. Re 199Q 100, 183-221.

(10) Czjzek, M.; Dos Santos, J.-P.; Pommier, J.; Giordano, Gjeafe
V.; Haser, RJ. Mol. Biol. 1998 284, 435-437. (28) Schultz, B. E.; Holm, R. Hlnorg. Chem.1993 32, 4244-4248.
(11) Dias, J. M.; Than, M. E.; Humm, A.; Huber, R.; Bourenkov, G. P.; (29) Xiao, Z.; Bruck, M. A.; Doyle, C.; Enemark, J. H.; Grittini, C.;
Bartunik, H. D.; Bursakov, S.; Calvete, J.; Caldeira, J.; Carneiro, C.; Moura, Gable, R. W.; Wedd, A. G.; Young, C. Gorg. Chem1995 34, 5950~
J. J. G.; Moura, |.; Roff@ M. J. Structure1999 7, 65—79. 5962.
(12) Rajagopalan, K. VAdv. Enzymol. Relat. Areas Mol. Biol991, (30) Roberts, S. A.; Young, C. G.; Kipke, C. A,; Cleland, W. E;
64, 215-289. Yamanouchi, K.; Carducci, M. D.; Enemark, J. iHorg. Chem199Q 29,
(13) Cramer, S. P.; Wahl, R.; Rajagopalan, K.J.Am. Chem. Soc. 3650-3656.
1981 103 7721-7727. (31) Xiao, Z.; Young, C. G.; Enemark, J. H.; Wedd, A.I5Am. Chem.
(14) George, G. N.; Garrett, R. M.; Prince, R. C.; Rajagopalan, Kl.V. So0c.1992 114, 9194-9195.
Am. Chem. Sod996 118 8588-8592. (32) Xiao, Z.; Bruck, M. A.; Enemark, J. H.; Young, C. G.; Wedd, A.
(15) George, G. N.; Kipke, C. A.; Prince, R. C.; Sunde, R. A.; Enemark, G. Inorg. Chem.1996 35, 7508-7515.
J. H.; Cramer, S. PBiochemistry1989 28, 5075-5080. (33) Pietsch, M. A.; Hall, M. BInorg. Chem.1996 35, 1273-1278.
(16) George, G. N.; Pickering, 1. J.; Kisker, org. Chem.1999 38, (34) Dhawan, I. K.; Enemark, J. Hhorg. Chem1996 35, 4873-4882.
2539-2540. (35) Carducci, M. D.; Brown, C.; Solomon, E. |.; Enemark, JJHAm.
(17) Garton, S. D.; Garrett, R. M.; Rajagopalan, K. V.; Johnson, M. K.  Chem. Soc1994 116, 11856-11868.
J. Am. Chem. S0d.997, 119, 2590-2591. (36) Holm, R. H.; Berg, J. MAcc. Chem. Re<.986 19, 363-370.
(18) Garrett, R. M.; Rajagopalan, K. V. Biol. Chem1996 271, 7387~ (37) Inscore, F. E.; McNaughton, R.; Westcott, B. L.; Helton, M. E.;
7391. Jones, R.; Dhawan, I. K.; Enemark, J. H.; Kirk, M. norg. Chem1999
(19) Enemark, J. H.; Young, C. @dv. Inorg. Chem1993 40, 1—88. 38, 1401-1410.



Oxomolybdenum Complexes with Thiolate and Related Ligands

Table 1. Rate Constants for Reaction of Oxomolybdenum
Complexes with PPhat 298 K and Reduction Potentials
versus SCE

complex k(M™ts™h Eiz (V)P
LMoO,ClI very fast £10-2)ac —0.62
LMoO4(SPh) 6x 10742 —0.76
LMoO(SCH:Ph) -0.84
LMoO,(OPh) 2x1076a -0.88
LMoO,(OCHs) ~0P -1.13

aReference 30 Reference 29 Reaction was too fast to be
guantitatively measured.

The analysis of pre-edge X-ray absorption spectra (XAS) is
established as an effective probe of the electronic structure of
an absorbing atom. Metal 43 and L-edgé#47 XAS provides
a direct measure of the metal contribution to the half or
unoccupied valence antibonding molecular orbitals. Ligand
K-edge XAS®-5° provides an experimental estimate of ligand
character in these valence orbitals due to covalent bonding,
which is similar to information obtained from an analysis of
the ligand superhyperfine splittings obtained from EPR. How-

(38) Heald, S. M.; Tranquanda, J. M. Rhysical Methods of Chemistry
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Figure 1. Schematic representation of the contributions to the energy
of the ligand K-edge and metal L-edge pre-edge features. The ligand
K-edge observes the transition from the ligand 1s to the antibonding
orbital(s) of metaind with ligandnp. Metal Ls- and L,-edges are the
transitions from?Ps, and 2Py, terms, respectively, to metaid, split

by the spir-orbit interaction due to the final state spiarbit coupling.

ever, ligand K-edge XAS has the advantage of being applicable
to complexes without an EPR signal and to ligands without a
nuclear spin.

Ligand K-edge XAS probes the electronic transition from a
ligand 1s orbital (Figure 1). The pre-edge feature involves the
transition to the antibonding molecular orbitd#* = (1 —

o' V2 — a'vpr, whereyy andy are metal and ligand wave
functions, respectively, and' is the ligand coefficient in the
antibonding molecular orbital*, 48:50-52 The transition intensity
of the pre-edge feature is proportional to that of the dipole-
allowed ligand-based 1s> 3p transition, weighted by its
antibonding character i* (o'2, eq 2).

I(ligand 1s— W*) = o' ?I(ligand 1s— 3p) (2)
Thus, the pre-edge intensity provides a direct probe of the ligand
(S or CI) covalency in the unoccupied metal d orbitals. The
pre-edge energy of the ligand K-edge is dependent on the
relative orbital energies of the Mo 4d and ligand 1s levels. These
vary with the effective nuclear charges and the ligand field
splittings (Figure 1) within the complex.

Metal L-edge spectroscopy probes the electronic transition
from the metal 2p orbital t&*. Spin—orbit coupling splits the
Mo 2p into the?Ps; (Lz-edge) and théPy, (L,-edge) states,
separated by~105 eV (Figure 1). The intensity of these
transitions is proportional to the dipole-allowed 2p 4d
transition intensity (eq 3), where & o' ) represents the metal
4d contribution to theP* orbital 4

I(metal 2p— ¥*) = (1 — o Il(metal 2p— 4d) (3)
The pre-edge intensity of the metal L-edge complements the
ligand K-edge data and provides a direct probe of the metal
contribution (1— o' 2) to the unoccupied orbitals in the ligand
field manifold. The 2p and 4d spirorbit and 2p core-hole

4d multiplet interactions may affect the peak intensities of these

transitions and must be considered in the analysis of the L
and Ly-edge spectré

(60) de Groot, F. M. F.; Hu, Z. W.; Lopez, M. F.; Kaindl, G.; Guillot,
F.; Tronc, M. J.Chem. Phys1994 101, 6570-6576.
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Herein, the ligand K- and metal L-edge spectra are reported this polynomial from the entire spectrum. Normalizations of the S K-,
and analyzed for the diamagnetic Mo(VI) chromophores Cl K-, Mo Ls-, and Mo L-edge data were accomplished by fitting a
LMoV'O,X (X = Cl, SCHPh, OPh). The series includes the flat polynqmlal or straight line to the post-edge region and normallglng
benzyl thiolate complex to mimic the MeS interaction of the edge jump to 1.0 at 2490, 2840, 2545, and 2655 eV, respectively.
cysteine with the Mo center in the sulfite oxidases. The The splining and no_rmalization procedure for the Cl K-edge spectrum
experimental estimates of covalency are compared to density®! \MoO=Cl is complicated by the presence of the Me-ddge at
functional calculations for analogues of each complex. These ~2866 eV. Utilizing the whole energy range to 3150 eV, i.e., ignoring

