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A series of six-coordinate compounds containing a chelating dithiolate coordinated to théQIMaunit (L =

hydrotris(3,5-dimethyl-1-pyrazolyl)borate) have been characterized by EPR spectroscopy as models for the

molybdenum centers of pterin-containing molybdenum enzymes. The structure of LMoQi(pi(= 1,2-
benzenedithiolate) has been determined by X-ray crystallography; the space gRimiwith a = 10.727(1)

A, b=14.673(2) Ac=15.887(2) A, = 100.317(4) andZ = 4. Compoundl exhibits distorted octahedral
stereochemistry; the terminal oxo group and the sulfur atoms are mutually cis to one another. Qealidtance

is 1.678(4) A, and the average M& distance is 2.373(2) A. The EPR parameters Ifodetermined from
simulation of the frozen-solution spectrum, @e= 2.004,g, = 1.972,gs = 1.934 andA;(*>*Mo) = 50.0 x
104 A, =11.4x 104 A3 =49.7x 10%cm L. The EPR parameters for several LX@{ S(CH.)xS} compounds

(x = 2—4) with saturated chelate skeletons are similar to thosk midicating that it is the coordinated S atoms
and not unsaturation of the chelate skeleton that gives rise to theglaedees forl. The presence @f components
larger than the free-electron value is ascribed to low-energy charge transfer transitions from the fillee sulfur
orbitals to half-filled Mo d orbitals. The EPR spectrum of [LMB{ S,P(OEt}}]" shows an unusually large
isotropic 3P hyperfine splitting of 66.1x 104 cm~! from the noncoordinated phosphorus atom. The frozen-

solution EPR spectra of the low-pH and high-

pH forms of sulfite oxidase have been reinvestigatgd amd

the anisotropig andA(®>°Mo) parameters determined by simulation of the spectrum arising from the naturally

abundant Mo isotopes (75%= 0, 25%! = 5/,).

The EPR parameters for the low-pH form are= 2.007,g,

= 1.974,93 = 1.968 andA; = 56.7 x 1074, A, = 25.0 x 1074, A3 = 16.7 x 104 cmL. The EPR parameters
for the high-pH form arey; = 1.990,0> = 1.966,9s = 1.954 andA; = 54.4 x 1074, A, = 21.0x 1074, Az =
11.3x 104 cmL. These are the first determinations of the compl&(f®-°Mo) hyperfine components for an
enzyme that possesses an [{@,]2" core in its fully oxidized state.

Introduction

Pterin-containing molybdoenzymes (e.g. sulfite oxidase, xan-
thine oxidase, nitrate reductase) catalyze a variety of two-
electron reactions involving net transfer of an oxygen atom
between substrate and wateP. These enzymes are proposed
to possess a common molybdenum cofactor (Mo-co) in which
the molybdenum atom is coordinated by the two sulfur atoms
from the cis-enedithiolate function of the novel 6-substituted
pterin (molybdopteriny, as shown in Figure la. Theis-
dithiolate coordination of molybdopterin was first confirmed
by the X-ray crystal structure of the tungsten-containing enzyme
aldehyde ferredoxin oxidoreductase (AOR) frétgrococcus
furiosus which containgwo molybdopterin ligands per tungsten
atom! More recently, crystallographic results became available
for two molybdenum-containing enzymes. Aldehyde oxi-
doreductase fronDesulfaibrio gigas possesses single mo-
lybdopterin cytosine dinucleotide per molybdenum afom,
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Figure 1. (a) Molybdopterin complex originally proposed from
degradative studie€s,showing the enedithiolate coordination of a
molybdenum atom. (b) Molybdopterin coordination found in enzymes,
showing the tricylic structure involving a pyran linkage at C7. In some
enzymes the phosphate group is replaced by a dinucleotide. Aldehyde
oxidoreductase frorD. gigashas one molybdopterin cytosine dinucle-
otide per molybdenurf;DMSO reductase has two molybdopterin
guanine dinucleotides coordinated to one molybdenum &tom.

whereas dimethyl sulfoxide (DMSO) reductase fréthodo-
bacter sphaeroidelsastwo molybdopterin guanine dinucleotide
units per molybdenum atofh.In all of these enzyme structures,
the molybdopterin unit adopts a tricyclic structure with a pyran

S0020-1669(96)00527-7 CCC: $12.00 © 1996 American Chemical Society



4874 Inorganic Chemistry, Vol. 35, No. 17, 1996 Dhawan and Enemark

‘ The EPR spectra of the high- and low-pH forms of sulfite
oxidase have been reinvestigated isCDin order to eliminate
O N o) the strong hyperfine splitting from the exchangeable proton of
N \ H ns the coordinated OH groud-1* These experiments have
Mo ) enabled all thre&(®>-*Mo) hyperfine splittings for these forms
N-——N / s of sulfite oxidase to be determined for the first time by spectral
H/B\/O simulation of thenatural-mixed-isotopespectra. These EPR
/ parameters for the molybdenum center of sulfite oxidase, whose
\ /N structure is unknown, are compared to the parameters of well-
N characterized model complexes with two, three, and four sulfur
Q donor atoms and to the available EPR parameters of aldehyde

oxidoreductase frorm. gigas'® which was recently shown by
X-ray crystallography to have two sulfur atoms coordinated to
Figure 2. Stereochemistry of the [LM{D]?* complexes (L= the molybdenum atorf. A preliminary account of portions of
hydrotris(3,5-dimethyl-+pyrazolyl)borate). SS represents the various  this work has appearéd.
bidentate sulfur donor ligands.

. . , Experimental Section
linkage at C7 (Figure 1b) rather than the open-chain structure

(Figure 1a) originally deduced from degradative studies by Solvents were purified by distillation as follows: acetonitrile from
Rajagopalan and co-workefs. calcium hydride; chloroform from anhydrous calcium chloride; toluene
The presence of two coordinated sulfur atoms in aldehyde from sodium. Anhydrou$l,N-dimethylformamide was obtained from
oxidoreductase fronD. giga$ compared to four coordinated Aldrich Chemical Co. and used as received. Deuterium oxide (99.9%)

. . was from Cambridge Isotope Laboratories; buffers and reagents were
sulfur atoms in DMSO reductase frof sphaeroidésrenews obtained from Sigma and used as received.

interest in determining the total number of sulfur atoms — appreviations. L = hydrotris(3,5-dimethyl-1-pyrazolyl) borate; bt
coordinated to the molybdenum atom at the active sites of other = 1 2_penzenedithiolate: edt ethanedithiolate.

