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The EPR spectroscopic parameters of a series of Mo(V) oxyhalide anions, [Ma®XO),|@ "~ (X = F, Br,

n = 0; X = Cl, n = 1), were obtained in fluid solutions and frozen glasses ok<(XI, Br) doped into single

crystals of a diamagnetic host lattice. The electronic structures of the complexes were approximated by optimizing
the electronic structural parameters of a LCAO model to reproduce the experimentally observed EPR parameters.
The results indicate quantitatively that the most important contribution to deviationgfroigr in the complexes

is metat-ligand covalency. Charge transfer excited state mixing and ligand-spiit coupling (for X= ClI,

Br) provide significant but smaller contributions to the EPR parameters. The isotropic molybdenum hyperfine
coupling constants are also shown to be dominated by Fermi contact interactions. A number of implications with
respect to the EPR spectroscopy of molybdenum oxidoreductases are noted. The crystal and molecular structure
of a diamagnetic Nb(V) lattice is also reported. >@dfone)[NbOCJ(H.O)]CI (dafone= 4,5-diazafluoren-9-one)
crystallizes in the monoclinic space groG@/c with a = 16.0043(2) Ab = 24.8021(3) A.c = 10.0162(2) A,

B = 121.048(1), andZ = 8.

Introduction bacterial dimethyl sulfoxide (DMSO) reducta&e) contains
other prosthetic groups which are involved in one electron
transfer reactions with external electron acceptors or donors that
complete the net catalytic cycle. It is through these sites that
two outer sphere one-electron redox steps are coupled to a net
two-electron transfer reaction at the molybdenum site.

The electronic structures of complexes containing the mo-
lybdenyl { MoO}3™) group continue to be of interest due largely
to their relevance to the active sites of molybdenum oxidoreduc-
tase enzymek.®2 Molybdenum-containing oxidoreductase en-

zymes are nearly ubiquitous in biological systems and exhibit . .
y y ubld 9 y Given the importance of these enzymes to an array of

several common structural and chemical features. They are all, . - . . -
biological processes, a clearer understanding of the relationships

based on an active site that contains a single molybdenum a‘tomb i thei ’ ite struct d catalvii hani
associated with a pterin-based cofactor which is postulated to. etween their active site structures and catalytic mechanisms

bind to molybdenum as a 1,2-dithiolene chefat€his proposal IS nee(_JIed. Unfortunately, only one c_rystallographic structure
has recently been confirmed crystallographically for the mo- IS avallaple for any molybdenum pmdqreduct&%eand the
lybdenum-containing aldehyde oxidoreductase fngigast® current pictures of most of the active sites are based almost

The principal substrate binds at the molybdenum site and theexclugvely on spectroscopic. evidence. Ir_1 pa_rt|cular, the
metal cycles between the6 and+4 oxidation states during combined results of extended X-ray absorption fine structure

catalysis. The reactions catalyzed by the molybdenum oxido- (EXAFS) spectroscopy and electron. .paramagnetic resonance
reductases formally correspond to oxygen atom transfers and(EPR) spectroscopy have led to s.pecnﬁlc struc.tural proposals.for
include organic hydroxylationd:13 inorganic oxidationd:12 several forms of the enzyme active sites which appear during

: : : 13,14 the catalytic cycle. EXAFS spectroscopy has provided the most
and inorganic reductioris:** Each enzyme (except some direct insight into the structural details of the immediate
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Table 1. EPR Parameters of Representative Molybdenum Oxidoreductase Sites

species 01 02 O3 selected hyperfine coupling constants refs
xanthine oxidase: 16a, 21, 22
very rapid 2.025 1.955 1.949 27 2Nlo); 11.5 (33S)
rapid type 1 1.989 1.969 1.965 37%Mo); 3.3 (339); 12.5, 2.8'H)
slow 1.971 1.966 1.954 39.6°10); 14.6, 1.6 {H)
sulfite oxidase: 16a, 18, 23
high pH 1.987 1.964 1.953 12°0)
low pH 2.004 1.972 1.966 32.8°0Mo); 9.1 (H); 6 (*'0)
nitrate reductase: 16a, 24
signal A 1.996 1.969 1.967 1.29)
signal B 1.996 1.969 1.967

aHyperfine coupling constants are given in units of 46m™ and represent the average valuefaf A;, andAs.