. ; . : the intensity of the Mo L-edge, yielded a normalization, which gave
results are used to obtain electronic structure insight into the the absolutely lowest limit for the pre-edge intensity, which was lower

oxo transfer reactivity for the LM6O,X complexes and to  than the true value by the total edge jump contribution of the Mo L
evaluate the role of the cysteine S in the function of the active edge. A maximum pre-edge intensity was obtained by manually

site of the sulfite oxidase family of oxomolybdoenzymes. rescaling an estimated Cl K-edge-only edge jump from the spectrum,
as the narrow Cl K-edge-only data range was too short to enable an
2. Experimental Section accurate spline fit.

Peak fittings of S or Cl K-edge spectra were performed on the

2.1. Synthes_is.AII reactions were _carried o_ut under an argon normalized data of LMo@SCHPh) with Na(SCHPh) as reference
atmosphere using standard Schlenk line techniques. Tetrahydrofuran‘,ﬂnd LMoQCl. The fitting program EDG_FIT3 which utilizes the

(THF) was dried a_nd_ distilled from s_odlum and benzophenoge. Toluene public domain MINPAK fitting library®* was used. Pre-edge features

was dried and distilled from sodium. The compounds MBX were modeled by pseudo-Voigt line shapes (simple sums of Lorentzian
X = Cl'g 3OSC"bPh’ OPh) were prepared according to DUbI'Shed and Gaussian functions). This line shape is appropriate, as the
methods* Sodium benzy! thiolate was prepared as follows. Sodium experimental features are expected to be a convolution of the Lorentzian

sand was prepared by rapid stirring of molten sodium (0.250 g, 11 yansition envelop® and the Gaussian line shape imposed by the
mmol) in toluene (10 mL). After the mixture cooled, the toluene was spectrometer optic®:5* A fixed 1:1 ratio of Lorentzian to Gaussian

decanted and the sodium washed with three portions of THF (10 mL). o,nyinutions for the pre-edge feature successfully reproduced the S
The sodium sand was suspended in THF (20 mL)_, and_benzyl merc_aptanand Cl K-edge spectral features. For the peak fitting of Me dnd
(1.76 mL, 15 mmol) was added rapidly. The reaction mixture was stirred | 06 spectra, the Lorentzian-to-Gaussian ratio was varied. Best fits
for 12 h. The white precipitate was removed by filtration and washed oo obtained when the Lorentzian component was more than 70%.
W_'th three portions of THF_(25 mL) and then V‘_”th three portions of The rising edge is an arctangent function obtained from fits to the Mo
diethyl ether (25 mL) and dried under vacuum. Yield was 1.35 g (84%). Ls- and L-edge spectra of Mo foil (.= 2521.01 and b= 2626.20

2.2. Sample PreparationLMoO,Cl, LMoO(SCHPh), and LMoGQ-
(OPh) were ground into a fine powder, which was dispersed as thinly
as possible on Mylar tape to minimize the possibility of saturation.
The procedure has been verified to minimize saturation effects in the
data by systematically testing progressively thinner samples until the

observed intensity no longer varies with ‘h‘? thlckness of the Sa”?p'e- average of the areas was calculated to quantitate the uncertainty of the
The Mylar tape contained an acrylic adhesive which was determined g, (0o 1 sample. Our fit criterion is th& = 3 [y(data)— y(fit)] %

to have a level of S, Cl, and Mo contaminants below that which is
detectable under the conditions of the XAS measurements. The powderﬂy(data)]Z should be less than 5%.
on tape was mounted across the window of an aluminum plate. The
samples were prepared in dry, anaerobic atmospheres. Aufn35-
polypropylene window protected the samples from exposure to air
during sample transfer from the glovebox to the experimental He-filled
sample chamber.

2.3. X-ray Absorption Measurements.XAS data were measured
at the Stanford Synchrotron Radiation Laboratory using the 54-pole
wiggler beamline 6-2 in a high magnetic field mode of 10 kG with a
Ni-coated harmonic rejection mirror and a fully tuned Si(111) double
crystal monochromator under ring conditions of 3.0 GeV ang BID
mA. The entire path of the beam was in a He atmosphere. Details o
the optimization of this setup for low-energy studies have been described
previously$0:52

All XAS measurements were made at room temperature in fluores-
cence excitation mod®:52For reproducibility, two or three scans were
measured for each sample. The maximum of the first pre-edge feature
in the S K-edge spectrum of B&0s-5H,0 was assigned to 2472.02
eV and was used for energy calibration of the S K- and Mo L-edges.
The energy of the Cl K-edge data was calibrated by using the energy

of the first edge-region feature of £xCl,. The maximum of this peak nirogen atoms of th'e ligand L were re_placed by three ammonia
was assigned to 2820.20 eV. The scans ranges were-242 eV molecules and the thiolate and alkoxide ligands were represented by

SCH; and OCH, respectively (Chart 1). The geometry of the [(NH
for the S K- and Mo k-, 2560-2880 eV for the k-, and 2816-2850
eV for Cl K-edges, with a step size of 0.08 eV in the edge region. The MOOZ(QSCHg)r m.odel.was based on the crystal structure of LMoO
spectrometer energy resolution wa®.5 eV#850 Comparison of the (SPhy* and was idealized {0 symmetry._The structure of LMOA@
first and second derivatives of the spectra of model compounds was assumed to be that of LMaSCH) with substitution of chloride

measured repeatedly during different experimental sessions indicated©" thiolate. The Mo-Cl distance was obtained by geometry optimiza-

a reproducibility in (.edge position of0.1 eV. (63) Written by G. N. George at Stanford Synchrotron Radiation
2.4. Data Analysis.A smooth background was removed from all  Laporatory.
spectra by fitting a polynomial to the pre-edge regions and subtracting  (64) Garbow, B. S.; Hillstrom, K. E.; More, J. BIINPAK; Argonne
National Laboratory: Argonne, IL, 1980.
(61) Lytle, F. W.; Greegor, R. B.; Sandstrom, D. R.; Marques, E. C.; (65) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200~
Wong, J.; Spiro, C. L.; Huffman, G. P.; Huggins, F. Bucl. Instrum. 1211.
Methods1984 226, 542-548. (66) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.
(62) Stern, E. A.; Heald, S. MRev. Sci. Instrum1979 50, 1579-1582. (67) Perdew, J. PPhys. Re. B 1986 33, 8822-8824.

Fits used in the calculation of pre-edge peak intensity were optimized
to reproduce both the data and their second derivatives. The peak
intensity was approximated by peak area, calculated as the height
full width at half-maximum (fwhm). The standard deviation of the

There are several possible sources of systematic error in the analysis
of these spectra. Normalization procedures can introduce-2%4d
difference in pre-edge peak intensity. This maximun~&% error
and the error resulting from the fit procedure discussed above were
taken into account in the calculation of pre-edge intensities.