pterin-containing molybdoenzymes. For sulfite oxidase, EXAFS  Syntheses. The syntheses of LMoO(bdt)l), LMoO(edt) @),
studied®1at the Mo K-edge and EPR studié&of the transient LMoO{S(CHy)sS} (3), and LMod S(CH,)4S} (4) followed previous
molybdenum(V) states that appear during enzyme turnover methods!?? The cationic Mo(V) complexes [LM&O(S;CNEL)]* (5)
support an oxe-molybdenum active site with at least two sulfur ~and [LMo'O{S;P(OEt}}]* (6) were generated in solution by one-
donor atoms and a coordinated OH group. The EPR parameterglectron electrochemical oxidation of LM®(S,CNEt)* and LMd"O-
of molybdenum centers are sensitive to the number of coordi- { S2°(OEt} * respectively, and [PRJiMoO(edt)] (7) was synthesized
nated sulfur atoms, and extensive model studies have been dongy literature method:

. Sulfite Oxidase. Chicken liver sulfite oxidase (SO) was purified
.15 .
to mimic _the molybdenum(V) Stat_es of enzynféé.® Unfor by the method of Sullivaret al;?® the enzyme used for the EPR
Funate_ly, in most.of the model studies complete EPR parameters,exloeriment showed a heme to protein absorbance ratig/Avs) of
including the anisotropi&\(®>°Mo) hyperfine splittings, have g1

not been determined by spectral simulation. One exception is EpR Measurements. Samples ofl—4 were prepared as 1 mM

the series of elegant studies by Wedd and co-wotRefson solutions in toluene. Cationic complexes gnd 6) were generated
isotopically labeled model oxemolybdenum(V) complexes that  electrochemically in acetonitrile solution and immediately subjected
mimic the EPR parameters of xanthine oxidase. to EPR measurements. Fora 3/1 acetonitrile/DMF mixture was used.

Here we report the first structurally characterized moneoxo The low-pH form of SO was generated by the following method.
molybdenum(V) complex that possessesiagle dithiolene A 0.1 M Tris—DCl buffer, pD= 7.0, containing 1 mM EDTA, was
ligand, theminimum structural featuréor the Mo(V) state of ~ Prepared by adjusting the pD of a 0.1 M FABCI solution with 2 0.1
a pterin-containing molybdenum enzyme. In addition, we have ™M solution of Tris base in BD. The pD value was arrived at by adding

. . . . 0.4 pH unit to the pH reading obtained with a glass electrode (Sigma,
carried out detal.led EPR studies Of.Other .membefs ofa Seriesg 4878, calomelj’?¢ A sample of SO was prepared for EPR analysis
of well-characterized neutral and cationic six-coordinated-oxo . repeatediy diluting 1@L of stock SO with 1 mL of the Tris DCI
molybdenum(V) complexes that possess a single bidentate sulfuryffer and then reconcentrating the sample using a Centricon 30
donor ligand and which exhibit a range of chelate ring sizes (Amicon) ultrafiltration device to approximately 0.1 mM in SO. The
possessing saturated and unsaturated ligand skeletons (FigureO was reduced immediately before the EPR experiment by adding
2). We have also reinvestigated and simulated the EPR 10 uL of 0.106 M NaSQ; in D;O to 100xL of SO solution. The
parameters of [MoO(edf), in which four sulfur atoms are reduced SO was frozen in liquid nitrogen 2 min after addition of sulfite.
coordinated to the molybdenum center, as found in the X-ray
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A similar method was followed to prepare the sample for the high-pH
form of SO, except that Bis-Tris propane was used to prepare the
solutions at pH 9.5. The pH of the buffer was adjusted using 6 M
HCI.

EPR spectra were obtained at room temperature and at 77 K on a

Bruker ESP 300E spectrometer operating at X-band (ca. 9.1 GHz).

Frequencies were measured with a Systron Donner-6530 frequency

counter.

Analysis of EPR Spectra. The frozen-solution EPR spectra were
simulated with a modified version of the program QPOW developed
by Prof. R. L. Belford and co-workef8:3° Computations were
performed on CONVEX C210 and IBM RISC 6000-590 computers in
the Center for Computing and Information Technology (CCIT) and
the Department of Chemistry at the University of Arizona. The spectral
simulations were achieved by using the spin Hamiltonian of eq 1, where

H = BH(@,S + gnyI +0,8) + AxSiix + ASy + AST,
1)

all symbols have their usual meanings. Anisotrapicalues and the
approximate line widthd (= 0 component) were first directly obtained
from the frozen-solution EPR spectra and then simulatee- (0
component only) to obtain the best visual fit. Both the anisotrgpic
values and line widths were varied until satisfactory fits of the spectra
were obtained. Preliminar(®>°Mo) values were obtained from the
frozen-solution spectra when possible. In most cases, only two of the
principal A values could be measured, so the third was approximated
by the relationfAd= (Axx + Avy + Azz)/3 wherelAlis the isotropic
%9Mo hyperfine value observed at room temperature. Where possible,
the approximate line widths of th&(°>°Mo) hyperfine splittings were
measured from the experimental spectrum. The anisot&@i¢™o)
components were then simulated separately £/, component only)
until the best fit was observed for these features of the spectrum. The
anisotropiag values were kept fixed at the values previously determined
for thel = 0 component. In the simulation of the= %/, contributions,

the three anisotropi&(®*>*Mo) components and the line widths were
first varied to obtain a reasonable fit. Low-symmetry exnolybde-
num(V) complexes may have noncoincidgrandA(°*>°Mo) tensors;

the three Euler anglesy( 3, andy) transform theA(°>°Mo) tensor

into the g-tensor axis system (in the case @f symmetry onlyg is
needed). In addition t8(°*>°Mo) values and line widths, Euler angles
were varied until the best fit was observed. About-60 simulation
trials were required to achieve a satisfactory fit for each spectrum.
Finally, each simulated spectruth= 0 andl = %, components) was
integrated separately and the contributions from Ithe %, (°>°Mo
isotopes, 25% abundant) ahe- 0 (°2°4%6.9}0 isotopes, 75% abundant)

Inorganic Chemistry, Vol. 35, No. 17, 199@875

Figure 3. ORTEP drawing of LMoO(bdt)X). The atoms are drawn
as 50% probability ellipsoids, and H atom radii have been reduced for

clarity.

Table 1. Summary of Crystal Data for LMoO(bdt},

empirical formula MoZONsC,1BH26

fw 549.36

F(000) 1124

crystal dimens 0.1& 0.12x 0.30 mm
peak width at half-height 0.27

A(Mo Ka) 0.71073 A
temperature 2x1°C

crystal class monoclinic

space group P2:/n

cell params

a=10.727(1) A
b=14.673(2) A
c=15.887(2) A
B =100.317(4
V = 2460(3) B
z=4

calcd density 1.479 g/cm

obsd density 1.482 g/cm

abs. coff.u 6.596 cnrt

no. of reflns. measd, unique 4789, 4339

no. of reflns. included 2708 with? > 2.00(Fo?)
no. of params refined 289

unweighted agreement factor 0.041

weighted agreement factor 0.051

esd in observn of unit weight 1.27

be mutually cis to one another by tHac stereochemistry
imposed by L. The M&O and Mo-N distances agree with
those for related Mo(V) complexé&3® The two Mo-S
distances (Table 3) (2.373(2) A average) are slightly shorter

components were summed, taking into account their natural abundancesthan the average MeS distance (2.382(2) A) in a six-coordinate

The derivative of the composite simulated spectrum was obtained and
compared to the experimental spectrum.