2.5. DFT Calculations.Spin-restricted calculations were performed
using ADF version 2.0.1 employing the local density approximation
formulated by Vosko, Wilk, and Nusdit Nonlocal gradient corrections
were included for exchange (BeéReand for correlation (Perdé
effects. Basis functions, core expansion functions, core coefficients,
fand fit functions for Mo, P, S, Cl, C, N, and O were used as provided
from database IV of the ADF suite. This includes Slater type orbital
(STO) triple< basis sets for Mo, P, S, Cl, C, N, and O and a single-
polarization function for P, S, Cl, C, N, and O. The functions used for
H were from database |, which includes a singI&TO basis without
polarization functions. All core levels (up to 4p for Mo, up to 2p for
P, S, Cl, and the 1s for C, N, O) were treated as frozen orbitals and
orthogonalized to the valence orbitals with core expansion functions.

The DFT calculations were performed on models in which the




Oxomolybdenum Complexes with Thiolate and Related Ligands

Chart 1. Coordinate Systems of [(Nf5MoO(SCHy)]* (a),
[(NH3)sMoO,CI* (b), and [(NH)sMoO(OCHg)] ™ (c) for
DFT Calculationd

S/CHS a HSC\
N o, ]
N3/”h..bld.-\\“\02 3, 0,.\\\\\ Nasm,, b‘ o_..\\\\02
v | o N[N v
2 1 N‘

Ny

(@) (b) (c)
@Molecular parameters appear in Table S1 (Supporting Information).
Scheme 2.Molecular Structures, I, andlll along the

Reaction Coordinate for Oxygen Atom Transfer (OAT) from
[(NH3)sMoO2(SCH)]* to P(CH)3332

CHs CHy S/OHG
,P(CHa)s
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Y Ni
iZ: y Products <<«—— . r\nc" *C:

N | “NO—P(CHa),
N

aBond distances and angles for each structure are given in Table

S1 (Supporting Information).

tion using a quasi Newton approa@irhe resultant distance of 2.358
A is in the range of Me-Cl distances of 2.352.40 A obtained from
a search in the Cambridge Structural Database (€3D) the cis-
MoV'O.Cl fragment. The CFMo=O0 angles are in the range from95
to 97°. The calculations for [(NE)sMoO,(OCHs)] " were based on the
crystal structure of IMoO,(OCHg) (L' = hydrotris(3-isopropyl)pyrazol-
1-yl)borate¥® and employed NH and C-H distances and HN—H
and H-C—H angles identical to those of [(N§4MoOx(SCH)]*. The
coordinate system is rotated by°4&round thez-axis from the usual
coordinate system fdD, complexes. Thgzplane is the mirror plane
and contains the -SC, Cl, O,—C (O4 = oxygen atom of alkoxide),
and N (axial) atoms. The @and Q atoms lie in thexy-plane, and the
y-axis bisects the &=Mo=0, angle (Chart 1).

The reactivity of LMoQX complexes with phosphines was inves-
tigated by DFT calculations of the interactions of the [d§MoO,X]
(X = SCHs, Cl, OCHs) models with P(CH)z "° under three sets of
conditions: structuré, in which the geometry of the Mo complex was
not perturbed, and intermediate structulesindlll , which involved
perturbation of the metal center upon interaction of one oxo group with
the phosphine (Scheme 2). The parameters for structutesandlll
were based on the calculations of Pietsch and #allhe Mo—N
distances trans to{and Q in structured, Il , andlll were estimated
from the crystal structures of 'MoO,(OCHy)?® and LMoO(SPh)-
(pyridine)3? Detailed geometric parameters for the MO calculations
are given in Table S1 (Supporting Information).

3. Results

3.1. X-ray Absorption Spectroscopy. A. S K-Edge Data.
The normalized S K-edge spectra of LMgSCHPh) and Na-
(SCHPh) are shown in Figure 2a. A strong pre-edge feature
appears at 2470.5 eV in the spectrum of LM(&CHPh) which
is not present in the spectrum of the Na(SH). Further, the

(68) Fan, L.; Ziegler, T. JChem. Phys1991, 95, 7401-7408.

(69) Allen, F. H.; Kennard, O. 3D Search and reference using the
Cambridge Structural Databagehem. Des. Autom. Newt993 8, 31.

(70) McKean, D. C.; McQuillan, G. P.; Murphy, W. F.; Zerbetto, F. J.
Phys. Chem199Q 94, 4820-4831.
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Figure 2. (a) Normalized S K-edge spectra of LMg@CH.Ph) (solid
line) and Na(SCkPh) (dashed line)b) Relationship between rising
edge inflection point of the S K-edge data and the chagyer the S
atom determined by Mulliken population analysis of the DFT calcula-
tions for Na(SCHPh), Na(mnt), and Na(Edtc) (@ = —1176.3+
0.4755%, R = 0.99864).(c) Difference spectrum (bold solid line) of
normalized data for LMo@SCH,Ph) with an energy shift of1.3 eV
from the Na(SCHPh) data. Representative peak fit (solid lines) and
their sum (dotted line).

0.0
2467 2473 2475

S K-edge peak at 2473.1 eV of LM@3CH,Ph) is more intense
than the corresponding feature of Na(SH), suggesting that
some of the intensity in this region of the spectrum results from
the overlap of an additional pre-edge feature. The S K-edge
spectrum of LMoQ(SCH,Ph) contrasts with that of the Cu-
(I)(d9)-containing plastocyanit; 1. 72which exhibits only one
peak at 2469.0 eV. This is consistent with transitions to more
than one unoccupied d orbital in the Mo(VI) complexes.

The S K-edge of Na(SC#Ph) (2471.6 eV) is shifted to lower
energy relative to that of LMog@SCH,Ph), which is indicative
of a greater effective nuclear charge on the S atom in

(71) Penfield, K. W.; Gewirth, A. A.; Solomon, E.J. Am. Chem. Soc.
1985 107, 4519-4529.

(72) Gewirth, A. A.; Solomon, E. U. Am. Chem. So&988§ 110, 3811~
3819.
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12 " Figure 4. Normalized Mo l-edge spectra of LMo@SCH:Ph) (solid
line), LMoO.ClI (dashed line), LMo@OPh) (dotted line), and Mo foil
10r 1 (dash-dotted line).
‘2\
2os8 C. Mo L-Edge Data. The Mo Ly-edge spectra of LMo®
E (SCHPh), LMoO,Cl, LM0oO,(OPh), and Mo foil are shown in
§°'6 r Figure 4. Compared to the featureless spectrum of the Mo fall,
§04 the Ly-edge spectrum of LMo&®SCH,Ph) is shifted toward
‘czs : higher energy and exhibits three peaks at 2630.1, 2632.2, and
ozl 2633.9 eV. The relatively flat spectrum of the Mo foil may be
due to saturation effects associated with the fluorescence
0.0 ks detection. The p-edge features of LMogZl are at 2630.4,
2819 2823 2827 2632.4, and 2634.1 eV, while those for LMgOPh) are at
Energy (eV) 2630.4, 2632.9, and 2633.9 eV. The splitting between the two

Figure 3. (a) Normalized Cl K-edge spectra of LM@OIl. The higher energy peaks is smaller for LMg@Ph) than for the
spectrum was normalized utilizing the whole energy range to 3150 eV, other two complexes. The energy splittings within theeldge
ignoring the intensity of the Mo Ledge at~2866 eV. The dashed  gpectra of LMoQ(SCH,Ph), LMoO:Cl, and LMoG(OPh)
lineisa grgphlcal representation of the m_anual _rescallng ofan eSt'm?‘ted(Supporting Information) are almost identical with those of their
Cl K-edge jump for a maximal pre-edge intensity (see Data Analysis). oqhective -edge spectra. However, the intensities of the lower
(b) Representative peak fit (solid lines) and their sum (dotted line). energy peaks in the tedge spectra’ are greater and those of
LMoO4(SCH,Ph). Prior to background subtraction, the absorp-  the middle and higher energy peaks are lower compared to the
tion edge of Na(SCEPh) must be shifted to the absorption edge ¢orresponding features in the-edge spectra. Similar differ-
of LMoO2(SCH,Ph). An estimate of edge energy can be made ences in intensity between Ma/L s-edge spectra have also been
through a correlation between the charge on the S atom andppserved for a variety of inorganic Mo comple$&%and have
the edge position of essentially ionic thiolate salts: Na(.SQH been associated with the effects of multiplet splitfAghere-
Ph), Na(mnt) and Na(Edtc). A plot of edge energies against  fore, our analysis focuses on the-édge features, where these
the charge on the S atom, estimated from a Mulliken population effects are estimated to be small. The total peak intensities of
analysis obtained from DFT calculations, is shown in Figure L,-edge spectra are in the order LMgOPh)> LMoO,Cl >
2b. DFT calculations on [(NE)sMoO(SCHs)] " give a charge | MoO,(SCH,Ph) (Figure 4).
of —0.388 for the S atom. Thus, the absorption edge position 3.2 DFT Calculations.The calculated ligand field splittings
for LMoO2(SCHPh) is estimated to be 2472.9 e¥1.3 eV to for [(NH3)sMoO,X]* (X = SCH, Cl, OCHs) are shown in
higher energy than that for Na(S@Ph). The difference  Figure 5, and the S 3p, Cl 3p4@p, and Mo 4d characters of
spectrum of thet-1.3 eV-shifted Na(SChPh) and LMoQ(SCH:- the valence orbitals are listed in Table 2. The valence orbitals
Ph) spectra is given in Figu_re 2c and has two major features atof the two oxo groups are classifiedas, o, 7ip.+, 7, Top-t,
2470.5 and 2472.5 eV, which are assigned as8@re-edge  andsxep_. The subscripts IP/OP designate in/out oftiglane,
features. The low-energy feature i§ substantially broader thangng the subscript$/— designate the in-phase and out-of-phase
the S pre-edge peak of plastocyanin (fwhml.7 vs 0.9 eV),  compinations of the 2p orbitals on each oxo group. The
indicating that more than one transition contributes to this peak. 5 75, 7op, andzop. orbitals interact with the Mo £
The total integrated intensity of the pre-edge feature is 2.28. dyy, de—y?, dy,, and g orbitals, respectively. Thep - orbital

B. Cl K-Edge Data. The Cl K-edge spectrum of LMog| does not interact with the Mo d orbitals. The bonding is
(normalized for the lowest limit of the pre-edge intensity) is gominated by the interactions of the [Mgl® core, and all
shown in Figure 3a. The dashed line gives the estimate for thehree complexes show the same ordering of the Mo 4d orbitals.
normalization which yields the highest limit of the pre-edge The dyand gz orbitals, derived from thegeset inO, symmetry,
intensity (see Data Analysis). In contrast to the corresponding are most destablized, with the energy gf © dz. The dy, orbital
S K-edge of LMoQ(SCHPh), the two main pre-edge features has a strong antibonding interaction with the axd orbital,
at 2821.9 and 2824.2 eV are well separated from the rising edgeand the ¢ orbital has a small contribution from oxo,*. The
region. Thus, a background subtraction procedure, as describegypitals derived from the set inO, symmetry have the energy
above, is not necessary. The lower peak is broader than thaty der &-y > dy, > dy, This order results from a strong
for [CuClg)>~ (fwhm ~ 1.6 vs 1.1 eV¥? indicating that more

than one transition contributes to this feature in LMGD The (73) Hedman, B.. Penner-Hahn, J. E.; Hodgson, R. CEXAFS and
Near Edge Structure )l Proceedings of an International Conference,

integrated intensity of the pre-edge features lies between 2.10stanford, CA, July 1620, 1984: Hedman, B., Penner-Hahn, J. E., Hodgson,
and 2.63. K. O., Eds.; Springer-Verlag: Berlin, 1984; pp-686.
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Figure 5. Energy diagram of the Mo 4d orbitals and the character for the ground state of){iO.(SCH)]*, [(NH3)sMoO,Cl]*, and [(NH)s-
MoO,(OCHs)] ™ obtained by DFT calculations using the geometries of Chart 1. The energy separations between the orbitals are given in electronvolts.

Table 2. Comparison of the Mo 4d Orbital Character and Relative Energies for dMeO,(SCHs)]™ (A), [(NH3)sMoO.Cl]* (B), and
[(NH3)sMoO(OCHg)]* (C) by DFT Calculations

(A) [(NH3)sMoO,(SCH)] T2

orbital 174 124’ 184 20d 134’
character dy,—O m* O—O *—So* Oe-y2—0O 7* dz—S pseudas* —O o* dyy—O o*
S 3p character (%) 2.90 11.69 3.44 17.50 0.74
Mo 4d character (%) 58.74 54.89 54.83 31.99 50.15
relative energy (eV) 0 0.606 1.198 3.072 4.838
(B) [(NH 3)3M002C|] +b
orbital 154 114’ 164 174 124’
character dy,—O n*—Cl n* O—O 7* de-2—O m* dz—0 o*—Cl 6*—N; o* Oyy—O o*
CI 3p character (%) 10.03 4.89 2.26 12.05 0.20
Mo 4d character (%) 58.76 57.65 56.24 48.94 51.48
relative energy (eV) 0 0.316 1.085 2.706 4.839
(C) [(NH3)sMoO,(OCHg)]+ ¢
orbital 174 124’ 184 204 134’
character dy,—O m* —O4 pseudos* O—O * — Oy 7* O2—y2—O 7* dz—0o* Oy—O o*
Oa 2p character (%) 10.68 8.21 0.20 3.35 0
Mo 4d character (%) 58.44 57.22 55.86 50.47 48.92
relative energy (eV) 0 0.427 0.729 3.005 4.194

aThe summation of S 3p character across five orbitals is 36.27% (total S 3p chara€ter)summation of Cl 3p character across five orbitals
is 29.43% (total Cl 3p characte®The summation of O 2p character across five orbitals is 22.44% (tqt@pCcharacter).