Structure Determination. Crystal data and details of the structure
determinations are given in Table 1. Scattering factors were taken from
Cromer and Wabet, anomalous dispersion effects were included for
all non-hydrogen atoms with the values &f ' and Af"" taken from
Cromer3? and all calculations were performed on a VAX using MolEN
(Enraf-Nonius).

Results and Discussion

Structure of LMoO(bdt). The structure of LMoO(bdt),
determined by single-crystal X-ray diffraction, is shown in

Figure 3. Positional parameters and selected bond distances

and angles are shown in Tables 2 and 3, respectively. The
terminal oxo group and the two sulfur atoms are constrained to

(29) Computer Simulation of Powder Spectra. Belford, R. L.; Nilges, M.
J. EPR Symposium, 21st Rocky Mountain Conference, Denver, CO,
1979.

(30) Nilges, M. J. Ph.D. Dissertation, University of Illinois, Urbana, IL,
1979.

(31) Cromer, D. T.; Waber, J. Tnternational Tables for X-ray Crystal-
lography; Kynoch: Birmingham, England, 1974; Vol. IV, Table 2.2B.

(32) Cromer, D. T.International Tables for X-ray Crystallography
Kynoch: Birmingham, England, 1974; Vol. IV, Table 2.3.1.

oxo—molybdenum(V) complex with similar cis coordination of
the sulfur atom3d! Six-coordinate oxe-molybdenum(V) com-
plexes in which the two sulfur atoms are trans to one another
have Mo-S distances in the range 2.403.462 A1834 |n the
five-coordinate oxe-molybdenum(V) complexes, [MoO(eglt) 2

and [MoO(bdt)] ~,% the average Me S distances are 2.372(3)
and 2.377(3) A, respectively, and in [MoO(SEh) the average
Mo—S distance is 2.403(5) & In general, Me-S distances

in nonchelated thiolates are slightly longer than those for
chelated 1,2-dithiolates or 1,2-arenedithiolates. The—®o
distances obtained from the EXAFS studies of the Mo(V) state
of sulfite oxidase are in the range 2:38.41 A1l

The effective coordination symmetry of the molybdenum
center isCs. The bond angles about the molybdenum atom
deviate significantly from octahedral geometry. The large
S—Mo—0 angles (S+Mo—0 = 101.2(2y and S2-Mo—0O =

(33) Basu, P.; Bruck, M. A;; Li, Z.; Dhawan, I. Knorg. Chem1995 34,
405-407.

(34) Yamanouchi, K.; Enemark, J. Hhorg. Chem1979 18, 1626-1633.

(35) Boyde, S.; Ellis, S. R.; Garner, C. D.; Clegg, WChem. Soc., Chem.
Commun.1986 1541-1543.

(36) Bradbury, J. R.; Mackay, M. F.; Wedd, A. @ust. J. Chem1978§
31, 2423.
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Table 2. Positional Parameters and Their Estimated Standard

Deviations for LMoO(bdt),1 a

atom X y z B (A2

Mo 0.03425(4)  0.21906(3) —0.12742(3) 3.182(8)

S5 0.2330(1) 0.2298(1) —0.1718(1)  4.66(4)

s2 0.0193(1) 0.37845(9) —0.15479(9) 3.88(3)

o 0.0787(4) 0.2188(3) —0.0206(2)  4.75(9)

N1l  —0.1651(4) 0.2091(3) —0.1169(3)  3.64(9)

N12  —0.2430(4) 0.1430(3) —0.1603(3)  3.5(1)

N21 0.0289(4) 0.0709(3) —0.1353(3)  3.33(9)

N22  —0.0782(4) 0.0260(3) —0.1752(3)  3.10(9)

N3l  —0.0578(4) 0.1996(3) —0.2736(3)  3.16(9)

N32  —0.1536(4) 0.1362(3) —0.2938(2)  3.10(9) : : : .
C1 0.2696(5) 0.3466(4) —0.1625(3) 3.9(1) 3100 3200 3300 3400 3500 3600
c2 0.1770(5) 0.4115(3) —0.1556(3)  3.5(1) .

c3 0.2094(6) 05032(4) —0.1512(4)  5.2(1) Field, G

ca 0.3313(6) 0.5294(4) —0.1532(4)  6.5(2)

cs 0.4236(6) 0.4664(5) —0.1574(4)  6.7(2) 5

cé 0.3925(6) 0.3758(4) —0.1638(4)  5.3(2)

C13  —0.3566(5) 0.1453(4) —0.1353(4)  4.3(1)
Cl4  —0.3515(6) 0.2139(4) —0.0759(4)  4.9(1)
Cl15  —0.2341(6) 0.2517(4) —0.0648(3)  4.3(1)
C16  —0.1817(6) 0.3246(4) —0.0052(4)  6.0(2)
C17  —0.4620(5) 0.0836(5) —0.1692(5)  7.1(2)
C23 —0.0651(5) —0.0639(3) —0.1587(3)  3.7(1)
c24 0.0517(5) —0.0759(4) —0.1090(4)  4.7(1)

C25 0.1082(5) 0.0081(4) —0.0949(4)  4.1(1)

C26 0.2333(5) 0.0302(4) —0.0423(4)  5.9(2)

C27 —0.1628(6) —0.1331(4) —0.1932(4) 5.7(2)

C33  —0.1984(5) 0.1374(4) —0.3782(3)  3.8(1) - ‘ .
C34  —0.1328(5) 0.2019(4) —0.4134(3)  4.1(1)

C35 —0.0457(5) 0.2390(4) —0.3484(3)  3.6(1) 2800 3000 32;9 1d (3}400 3600 3800
C36 0.0475(6) 0.3116(4) —-0.3572(4)  5.2(2) 1eld,

C37  —0.3032(6) 0.0789(4) —0.4199(4)  6.4(2)

B —0.1926(6) 0.0790(4) —0.2230(4)  3.4(1) c

@ Anisotropically refined atoms are given in the form of the isotropic
equivalent displacement parameter defined as @B{{,1) + b*B(2,2)
+ ¢2B(3,3) + ab(cosy)B(1,2) + ac(cosf)B(1,3) + bc(cosa)B(2,3)].