interaction between thea,? and oxomp+* orbitals and from remaining two are available for and pseudar bonding to the
a greater overlap of,gdwith oxo mop-* compared to ¢, with Mo. The term pseudo-is associated with the deviation of the
mop4+*, due to the G=Mo=0 angle (103). C—S—Mo angle (105.8) from 9¢°.74 The S pseuda* orbital
The splittings of the Mo 4d orbitals are further modulated interacts primarily with the gorbital (Figure 6c¢), but there are
by anisotropic bonding interactions with the X ligand, as shown also small contributions of the S pseudb+o the d,, (Figure
in Figure 5 and the representative contour plots of Figure 6. 6a) and the d-,2 orbitals. The thiolater* orbital overlaps
The 16 tilt of the Mo—X bond from thezaxis introduces principally with d, (Figure 6b), in contrast to X= CI, and
bonding anisotropy that is common to all X ligands (Figure 7). thereby increases the splitting between theatd d, orbitals
For X = ClI, the three 3p orbitals of Cl can form oneand two already induced by the overlap difference witlkyp+* and
o bonds to Mo, and the only perturbing factor is the tilt of the mop-*, respectively. The anisotropy of the thiolat&interaction
Mo—Cl bond. The Cb is antibonding to the dorbital. The CI with dy;and 4, also varies with the Me S—CHj torsional angle
a* overlap with the ¢, orbital (Figure 6d, Table 2B) is more  (Figure 8). For X= OCHg, the bonding is similar to that for
than twice the Ck* contribution that destabilizes the.trbital SCH;; the three 2p orbitals of the are used in @—C bonding

(Figure 6e). For X= SCH;, one of the three 3p orbitals of the (74) Gebhard, M. S.; Deaton, J. C.; Koch, S. A.; Millar, M.; Solomon,
S atom of the thiolate ligand is used for-8 bonding, and the E. l. J. Am. Chem. Sod.99Q 112 2217-2231.
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Figure 6. ADF contour plots of 17&(dy,) (a), 124’ (dxp) (b), 204 (d?)
(c) for [(NHz)sMoOx(SCH;)]*; 15d (dy,) (d), 11’ (dkj) (€), 174 (d2)

(f) for [(NH3)sMoO,Cl]*; 174 (dy;) (9), 12&’ () (h), 204 (d2) (i) for
[(NH3)sMoO(OCH)] .
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Figure 7. Energies and pictorial representations of the principal
interactions of the @and g, orbitals with the oxorop - andzop+ sets
and the CI, S, @ ligands.

and ino andxr bonding to Mo. The alkoxider* interacts with

the d,, orbital (Figure 6h). The €04—Mo angle of 139.72°
leads to overlap of the pseudos* orbital with the d; orbital
(Figure 69, Table 2C) that is more than 3 times larger than the
overlap with the ¢ orbital (Figure 6i). This orbital composition
contrasts with that for X= SCHs, where the dominant S pseudo-
o* overlap is with the g orbital (Figure 6c¢).

The calculated total covalency of the M bond for the
three [(NH)sMoO2X] ™ complexes increases in the order Mo
OCH; < Mo—Cl < Mo—SCH; (Table 2). The energy of the
redox-active orbital depends on X [CH8.326) < SCH;
(—=7.724) < OCH; (—7.229 eV)], but the Mo 4¢ character of
the orbital is similar for all three complexes. The estimated
charge on the Mo ion from a Mulliken population analysis for
X = CI (+2.242) and X= SCH; (+2.207) is consistent with
the energy ordef® However, the estimated higher charge on
Mo for X = OCH; (+2.432) does not lower the energy of the
redox-active orbital. Rather, it is the significant overlap of the

(75) Cimino, A.; de Angelis, B. AJ. Catal. 1975 36, 11—22.
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Figure 8. (a) Calculated Mo d and g, orbital energy changes and
(b) calculated @ and Q p, character when the methyl group of the
thiolate is rotated around the M& bond for [(NH)sMoO,(SCH)] .
This torsional angle is measured relative to yzeplane and is in an
anticlockwise sense.

Oq pseudos™ orbital with the d,, orbital that shifts it to highest
energy. The energy splitting of the,dand d. orbitals is
determined by anisotropic contributions from S, Cl, qf i@
addition to the strongrpop bonds from the two oxo groups.
The splitting is largest (0.606 eV) for % SCHs, where the ¢,
orbital is further destabilized by a/& interaction; intermediate
(0.427 eV) for X= OCHs, where both the d and g, orbitals
are destabilized by pseudos* and z* contributions; and
smallest (0.316 eV) for X= CI, where the ¢ orbital is
destabilized by a Cft* interaction (Figure 7).

4. Analysis: Peak Fit and Spectral Assignments

A. S K-Edge. The two strong peaks in the difference
spectrum of LMoQ(SCH,Ph) (Figure 2c) were first modeled
with only two peaks. The fwhm were fixed in the range of-0.9
1.1 eV, values that have been observed for the pre-edge of
plastocyanir?®53 The difference of the spectrum and this two-
peak model gives rise to three additional features, a stronger
one in the center and two weaker ones at the sides. A reasonable
simulation with this five-peak model is shown in Figure 2c,
and the peak areas and energies are listed in Table 3A. Due to
the subtraction procedure described in the Results section, the
energies and intensities can only be analyzed in a qualitative
manner, but the total intensity is reasonable.

Using the DFT calculations as a guide, the two strong peaks
at 2470.7 and 2472.5 eV can be assigned as transitions to the
dx—S 7* (12d") and @>—S pseudas* (204) orbitals, respec-
tively (Figure 5). The splitting is found to be 1.8 eV, supporting
the calculated orbital splitting ofidand ¢z (2.47 eV), assuming
a final state reduction of0.7. The other three weaker peaks,
at 2470.2, 2471.5, and 2472.5 eV, are assigned to S psgudo-
contributions to ¢ (17d), de-y? (184d), and dy (13d') respec-
tively, based on their energies and low peak intensities in
comparison to the coefficients in Table 2A. The peak areas and
energies (Table 3A) are in qualitative agreement with the S 3p
character in the five Mo 4d orbitals obtained from the DFT
calculations (Table 2A). The differences are due to final state
relaxation effects; e.g., the electreelectron repulsion contribu-
tion in the final state relaxation varies for different transitions
due to differences in delocalization over the ligands. Addition-
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Table 3. Average Deconvoluted Peak Area and Energy from S K- and Cl K-Edges for Oxomolybdenum Complexes

peak
edge sample 1 2 3 4 5 total

(A) SK LMoO,(SCHPh} area 0.24+ 0.01 0.70+ 0.08 0.32+ 0.05 0.86+ 0.04 0.16+ 0.04 2.28
energy (eV) 2470.28- 0.06 2470.68: 0.06 2471.5H 0.04 2472.49 0.02 2472.95t 0.02
relative to peak1 0 0.48 1.31 2.29 2.75

(B) CIK LMoO,CIP area 0.65+ 0.02 0.31+ 0.07 0.34+ 0.03 0.79+ 0.04 2.10
energy (V) 2821.8% 0.01 2822.56+ 0.09 2823.36+ 0.15 2824.27 0.04
relative to peak 1 0 0.75 1.55 2.46

a The errors given for the S K-edge fitting are for the fitting procedure to the difference spectrum obtained from the correlation described in the
Results sectior? The areas of the Cl pre-edge peaks are given for the lowest intensity limit for pre-edge intensity (see text). The highest intensity
limit is obtained by multiplying by 1.25.

ally, the subtraction procedure yields large uncertainties, orbital splitting of 2.71 eV from the ground-state calculations,
especially for the higher energy part of the pre-edge. assuming a final state relaxation factor-¢®.9. The two weaker

To quantify the covalency, an equation relating the experi- peaks at 2822.6 and 2823.4 eV are assigned as transitions to
mentally observed pre-edge intensifo) to ligand covalency the Cla* component of ¢, and the Clo* component of the
for the & system, based on the dipole strength expressions of de—y2 levels, respectively, on the basis of their energies relative
ref 52, is given in eq 4. This dipole strength expression for the to two main peaks and their reduced peak intensities. The ratios
intensity of a ligand K-edge transition for metal ions with only of peak areas (Table 3B) are in reasonable agreement with the
one parent excited state’ds relative Cl 3p character in four Mo 4d orbitals from the DFT

calculations (Table 2B). The Cl 3p character in theatbital
t is negligible, supporting the four-peak fit.
Do=\3¢ 1T 3% sir |pc (4) The measured intensity of the pre-edge feature of the Cl

K-edge (2.12.6) yields [using eq 4 and f—[CuCly%~
whereh,, andh, are the number of holes in theand e orbitals, (normalized intensity 0.526, 30% CI covaleA&§97® as the
respectively;cf2 andcﬁ are the ligand characters in theand e reference for calculation of the transition moment integral] a
orbitals, respectively, andsjr|plis the transition moment total covalency over the five d orbitals of +39%. The
integral. The simple form of eq 4 derives from the weak covalency obtained from the DFT calculatiomi®9%. Because
coupling of the ligand 1s core hole with the metal ion final the structure of [LMoGCl] is not known, DFT calculations were
states. For atisystemh,, = 6 andhe. = 4. Note that while, in also performed on structures with varying MGl distances (up
ref 52a, only tetrahedral complexes were analyzed, octahedralto 2.6 A) and changes in the tilt angle of the MG vector
complexes may also be treated with this methodology. Thus, (from 0 to 16). The calculated covalency varied by only a few
cf andc§ become the ligand- and o-covalencies in they§ percent. DFT calculations using the ADF program suite on
aﬁgd Q ortgitals, respectively. mono- and binuclear iron chloride and thiolate complexes also

Application of eq 4 to the totaS K pre-edge intensity of give an (_)vergstimation of the c_ovalenC){ for chloride.and an
LMoO2(SCH,Ph), using plastocyanin (renormalized intensity undere7§t|mat|on for sulfur ligation relative to experimental
1.02; 38% thiolate covalenc¥f)’6as the reference, yields a total  V&lues’ _ .
covalency, i.e., the total contribution of the thiolate ligand to  C: Mo L>-Edge.The peak fits and spectral assignments for
the five Mo d orbitals, 0f~42%. This value is 1.2 times greater the Mo L-edge data are given in the Supporting Information.
than the total covalency obtained from the molecular orbital

calculation (36%, Table 2A). 5. Discussion
In summary, the two main S K-edge peaks are assignedas S 51, Description of the Bonding in [(NHs)sMoOX]*+ (X =
1s transitions to the,g-S #* and d2—S pseudas* molecular SCHs, Cl, and OCHs) and Relation to Spectroscopic Data.

orbitals. The additional weak features are assigned to ¢he d The DFT calculations for the model dioxomolybdenum com-
de-y, and dy orbitals, which have some limited overlap with  plexes [(NH;)sMoO.X] ™ (X = SCH;, Cl, and OCH) show the
the S pseude* orbital. same calculated energy order of the five Mo 4d orbitals for all

B. CI K-Edge. The spectrum of LMo@Cl (Figure 3) shows three complexes (g< dy, < d_y? < d2< dyy), consistent with
at least three features in the pre-edge region, two strong peakshe two cis-oxo groups dominating the ligand field (Figure 5,
2821.8 and 2824.3 eV and some intensity in the region betweensection 3.2). The energies are further perturbed by additional
these peaks. Fits with only three pre-edge peaks do not well covalent contributions from the X ligand. The splitting of the
reproduce the region between the two strong peaks. Four peakd,, and ¢, orbitals increases in the order €10, < S, and the
models fit the absorption data and their second derivative. The major perturbing factor is the presence of thes@fbup in the
average peak areas and energies are listed in Table 3B, and giolate and alkoxide ligands, which essentially eliminates one
representative fit is shown in Figure 3b. These values are moreof the valencer orbitals from bonding to the Mo d orbitals.
reliable than the corresponding S K-edge values because norhe Mo—X—CHj torsional angle and the MeX—CHsz bond
subtraction procedure was necessary for the Cl K-edge. angles further modulate the overlap of the remaining pseudo-

The two distinct peaks at 2821.8 and 2824.3 eV are assignedand » orbitals with the Mo 4d orbitals (Figures 6 and 8). The
as Cl 1s transitions to thg.g Cl 7* (15a) and ¢>—Cl o* (17a) key orbital interactions with X are the following: G to dy,
levels, respectively, using the DFT calculations as a benchmarkand Clo* to d,2 for X = Cl; Sa* to dy;and S pseudo® to d2
(Figure 5). The splitting is 2.5 eV, which is consistent with the for X = SCH;; Oy 7* to dy, and Q pseudos* to dy, for X =

(76) Note that the renormalization intensities used for the chioride and OCHs. The Cland S K-edge spectra provide experimental proof
thiolate pre-edge involve normalization of the edge jump for each ligand of the two dominant (pseudet and sz*) contributions to metat

and thus can be compared for the same ligand type but not between different
ligand types. (77) Glaser, T.; Kennepohl, P.; Solomon, E. I. Unpublished results.
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ligand covalency in LMo@X compounds. The Mo j-edge
spectra reflect the trend of total covalency of Cl, S, angl O
with Mo: LMoO2(SCH,Ph) 2 LMoO,CIl > LMoO2(OPh).

5.2. Correlation to Reactivity. A. Reduction Potential. The
data in Table 1 show that the nature of X influences the
one-electron reduction potential of LM@® complexes
(Mov' — MaV) as well as the rates of the two-electron reduction
(MoY' — Mo'"V) that occurs during the OAT reaction of these
complexes with PPh The following sections consider each of
these properties in light of the spectroscopic and theoretical
investigations of these systems described above.

There are several factors that influence redox potentials in

solution. These include the effective nuclear charge on the metal

ion, the energy of the redox-active orbital, and electronic
relaxation’® With increasing charge at the metal center, reduc-
tion should be easier; i.e., the reduction potential should increase
The effective nuclear charge on the Mo in the [(NdVMoOX]+
analogues was estimated from a Mulliken population analysis
of the DFT results and the application of Slater’s ruleg 67

for X = SCHg, +4.68 for X= Cl, and+4.75 for X= OCHg).

There is no correlation between these calculated effective nuclear,

charges and the experimental reduction potentials of Table 1.
However, the calculated energies of the redox active orbijal (d
Figure 5: —8.326 for X = Cl, —7.724 for X= SCHs, and
—7.229 eV for X= OCHg) correlate well with the experimental
reduction potentials. The significant interaction with thg O
pseudos* destabilizes the @ orbital and makes the dominant
contribution to the low reduction potential of % OCHs.

Izumi et al.

one possible reaction mechanism for oxo tran¥{é?.The
geometries of the intermediates were optimized at the restricted
Hartree-Fock level and reveal that P(GH approaches one O
atom of cis-[(NH3)2M0oO2(SH),]° at a G=Mo=0—P dihedral
angle of approximately 90and at a Me=O—P angle of 130.7.

A weak P-0O interaction develops (PO = 2.43 A) at the top

of an activation barrier of 14 kcal ntdl. Rotation of the P(Ck)s
group about the MeO bond to a GMo=0—P dihedral angle

of 0° generates a Mo(IV) intermediate that is approximately 69
kcal mol lower in energy due to the formation of &® bond.
Displacement of OP(Chk by water in an associative step
completes the OAT proce$s.