Table 3. Selected Bond Distances (&) and Angles (deg) for
LMoO(bdt), 1

Mo—S1 2.368(2) Me-S2 2.379(2)

Mo—0 1.678(4) Me-N11 2.179(5)

Mo—N21 2.178(4) Me-N31 2.372(4)

S1-C1 1.758(6) S2C2 1.762(6) - T - T T T -

N11-N12 1.382(6) N12-B 1.536(7) 2800 3000 3200 3400 3600 3800

N21-N22 1.377(6) N22-B 1.535(7) Field. G

N31-N32 1.380(6) N32B 1.520(7) »

Figure 4. (a) EPR spectra of LMoO(bdt{l): experimental frozen-

S1-Mo-S2 85.12(6) StMo-O 101.2(2) solution X-band spectrum (top) and simulated spectrum=(0
S1-Mo—N11 167.3(1) STMo-N21 93.7(1) component only, bottom). (b) EPR spectra of LMoO(bdi) (experi-
S;:mg:g:gl 1%328 '\Sﬂglv’?f—l;l'llfz 132851383 mental frozen-solution X-band spectrum (top) and simulated spectrum
S2-Mo—N21 166' 1(1) S2Mo—N31 86-4(1) (I = %, component only, bottom). (c) EPR spectra of LMoO(bdi) (
O—Mo—N11 91.6(2) O-Mo—N21 93'1(2) e_xperimental frozen-solution X-band spectrum (top) and composite
O—Mo—N31 169.2(2)  N1:Mo-N21  855(2) simulated spectrum (bottom).
N11-Mo—N31 79.9(2) N2+Mo—N31 79.7(2) o o
Mo—S1-C1 103.9(2) Mo-S2—C2 103.8(2) an aromatic ring (3.7 AY? A similar phenomenon was observed
Mo—N21—-N22 121.0(3) N12B—N22 109.4(4) for LMoO(catCl).33
N12—B—N32 108.6(5) N22-B—N32 110.2(5) EPR Spectra of Model Complexes.The EPR spectrum of

Mo—N11-N12 121.5(3) LMoVO(bdt) (1) exhibits a rhombiay tensor and an unusual

A(°>9Mo) matrix that consists of two large componems &

100.7(1}) can be explained by nonbonded repulsions between As) at the extremes of the spectrum and one small component
the filled pr orbitals on sulfur and the-electron density in the ~ in the center, as shown in Figure 4 and Table 4. The point
Mo=0 bond3* The molybdenum atom is not in the plane of 90UP symmetry of a metal complex determines which metal d
the benzenedithiolate ligand. The angle between the plane Molor.b|tals are allowed to |ntelrm!x. Such intermixing will deter-
S1, S2 and the plane containing S1, S2, C1, C2 is 2r.3(1) Mine whether or not the principal axes of thandA(*>*Mo)
This deformation is probably due to nonbonded interaction tens_ors co!nC|de: Complexes with no Sy”_‘me”y elemei (
betw the C36 methvl aroun and atoms C1 and C2 of the or with an inversion centex}) are not required to have any of

eween e vl group ; the principal g and A(®>°Mo) axes coincident, whereas
benzenedithiolate group. The contact distances between-C36 '
and C36--C1 are 3.57 and 3.58 A, respectively, less than the (37) payling, L.The Nature of the Chemical Bon@omell University
estimated van der Waals contact between a methyl group and  Press: Ithaca, NY, 1960; p 260.
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Table 4. Data for Oxe-Molybdenum(V) Complexes with Sulfur Donor Ligands—<8)

ol O O3 g0 AgP AC A As A0 ot B y ref
LMoO(bdt), 1 2.004 1.972 1.934 1.971 0.070 50.0 11.4 497 037. 0 0 0 k
LMoO(edt),2 2.018 1.970 1.939 1.975 0.079 54.6 3.3 455 534. 0 0 0 k
LMoO{S(CH,)sS}, 3 2.017 1.950 1.925 1.965 0.092 53.2 15.3 46.4 38.3 0 0 16k
LMoO{S(CH,)4S}, 4 2.022 1.960 1.932 1.971 0.090 52.8 15.5 435 37.2 18 35 0k
[LMoO(S,CNE®)]*, 5 1.980 1.970 1.954 1.968 0.026 64.3 30.0 13.4 35.9 0 36 Ok
[LMOO{S,P(OEt}}]*,6 1.980  1.965 1.953  1.966 0.027 f i f 376 f f f k
[MoO(edty]~, 7 2.052 1.983 1.979 2.004 0.073 49.4 18.7 207 829. 0 0 0 k
[MoO(SPh)], 8 2.01% 1.979 1.979 1.990 0.038 52i6 23.0 23.0 31.5 0 0 0 36

a Errors+0.001.P Anisotropy @max — Omin). ¢ A(®>*Mo), x10~* cm™Y). Errors+1 x 104 cm* ¢ @, 8, andy are Euler angles (deg) is the
angle of rotation about theaxis, 8 is that about the new axis, andy is that about the new axis. Errors£2°. ¢ [Ap[l= 66.1 x 107* cm* and
Ap1 = Apy = Apz = 66.1x 10* cm™L f Could not be determined (see tex®)g;. " go. ' Ai. | Aa. ¥ This work.

complexes withC,, Cs, or Cx, point group symmetry are required
to have one of the principalandA(°*>*Mo) axes coinciderf—40
In the case of oxemolybdenum(V) complexes of the type
LMoOX3, which closely approximat€s symmetry, an Euler
angle 3 (30—40°) for the rotation of theg- and A(°>°Mo)-
tensor elements has typically been obserffedAn unusual
feature ofl is that theg andA tensors are nearly coincident in
this low-symmetry Cs) complex, where such coincidence
between principaf and A(°>°Mo) tensors is not required.

In general, the EPR parameters of compleked are quite
similar (Table 4). Theg values vary little within this group,
and all four exhibit a similar pattern @&(°>°Mo) values, two

large components on the wings of the spectrum and one small
component in the center. The slight differences in the EPR

3000 3100 3200 3300 3400 3500 3600 3700
Field, G

parameters of these complexes can be attributed to the slightrigure 5. EPR spectra of [LMo@S,P(OEt)}]* (6): experimental
changes in their structures due to the variation in the bidentatefrozen-solution X-band spectrum (top) and simulated spectiumQ
sulfur chelate ligand. The possibility of ruffled conformations component only, bottom).

in the larger chelate rings of the bidentate sulfur ligand8 of
and4 may lower the symmetry of these species frGgto C;
and thereby account for the increased rhombicity of tgeind
A(®>9Mo) components compared to those foand2. Lower

corresponding\; andA; values for neutral complexds-4, but
Az is significantly smaller than thas values ofl—4. Although
the anisotropic gand A(®>Mo) components ob are different

symmetry may also lead to more than one noncoincidence anglefrom those ofl—4, theisotropic gandA(®>°Mo) values of all

betweeng and A(®>°Mo) tensors, as evident from the Euler
angles of4. However, the general similarity of the EPR
parameters ofl—4 indicates that it is sulfur ligation of the

five compounds are similar. This similarity of the isotrogic
andA(®>*Mo) values among all five compounds indicates that
[g0and [AOdepend upon the number of sulfur donors and not

molybdenyl group rather than the nature of the chelate skeletontheir charge. Theg and A(®>°Mo) tensors of5 are not

that is the primary factor dictating their EPR parameters.
The cationic complexes [LM@®(SCNEb)]* (5) and [LMo'O-

coincident (Table 4).
The frozen-solution EPR spectrum of [LMO{ S,P(OEt}} |+

{S:P(OEtp}]* (6) were electrochemically generated by one- (6) is shown in Figure 5. The isotropig, A(®>°Mo), and

electron oxidation of the structurally characterized [L'K(S-
CNEB)]2 and [LMdVO{ S;P(OEt}}]%* complexes. The dithio-

anisotropicg values of6 are identical to those d (Table 4).
An unusual feature of the EPR spectrunta$ the large ligand

carbamate and dithiophosphate ligands form four-memberedsuperhyperfine splitting (66.% 104 cm™1) due to coupling

delocalized chelates in cationic comple%end6, respectively,

with the 31P (| = 1/,) nucleus of the chelate ring. Thi(31P)

which should possess electronic properties different from those splitting is almost twice as large as the isotrogi®>°Mo)

of the dithiolate ligands of neutral complex&s4.

Cationic [LMoVO(SCNER)]™ (5) exhibits a rhombic EPR
spectrum, and the anisotrogi@ndA(*>9Mo) values are shown
in Table 4. The principad values andA(®>°"Mo) components
and the pattern of(°>°Mo) values are significantly different
from those of the neutral complexés-4. Theg; component
of 5is smaller than those it—4 and less than the free-electron
value @e = 2.0023);g, for 5 is similar tog, in complexesl—4,
but the g3 component in5 is larger than those for neutral
complexes. Thus5 exhibits less rhombig values than the
neutral complexei—4. The A(°*>°Mo) components fob are
also different; A; and A, exhibit larger values than the

(38) Collison, D.; Mabbs, F. E.; Enemark, J. H.; Cleland, W. E., Jr.

Polyhedron1986 5, 423-425.

(39) Collison, D.; Eardley, D. R.; Mabbs, F. E.; Rigby, K.; Bruck, M. A;
Enemark, J. H.; Wexler, P. Al. Chem. Soc., Dalton Tran§994
1003-1011.

(40) Collison, D.; Eardley, D. R.; Mabbs, F. E.; Rigby, K.; Enemark, J. H.

Polyhedron1989 8, 1833-1834.

hyperfine splitting.

The EPR spectral simulation program used in this study
(QPOW) treats ligands as a perturbatioe;, ligand superhy-
perfine splittings are assumed to be small compared to metal
hyperfine splitting. Complete EPR parameters (anisotropic
A(®>*Mo) hyperfine splittings) of6 could not be simulated
because isotropia(31P) > A(®>9Mo) splitting. However, the
anisotropicg and A(3'P) can be simulated from the features of
the EPR spectrum arising from the molecules with molybdenum
atoms withl = 0 nuclei by assuming that the unpaired electron
is localized on théP atom. The frozen-solution EPR spectrum
at 77 K (Figure 5) shows isotropi&(3'P) hyperfine splitting
(see footnote of Table 4) that is significantly larger than the
isotropic A(31P) splitting of 50 G previously observed for the
related vanadyl dithiophosphate comgfexand which was
assigned to a interaction between the unpaired electron in

(41) Miller, G. A.; McClung, R. E. DInorg. Chem1973 12, 2552-2561.
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the de—y orbital and appropriate linear combinations of the Coordinate system for LMoOX, Compounds
two P—S o-bonding orbitals.

Garner and co-workers have reported the synthesis, structure,
and EPR spectrum of [MoO(ed}) (7),2° but the anisotropic
A(%>9Mo) values of this important model compound were not

0]
reported. We have reinvestigated the nearly axial EPR spectrum e X
of 7 and determined all the EPR parameters by simulation for —) X
X

/4

the first time. The anisotropig and A(°>°Mo) parameters of
7 are shown in Table 4.

Analysis of the EPR Spectra. The magnitudes of theg-
and the A-tensor elements depend upon the orbital wave Energy, eV LMoO(SCH,CH,S)
functions and on the relative energies of the ground and excited
states’? The detailed form of the wave functions depends upon
the point symmetry of the compound. The mixing of the metal
d orbitals has been derived previod@for six-coordinate 18—  do— <:> a
complexes of the type shown in Figure 2 that have two cis sulfur
atoms and approximat€s symmetry. With the moleculaz d
axis parallel to the MerO bond and the axis perpendicular
to the mirror plane, the lobes of the singly occupige-¢ orbital 15 —
lie between the atoms in the,8 plane normal to the M&O <
bond (Figure 6). The permitted d-orbital mixing within this i
metal-based d-orbital scheme and the relationships between the dxz — % a
d-orbital mixing and theg- andA-tensor elements are explained dyz — X a"
elsewheré?43 Theg-tensor elements depend upon the energies
and d-orbital composition of the electronic excited states. For
compoundsl—4, these excited state energies cannot be unam-
biguously determined experimentally because of the presence
of overlapping low-lying sulfur to molybdenum charge transfer 1
bands** These low-lying charge transfer states and sjpirbit ey ﬂ.
coupling of the sulfur atoms of the bidentate ligatfdsan ;
account for one of the; values being greater than the free-
electron valuede = 2.0023) for complexed—4 according to

eq 24747 In eq 2, each summation is over all appropriate -3 Sx g
£ al
CMOF CMOG
g = 2.0023— + (2) ]
z AEy 4 z AE, 6

Figure 6. Partial molecular orbital diagram for LMoO(SGEH.S) *
ited is the sinale-el irorbi i The coordinate system is that defined previously for the analysis of
excited states{uo is the single-electron spirorbit coupling EPR spectra iilts symmetry*® The relationship between the coordinate

constant for an electron in a metal d orbitalandG are terms  systems of refs 43 and 44 are shown in Figure 13 of ref 44. Related

that depend on the composition of the molecular orbitals in the model complexes with other chelating sulfur ligands (see text) show a

ground and excited states and ligand sgonbit coupling similar patterrf®s0

contributions AE4—4 is the d—d transition energy, andEcr is

t_he energy associa.ted with a single-electron excitation from a center of formate dehydrogenase fr@ostridium thermoace-

filled molecular orbital of mainly ligand character to the half- ticumhave quantitatively demonstrated how a low-lying charge

filled metal d orbital of the ground state. The spiorbit transfer state can lead tpvalues greater than 2.0028.