The bonding changes that occur in LNI@,X (X = Cl,
SCH,Ph, OPh) along a reaction coordinate for OAT to PPh
have been explored by DFT calculations. The geometries of
the reaction intermediates are based upon the estimates of

‘Pietsch and Haf? and frontier orbital theory is used to

rationalize the relative rates of the OAT reaction of LY0,X
with PPh. Scheme 2 illustrates structurds-Ill along a
coordinate for the reaction of the [(NJAMoOx(SCHs)]* model
with P(CHg)s. Structurel corresponds to the reactants before
significant reaction, structurd to the transition state, and
structure lll to the MdYO(OP(CH)3) intermediate in the
scheme of Pietsch and H&f.

The energies of the HOMO (the lone pair of the attacking P
atom) and the LUMO (Mo @ — Omop+*) for structuresl and
Il and the HOMO for structurdl are illustrated in Figure 9.
Before reaction with P(CkJs, the major contribution of X to
the d; and g, orbitals is Clz* to dy, (X = Cl), S z* to dy,

Geometric and electronic structural changes on reduction can(X = S), and @ pseudos* to dy, and Q; z* to dy, (X = O)

also contribute to the reduction potential of a metal complex.
For the [LMoQy(SPh)P/~ pair, the reduced M6 species has
longer M=O and Mo-S distances and a larger=Mo=0
angle” DFT calculations on a [(NEJsMoVO(SCH;)]° model
idealized toCs symmetry showed that interactions between the
oxo groups and the Mo 4d orbitals dominate the ligand field
such that the 4d orbital energy order of the W@omplex
(Figure 5, left-hand side) is conserved in the WMicomplex.
The major contributions from S areg (6.18%) to the ¢, orbital
and pseude” (17.16%) to the ¢ orbital. Although the
calculated Me-S covalency for the M6 complex is less than
that for the Md' thiolate complex (Table 2A), the general
bonding description is the same. Thus, it is reasonable to infer
that the experimental order of the reduction potentials XCl
SCHPh > OCHg) reflects the differences in the anisotropic

(Figure 7). In the frontier orbital theory model, the energy
change AE) when the HOMO of a nucleophile interacts with
the LUMO of an electrophile is formulated as follows:

QnucleophilQelectrophile
€R

+

2
2(Cnucleophilé:electrophilcﬁ)

EHOMO(nucIeophiIe)_ ELUMO(eIectrophiIe)

(5)

whereQ is the charge of reacting atomjs the local dielectric
constantR is the distance between the two reacting atormis,
the coefficient of the atomic orbital of the reacting atom in the
molecular orbital, angs is the resonance integral for the two
wave functions corresponding to tltgycieophile 8N Celectrophile

covalent bonding interactions of the axial chloride, thiolate, and coefficients®! This perturbation theory approach cannot be used
alkoxide ligands upon the energy of the redox-active orbital. to estimate the activation energy of the first step of the OAT
B. Oxo Transfer Reactivity. Oxygen atom transfer (OAT)  reaction. Nevertheless, it does provide an estimate of the change

from thecis-[MoV'0,]%" fragment to sulfite is proposed for the
first step in the catalytic cycle of sulfite oxidase (Schemé®1).
Reactions of LMY'O,X (X = Cl, SPh, OPh, OCkJ with PPh
mimic this OAT functionality, with the observed rate order being
Cl > SPh> OPh > OCH; (Table 1) for the reduction of
LMoV'O.X to “LMo VOX” and oxidation of PPhto OPPB.

A theoretical model, employing Hartre&ock and Mgller

Plesset perturbation theory, has been used to propose intermedi
ates for both the oxo transfer step and the subsequent displace,

ment of the OPPhproduct by wate??® The energetics of the
reaction pathway were probed using P@-andcis-[(NH3)2-
MoO,(SH)]° as the model complex and by consideration of

in energy AE) over the early part of the reaction coordinate.
The first term in eq 5 represents the Coulombic attraction
between the two reactants, and the second describes the partial
charge transfer that occurs as the frontier orbitals of the
electrophile and nucleophile interact. The contribution of each
term to (AE) depends primarily onExomo — ELumol. When
this is large [Enomo — ELumol > 48?), the Coulombic
interaction dominates, and the reaction is charge controlled. If
_Qnucleophileand Qelectrophié are both small anEHOMO and ELUMO
are close in energyfromo — ELumol &~ 0), then the second
term in eq 5 dominates, and the reaction is orbitally controlled.
The DFT calculations on [(Ng)sMoO2X]+ (X = Cl, SCH,
OCHg), before reaction, reveal estimated charges on the oxo

(78) Holm, R. H.; Kennepohl, P.; Solomon, EGhem. Re. 1996 96,
2239-2314.

(79) Xiao, Z.; Gable, R. W.; Wedd, A. G.; Young, C. G.Am. Chem.
Soc.1996 118 2912-2921.

(80) Tucci, G. C.; Donahue, J. P.; Holm, R. Horg. Chem 1998 37,
1602-1608.

(81) Fleming, I.Frontier Orbitals and Organic Chemical Reactigr®hn
Wiley & Sons: Chichester, 1976.
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(a) [(NH;);MoO,CI]* (b) [(NH;3);MoO,(SCH,)]* (c) [(NH;);Mo0,(OCH;)]
Structure: 1 1l Hl | H ] | 1l 1
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Figure 9. Energy change of the HOMO of P(GH and the LUMO of [(NH)sMoO.X]* (X = CI, SCH;, OCHs) over the OAT reaction coordinate.
Structurel is before the reactiorl] is with P—O = 2.43 A, andlll is with P-O = 1.53 A (see Scheme 2).

groups of—0.53 (X = CI), —0.57 (X = SCHs), and —0.58

(X = OCl‘b) and|EHOMo - ELUMO| values of 0.248 (X= C|),
0.310 (X= SCHg), and 0.450 (X= OCHg). Both trends predict

a reactivity order ClI> SCH; > OCH;z, which parallels the
reactivity order in Table 1. However, the small values of
|EHOMO - ELUMO| and the Iarger variation QEHOMO - ELUMO|
relative toQnucleophiefor X = Cl, SCHs, and OCH indicate that
OAT from [(NH3)sMoO.X]* to P(CH)s is orbitally controlled
and thatExomo — ELumol is the prime determinant &E across
the series. The calculated values €akcropni (the total orbital
character of the oxo group in the LUMO) are 25.84, 28.90, and
22.26% for X= CI, X = SCH;, and X= OCHg, respectively,
and do not follow the trend in reactivities. Presumably, this is
related to the overestimation in calculated Mo42l covalency
(section 4B) that would tend to loWetecirophiié for X = CI.

At structurell, the two electrons that will be donated to
[(NH3)sMoO,X]* during OAT are still localized in a lone pair
orbital on the P atom (HOMO of P(Gj$ molecule), and the
Mo atom is in the formal VI oxidation state. As anticipated
from eq 5, the additional HOMO stabilization at structlirés
in the order X= CI (0.247 eV)> X = SCH; (0.208 eV)>
X =0CH;(0.117 eV) (Figure 9). Transfer of the two electrons
from P to Mo gives geometryil , in which the ¢, and d,
orbitals transform into a filled g, orbital (directed toward
0,) and an empty @, orbital (directed toward ¢). The Cl
a*, S ¥, and Qu * contribute significantly to the @, orbital
(Figure 9). The relative energy of the HOMO4d., — X 7*)
at structurdll compared to that of the LUMO at structurés
in the order X= CI (0.879)< X = S (1.100)< X = Oy (1.465
eV) (Figure 9). These values are in accord with the OAT
reactivity order (Table 1); however, the approximations used
to derive eq 5 may not remain valid when the reaction coordinate
has progressed to structuié.