pproximated by a smple lgand field approdélt The values _ e ACS#MO) hyperfine spittings of complexes 4 are

pp y pe lig pp .- similar in magnitude and exhibit a similar pattern. The principal
of the AE4—q andAEct terms for complexe$—4in eq 2 cannot 95.9 . .
A . : X A(®>9Mo)-tensor elements are mainly determined by the

be unambiguously determined experimentally because it has o 184243 .

been shown by MCD spectroscopy that theddbands are comppsn[on of th.e ground state:= The rela.tn(ely small
variation in the principaA(®>°Mo) hyperfine splitting values

overlapped by the low-lying charge transfer baftdsTerm G B :
also contains contributions from the sulfur sporbit coupling amongl—4 suggests that the ground states are not very different
for these complexes. These results are supported by the

constant (374 cmt). For complexed—4, comparable contri- Fenske Hall calculati hich dict simil d stat
butions from the two terms of opposite sign in eq 2 could result enske-Hall calculations which pre '24 4sé|m| ar ground state
electronic structures for complexés-4.44

in g1 = Qe (2.0023). Ligand field calculations on the W(V)
The cationic complexeS and 6 exhibit g; < ge, but g; is

(42) Mabbs, F. E.; Collison, DElectron Paramagnetic Resonance of d  Still larger than those for other oxanolybdenum(V) complexes

Transition Metal CompoundsElsevier Science Publishers B. V.: without sulfur donor Iigand§1.122’33 Fenske-Hall molecular
Amsterdam, 1992. . . . . .
(43) Young, C. G.; Enemark, J. H.; Collison, D.; Mabbs, Firrg. Chem. orbital calculations predict similar electronic ground state

1987, 26, 2925-2927. functions for the neutrall—4) and cationic § and 6) com-
(44) Carducci, M. D.; Brown, C.; Solomon, E. |.; Enemark, J.JHAm.
Chem. Soc1994 116,11856-11868.

(45) Glarum, S. HJ. Chem. Phys1966 41, 1125. (48) Deaton, J. C.; Solomon, E. I.; Watt, G. D.; Wetherbee, P. J.; Durfor,
(46) Garner, C. D.; Hiller, I. H.; Mabbs, F. E.; Taylor, C.; Guest, MJF. C. N. Biochem. Biophys. Res. Commu887, 149, 424—430.
Chem. Soc., Dalton Tran4976 2258. (49) Carducci, M. D. Ph.D. Dissertation, University of Arizona, Tucson,

(47) Garner, C. D.; Mabbs, F. B. Inorg. Nucl. Chem1979 41, 1125. AZ, 1994.
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plexes®® However, such calculations do not give sufficiently
accurate excited state energies to reliably calcujatealues.

Inorganic Chemistry, Vol. 35, No. 17, 199@879

awaits single-crystal EPR studies on low-symmetry -6xo
molybdenum(V) complexe$—4.

In the absence of experimental data for these excited state General Summary of Model Compound Spectra. Com-

energies fob and6, a more quantitative analysis of their EPR

parison of the EPR parameters of compleke$, which have

data is not possible. There are several factors that could changewo sulfur atoms in a chelating ligand, with the parameters of

the anisotropicg values for cationic complexe§ and 6.

complex 7, which has four sulfur atoms from two chelating

Considerable mixing of the d orbitals in the excited states, as ligands, shows the typical inverse correlation between the

evident from the Euler anglg, will rotate g; (g, vide infra)
andgs (gy; vide infra) away from thez andx axes, respectively.
This rotation about the molecular y axiSs(symmetry) can give
significantly differentg; andgs for 5 and6 because the orbital
mixing may be different from the corresponding neutral
complexesl—4. However,g (gy; vide infra) and A, must
remain coincident with the moleculgraxis in Cs symmetry.
Comparison of thg values for the neutrall-4) and cationic
complexes %, 6) in Table 4 shows thag; and gs do show
somewhat larger differences than dges The small bite angle

isotropic spin-Hamiltonian parametetgdand [AC>21 The
isotropic g values increase and isotropi(®>*Mo) values
decrease with increasing number of coordinated sulfur atoms.
Comparison of the individual-tensor components shows that
all of the individualg components of the two-sulfur chelate
complexes are somewhat smaller than those of the four-sulfur
chelate complex?, with the g3 values showing the greatest
difference. The anisotropig values of complex are similar

to those reported for [MoO(mni) (mntZ~ = 1,2-dicyanoeth-
ylenedithiolate), where the molybdenum atom is coordinated

and electron delocalization in the four-membered chelate ringsto two dithiolene moieties through four sulfur atofis.Pre-

of 5 and6 will also affect the extent of overlap of the sulfar
orbitals with the molybdenum,crbitals and thereby affect the
anisotropicg values.

The pattern of anisotropi&(°>°Mo) values observed for
cationic comple)s is significantly different from those of the
neutral complexe$—4. TheA; value of5is the largest among
all of the complexes observed in this study, andAh@nd Az

liminary EPR studies on other four-sulfur complexes [MoO-
(bdt)]~ and [MoO(SCy(COOMe});]~ show anisotropicg
values are also very similar to those of compX->> The
general similarities of the anisotrogiozalues among four-sulfur
complexes is further evidence that these EPR parameters are
primarily determined by the number of sulfur donor atoms
coordinated to the oxomolybdenum center and are nearly

values are larger and smaller, respectively, than the correspondindependent of the substituents and degree of unsaturation of

ing A values of the neutral complexds-4. The observed
differences in the anisotropi&(®>Mo) values between cationic
complex5 and the neutral complexds-4 may reflect slightly
different ground state electronic structures for the neufral (
4) and cationic b, 6) complexes. FenskeHall calculations
predict that the electronic ground state$a@id6 contain about
3% d,, orbital (Figure 6) character in addition teeet? (75%);
no significant contribution from,dis predicted for the ground
states ofl—4.50

EPR Spectral Assignments. The EPR spectrum of [MoO-
(edty]~ (7) exhibits nearly axiab and A(®>°Mo) values with
01> g2~ gzandA; > A, =~ A;. The g, value of 7 is the
largest for all the complexes investigated in this study (Table
4). The geometry of is square pyramidal with the four sulfur
atoms of the two chelating edt ligands occupying the basal
positions?® the effective coordination symmetry at the molyb-
denum center is nearlg,,. In high-symmetrypxo—molybde-
num(V) complexes, the multiply bonded oxo ligand dominates

the ligand skeleton.

Comparison of the anisotrop(®>9Mo) parameters of two-
sulfur chelate complexe$—5 with those of the four-sulfur
chelate complex shows that two-sulfur chelate complexes5
exhibit rhombicA(®>*Mo) hyperfine splitting, whereas the four-
sulfur chelate complex’ possesses nearly axi@l(°>°Mo)
hyperfine splitting. In the absence of simulated anisotropic
A(®>Mo) data for additional four-sulfur chelate complexes,
further comparisons of the anisotrophf®>°Mo) hyperfine
splitting patterns of two-sulfur and four-sulfur chelate complexes
are unwarranted.

EPR Spectra of Sulfite Oxidase. The EPR spectra of sulfite
oxidase have been extensively studied by several workers under
a variety of conditions over the last 25 ye&#27 but complete
anisotropicA(®>*Mo) hyperfine splittings were not known prior
to this study. Determination of thé\(°>%Mo) hyperfine
splittings is complicated by the presence of the large signal from
the molybdenum centers with no nuclear spin (7580) and

the ligand field, and as shown by previous workers, the largest by the large'H hyperfine splitting in water. We reinvestigated

anisotropicg component and the correspondiAgcomponent
are directed approximately parallel to the #0 bond direc-
tion51:52 Similar criteria have been used by Collisenal. to
select between two alternative relationships ofglaadA tensor
and molecular geometry in the analysis of single-crystal EPR
data onlow-symmetryL MoEX; (E = O, S; X = CI, NCS)
complexes?® Adopting the same criterion fat and noting the
similarity of the g1 and Ay values of this four-sulfur chelate
complex {) to those of the neutral two-sulfur chelate complexes
(1—4) leads to the following tentative assignments for the EPR
spectra ofl—4: (1) gi1 is g; andA; is A, and these elements
will be aligned close to the MeO bond; (2) theg, and A,
components can be assignedgagnd Ay, respectively, due to
the approximateCs symmetry; (3) this leavegs and A; as gy
andA,, respectively. The validity of these tentative assignments

(50) Dhawan, I. K. Ph.D. Dissertation, University of Arizona, Tucson, AZ,
1995.

(51) Garner, C. D.; Lambert, P.; Mabbs, F. E.; King, TJJChem. Soc.,
Dalton Trans.1977, 1191-1198.

(52) Nilges, M. J.; Belford, R. LJ. Magn. Resonl979 35, 259.

the low- and high-pH forms of sulfite oxidase in® in order

to eliminate the splitting from exchangeable protons and made
use of our previous experience with model compounds to
simulate theA(®>9Mo) hyperfine contributions to the naturally
occurring mixed-isotope spectra.

The EPR spectrum of the low-pH form of sulfite oxidase
(Figure 7) and the anisotropgcand A(®>°Mo) parameters are
shown in Table 5. The EPR spectrum exhibits slightly rhombic
g values withg; > ge, and the anisotropi&(°*>°Mo) values
are also slightly rhombic in nature withy > A, ~ As.
Experimental determination da§jCJand [(AClis not possible due
to the slow tumbling rate of sulfite oxidase in solution; therefore
[gCand[ADwere obtained by averaging the respective anisotropic
g andA(®>%Mo) components. The EPR spectrum of the low-
pH form of sulfite oxidase observed in this study agrees with
that originally reported’ and the anisotropig values are

(53) Das, S. K.; Chaudhury, P. K.; Biswas, D.; SarkarJSAm. Chem.
Soc.1994 116,9061-9070.

(54) Oku, H.; Nakamura, A.; Johnson, M. K. Private communication.

(55) Oku, H.; Ueyama, N.; Nakamura, £hem. Lett1995 621-622.
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Figure 7. (a) EPR spectra of the low-pH form of the sulfite oxidase:
experimental frozen-solution X-band spectrum (top) and simulated
spectrum = 0 component only, bottom). (b) EPR spectra of the low-
pH form of the sulfite oxidase: experimental frozen-solution X-band
spectrum (top) and simulated spectrui=¢ %, component only,
bottom). (c) EPR spectra of the low-pH form of the sulfite oxidase:
experimental frozen-solution X-band spectrum (top) and composite
simulated spectrum (bottom).

consistent with those from other studiés.The anisotropic
A(®>9Mo) values determined here by simulation are quite
different from those originally reported.

The g values for the rhombic EPR spectrum of the high-pH
form of sulfite oxidase (Figure 8, Table 5) also agree with those
reported previously??” The g values are smaller and more
rhombic than the corresponding anisotrogicalues observed
for the low-pH form, but both spectra show similar anisotropy.
Only one component of tha(%>°Mo) tensor has been previ-

(56) Initial EPR studies of sulfite oxidase inO at pD 7.0 showed a nearly
axial spectrum with distincA(®>*Mo) hyperfine splittings. The EPR

parameters were not simulated but taken directly from the observed

spectrum (Figure 12, ref 27) @g = 2.000,g5 = 1.968,A; = 58.3 x
104 cmt andAg = 43.0x 104 cm™L.

Dhawan and Enemark

ously reported” We have determined all three anisotropic
A(®>9Mo) hyperfine constants for the high-pH form of sulfite
oxidase (Table 5) by simulation of the mixed-isotope spectrum.
The A; component found in this study is in close agreement
with the previousA; value?’” The new values foA; and Az
provide additional stringent tests for spectroscopic mimics of
sulfite oxidase.

Comparison of Enzyme and Model Compound EPR
Spectra. The ability to simulate the EPR spectra of systems
possessing the naturally occurring mixture of molybdenum
isotopes makes it possible to compare in defaihd A (%>-°Mo)
tensors for model compounds and the high- and low-pH forms
of sulfite oxidase. The EPR parameters for L\@{bdt) (1),
which possessessngledithiolene ligand as proposed for the
molybdenum(V) state of Mo-co, and LM®(edt) @) (Table
4) reproducey; andg; of the low-pH form of sulfite oxidase,
but thegs values ofl and2 are slightly smaller thags for the
low-pH form of the protein. The values @ (°>°Mo) for 1
and2 are similar to that for the low-pH form of sulfite oxidase,
but the large-small-large pattern of the anisotropk{®>°Mo)
components ofl and 2 is distinctly different from that in the
low-pH form of the protein. Thus, these minimal structural
models for the postulated Mo(V) state of Mo-co which possess
a chelating dithiolate ligand cis to a terminal oxo group do not
satisfactorily reproducall of the EPR parameters of sulfite
oxidase.