For X = SCH; and OCH in structures!, Il, andlll , the
C—S(Oy)—Mo torsional angle (relative to thezplane) was held
constant at Dat all points along the reaction coordinate, as in
the previous calculatior’s. The Walsh diagram in Figure 8
shows the dependence of the energies of the M@dMO)

and d; orbitals, and the ©@and Q p, character for the LUMO
with torsional angle. For angles betweehahd 180, there is

a large variation in @and Q p, character (0.£26.9%) and,
consequently, in the antibonding character for each oxo group
in the LUMO. Thus, in addition to LUMO energy modulation,
the variation of the Me-S—C torsional angle also serves as a
mechanism for O atom selection. The oxo group with the
greatest antibonding character in the LUMO will be transferred
to PPh preferentially. For X= Cl, no such selection mechanism
exists, and the oxo groups remain equivalent. This statistical
effect may represent an additional factor in determining the rates
of oxo atom transfer by LMogX and the elevated reaction rate
for X = ClI.

Besides anisotropic effects of the Cl, S§Hnd OCH ligands
and the energetic effects of the axial ligand on the O atom
transfer reactivity’? steric factors may also play a role in the
observed reactivity (Table 1). Both LMe(3Ph) and LMoG-
(OPh) are more sterically hindered than LM&D which reacts
rapidly with PPR. However, the importance of electronic factors
in reactivity, especiallyyEqomo — ELumol, is supported by a
comparison of the reactivities of LMa{5Ph) and LMoG-
(OPh), which are of similar size. The SPh compound is 300
times more reactive, consistent with the DFT calculations and
analyses presented above.

C. Implications for Sulfite Oxidase. Site-directed mutagen-
esis on human sulfite oxidase has shown that the coordination
of a cysteine residue in addition to the ene-1,2-dithiolate derived
from molybdopterin is essential for enzyme activiyland Sys
coordination of the Mo center in the wild-type enzyme has been
corroborated by the recent X-ray crystal structure of chicken
liver sulfite oxidase (Scheme 2)The differences between the
Mo centers of the active wild-type and the inactive cysteine to
serine mutant (C207%)forms of human sulfite oxidase have
been probed by EXAFS'resonance Raman spectroscépand
S K-edge spectroscopy.Particularly germane to the present
work are the S K-edge difference spectra of the wild-type and

(82) Albright, T. A.; Burdett, J. K.; Whangbo, M. HDrbital Interactions
in Chemistry John Wiley & Sons: New York, 1985.
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the C207S mutant forms of oxidized human sulfite oxidase,
showing a distinct pre-edge feature at 2468.0'&¥ssuming
that the covalency of the MeS bonds involving the ene-1,2-
dithiolate is comparable for both the wild-type and mutant forms,

Izumi et al.

to dz for X = SCH, and Q pseudos* to dy, and Q st* to dy,

for X = OCHs. The theoretical orbital splittings and key
covalent interactions due to X are directly reflected in the
dominant experimental peak splitting and intensity variations

the pre-edge feature in the difference spectrum is strong evidencewithin the Cl and S K-edge (Figures 2 and 3) and the Me L

for significant Mo-S;ys covalency in the wild-type enzynié.
The inactivity of the C207S mutant human enzyme shows

edge spectra (Figure 4) for the complexes. However, the
guantitative analysis of the Cl and S K-pre-edges reveals that

that the coordinated cysteine residue, and presumably thethe DFT calculations strongly overestimate Cl covalency,

covalency associated with its Md& bond, are essential for the
biological function of sulfite oxidas¥ Our analysis of the
relative rates of reaction of LMO.X (X = Cl, SPh, OCH)
with respect to OAT to PRfhas stressed the importance of the
covalent anisotropic contributions of X in modulating the
reduction potential and reactivity of [MtD,X] cores. The X-ray
crystal structure of sulfite oxidase showsgs8onor cis to the

O ligands (Scheme 1), permitting the full participation of the S
lone pairs in determining the energy of the redox-actiyed

dy, orbital. This Sys ligation at the active site may determine
the energy of the metal-based frontier orbital that is critical for
determining the rate of sulfite oxidation by sulfite oxidase. The
anisotropic covalency associated with the #®ys bond may

whereas there is a small underestimation of S covalency.
Anisotropic covalent interactions with X modulate the energy
of the redox-active g orbital and thereby influence the relative
Mo(VI)/Mo(V) reduction potentials and the relative rates of
reaction of LMoQX with PPh (Table 1). The donor properties
of X affect the LUMO (d,)—HOMO (PPHh lone pair) energy
gap, the charge on the oxo groups, and provide a mechanism
for “oxygen atom selection”. The principal factors in determin-
ing the anisotropy of the covalent contributions of X to Mo are
the G=Mo—S(O)-C dihedral and &Mo—S(O) bond angles
of the thiolate and alkoxide ligands. These angles restrict one
of the ligand valencer orbitals from interacting with Mo and
control the bonding participation of the remaining ligand valence

also serve as a switching mechanism during enzyme turnoverorbitals within the metal d manifold.

to promote preferential transfer of one of the oxo groups (Figure

Comparisons of sulfite oxidase with LM@D,X suggest that

8). This idea is supported by the geometry at the active site of the Sys ligation at the active site of sulfite oxidase may be

sulfite oxidase, where the methylene C atom of the cysteine

playing a similar role in determining the reactivity of the

residue is opposite the oxygen ligand that undergoes oxo transfefMo'O;]?* center. The anisotropic covalency associated with

(the G=Mo—S—C dihedral angle= 179.%); a similar geometry

is observed for LM O(pyridine)(SPh) (MWyidine—M0—S—C =
161.2). In addition, our rationalization of the relative Mo(V1)/
Mo(V) reduction potentials of LMogX suggests that theca
ligation may also fine-tune the Mo(VI)/Mo(V) reduction
potential of the active site in sulfite oxidase that is essential in
determining the rate of regeneration of the Mo(VI) active site
during enzyme turnover (Scheme 1).

The ene-1,2-dithiolate ligation provided by molybdopterin
should also be critical in determining the reduction potential
and reactivity of the Mo center. This coordination has been
implicated in enhancing the ability of the active site to catalyze
OAT reactions by weakening the M&D bond throughs
electron donation to the mef&lpy buffering the drastic changes
in electron density at the Mo center that would be expected to
accompany OAT? and by providing aoc-electron-transfer
pathway for regeneration of the active site during turnéver.

6. Summary

This study demonstrates for the first time that analyses of

the Sys—Mo bond may facilitate OAT through a modulation
of the energies of the Mo 4d orbitals and the preferential
selection of the O atom to be transferred during enzyme
turnover. However, a more complete understanding of the role
of cysteinyl ligation at the active site of sulfite oxidase must
await a better definition of the role(s) of the novel ene-1,2-
dithiolate coordination that is common to the active sites of all
oxomolybdoenzymes. This study has demonstrated that the
combined analyses of the of S and Cl K pre-edge and the Mo
L-edge XAS can provide details of the bonding framework of
LMoV'O.X complexes, a basis for understanding their chemical
properties, and insights into the role afSigation at the active
site of sulfite oxidase.
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