The complexes [M&O(edt}y]~ (7) and [Md’O(SPh)]~ (8)
possess approximate square pyramidal geometry with four sulfur
atoms cis to the terminal oxo group. Comparison of the EPR
parameters of and8 (Table 4) to those of the low-pH form of
the sulfite oxidase (Table 5) reveals that fhelvalues and the
individual anisotropi@y components o7 and8 are all slightly
larger than those of the low-pH form of sulfite oxidase.
However, the pattern and magnitudes of the anisotropic
A(®>°Mo) components of and8 more closely match those of
the low-pH form of sulfite oxidase than do the anisotropic
A(®>*Mo) components ofl—4, which have two coordinated
sulfur atoms. TheA(®>°Mo) values for7 and 8 raise the
possibility that there might be four coordinated sulfur atoms in
the low-pH form of sulfite oxidase. This suggestion must be
tempered, however, by the general lack of EPR data for-oxo
molybdenum(V) complexes with three sulfur donor atoms. Hahn
et al5” have described the synthesis of an eto(V) complex
with an SNO ligand system whose frozen-solutignvalues
(1.992, 1.961, 1.953) closely resemble those of the high-pH form
of sulfite oxidase. However, anisotroph¢®>-°Mo) splittings
were not determined, and the proposed structure has not been
verified by X-ray crystallography. Thgvalues of the cationic
two-sulfur chelate complexe$ @nd 6) also mimic those for
the high-pH form of sulfite oxidase. The close similarity of
the g values of5 and 6, which contain nonbiological sulfur
ligands, to those of the high-pH form of sulfite oxidase is a
further caution against deriving active-site structures from EPR
g values alone.

The recent determination of the X-ray structure of the
oxidized form of aldehyde oxidoreductase (AOR) fr@mgigas
shows that the molybdenum atom is five-coordinate with two
sulfur atoms being supplied by the single molybdopterin cytosine
dinucleotide ligand (Figure 115). The crystal structure shows
no other coordinated sulfur atoms, but the obseryadlues
for two different Mo(V) states of thi®. gigasenzyme (Table
5) have been interpreted on the basis of sulfo and desulfo forms
of the enzym® by analogy to these two proposed forms for

(57) Hahn, R.; Kathardt, U.; Scherer, Wnorg. Chim. Actal993 210,
177-182.
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Table 5. EPR Data for Sulfite Oxidase arid. gigasfrom AOR

Inorganic Chemistry, Vol. 35, No. 17, 199@881

ad

02 02 03 g AgP AC A As AQ B y ref
sulfite oxidase (low-pH form) 2.003 1.972 1.965 1.980 0.038 58.9 12
sulfite oxidase (low-pH form) 2.007 1974 1.968 1983 0.039 56.7 250 16.7 32.8 0 18 e
sulfite oxidase (high-pH form) 1.987 1.964 1.953 1.968 0.034 51.0 12
sulfite oxidase (high-pH form) 1.990 1.966 1.954 1.970 0.036 54.4 21.0 11.3 28.9 0 14 22
AOR D. gigasrapid type 2 1.988 1.970 1.964 19

a Errors+0.001.P Anisotropy Qmax — 9min)- ¢ A(®®°Mo0), x 1074 cm L. Errors£1 x 104 cmt ¢ @, 8, andy are Euler angles (deg) is the
angle of rotation about theaxis, 8 is that about the new axis, andy is that about the new axis. Errorst2°. ¢ This work.
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Figure 8. (a) EPR spectra of the high-pH form of the sulfite oxidase:
experimental frozen-solution X-band spectrum (top) and simulated
spectrum = 0 component only, bottom). (b) EPR spectra of the high-
pH form of the sulfite oxidase: experimental frozen-solution X-band
spectrum (top) and simulated spectrum=f 5/, component only,
bottom). (c) EPR spectra of the high-pH form of the sulfite oxidase:
experimental frozen-solution X-band spectrum (top) and composite
simulated spectrum (bottom).

the closely homologous molybdenum site of xanthine oxidase.
The “slow” signal of AOR fromD. gigasis assigned to the
desulfo form of the enzyme. Itg values are very similar to
those of the high-pH form of sulfite oxidase (Table 5). Ndo
hyperfine splittings are available for AOR froB gigas so it

is not known whether thé\(°*®*Mo) hyperfine parameters will
exhibit the same splitting pattern as found here for sulfite
oxidase.

Conclusions

We emphasize that LM@®(bdt) is a minimal structural and
spectroscopic benchmark for the binding of molybdopterin
(Figure 1) to an oxomolybdenum(V) center. The benzenedithi-
olate ligand may be more delocalized than ¢reeenedithiolate
(TSCH=CHS") ligand proposed for molybdopterin. However,
this extensive systematic investigation of well-characterized
model oxomolybdenum(V) compounds shows that the EPR
parameters are primarily governed by the number of sulfur atoms
coordinated to the oxomolybdenum(V) center rather than by
unsaturation in the chelate skeleton. L¥@(bdt) is not a
reactivity model for molybdoenzymes because its six-coordinate
stereochemistry precludes it from participating in a catalytic
cycle of oxygen atom transfer and coupled electrproton
reactions as has been observed for MN(SPh) and related
complexe$8

The successful simulation of tmatural-mixed-isotop&PR
spectra of well-characterized oxonolybdenum complexes
provides more reliabl&(°>*Mo) hyperfine parameters than
directly estimating these parameters from the spectra, which is
usually difficult or impossible to do. Although a wealth of EPR
data has been obtained for low-symmetry exoolybdenum-

(V) complexes over the years, relatively few studies have
determined the anisotropy of th&(°>°Mo) tensor and its
angular relationship to thg tensor. Unambiguously relating
the molecular framework to the EPR parameters requires a
single-crystal EPR study of the paramagnetic molybdenum(V)
complex diluted in a diamagnetic host lattice. Only a few such
studies have been done for low-symmetry exaeolybdenum-

(V) complexesi®42,51

The splitting of the d orbitals in low-symmetry oxo
molybdenum(V) complexes is dominated by the oxo grfup.
The presence of sulfur donor atoms leads to low-energy charge
transfer transitions from the filled sulfur orbitals to the half-
filled Mo d2—y2 orbital* that can give rise to EPR spectra with
0 > Ox Oy andg, > ge (eq 2)#5 47 The general similarity of
the largest anisotropig component and the correspondiAg
component for the neutral two-sulfur complexés-4) and four-
sulfur complex {) to the low-pH form of sulfite oxidase strongly
suggests that all three possess similar electronic structures in
whichg; andA; are directed along the MeO bond. However,
close inspection of the complete EPR parameterd fot and
7 (Table 4) and those of the low-pH form of sulfite oxidase
(Table 5) shows that the enzyme EPR parameters are intermedi-
ate between those of the well-characterized two-sulfur and four-
sulfur systems. These differences point out the need for the
synthesis and structural and spectroscopic characterization of
model complexes with three thiolate ligands.

(58) Xiao, Z.; Young, C. G.; Enemark, J. H.; Wedd, A. &5.Am. Chem.
Soc.1992 114 9194.
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