changes in bond lengths. The additional observatioftbf
splittings in the EPR spectra of Mo(V) derivatives of the sites

suggests that the bond length changes are associated Withyo0(sph)j-

protonation of one of the terminal groups. The EXAFS spectra

are also consistent with coordination by the proposed dithiolene [MoOL]*

cofactor, but the nature of any other ligands to molybdenum
has not yet been defined.
A major contribution to the current understanding of the

structures of molybdenum oxidoreductase active sites has comeTp*MoO(OPh),

from EPR spectroscopy. Partial reduction of native enzymes
or treatment of the enzymes with some inhibitors produces Mo-
(V) species with one unpaired electr@®+ /). These species
give EPR signals in thg ~ 2 region, and many such signals
have been characterized in termsgofalues and the hyperfine
coupling constants which arise from coupling of the electronic
spin to nuclei of nonzero spfish16a.2:25 Representative EPR

parameters that have been obtained for Mo(V) species in the

enzymes are collected in Table 1.

A very curious feature of these parameters is that, for some
of the sites, one of thg values is greater thage (=2.0023).
Simple ligand field modef§~2° for d! systems in axial symmetry
predict that they values should exhibit the relative magnitudes

% > 9n (50, > 6 (=9)

Similar anomalous trends ig values have been observed in

many model systems. A few representative examples are given

in Table 2. The anomalously highvalues ¢, > ge) and the
“inverted” trendg, > gp observed in some enzyme sites (e.g.,
very rapid xanthine oxidase) and model complexes (e.g.,
[MoO(SPh)}-) have often been qualitatively attribuf&cpl.36-45

(20) (a) Cramer, S. P.; Solomonson, L. P.; Adams, M. W. W.; Mortenson,
L. E. J. Am. Chem. S0d984 106, 1467-1471. (b) George, G. N.;
Turner, N. A.; Bray, R. C.; Morpeth, F. F.; Boxer, D. Biochem. J.
1989 259, 693-700.

(21) George, G. N.; Bray, R. Biochemistryl988 27, 3603-3609.

(22) Wilson, G. L.; Greenwood, R. J.; Pilbrow, J. R.; Spence, J. T.; Wedd,
A. G.J. Am. Chem. S0d.99], 113 6803-6812.

(23) Dhawan, I. K.; Pacheco, A.; Enemark, J.JJAm. Chem. S0d.994
116 7911-7912.
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J. Biochem. J1983 213 137-142. (b) Solomonson, L. P.; Barber,
M. J.; Howard, W. D.; Johnson, J. L.; Rajagopalan, K. .Biol.
Chem.1984 259 849-853. (c) Kay, C. J.; Barber, M. Biochemistry
1989 28, 5750-5758.

(25) (a) Bray, R. C.; George, G. N.; Gutteridge, S.; Norlander, L.; Stell, J.
G. P.; Stubley, CBiochem. J1982 203 263-267. (b) Barber, M.

J.; Coughlan, M. P.; Rajagopalan, K. V.; Siegel, L. Blochemistry
1982 21, 3561-3568.

(26) McGarvey, B. R. InTransition Metal ChemistryCarlin, R. L., Ed.;
Marcel Dekker: New York, 1966; Vol. 3, pp 8201.

(27) Bencini, A.; Gatteschi, D. Ifiransition Metal ChemistryMelson, G.

A., Figgis, B. N., Eds.; Marcel Dekker: New York, 1982; Vol. 8, pp
1-178.

(28) Solomon, E. IComments Inorg. Chem984 3, 225-320.

(29) Mabbs, F. E.; Collison, DElectron Paramagnetic Resonance of d
Transition Metal Compoung$isevier: Amsterdam, 1992.

Table 2. EPR Parameters of Selected Mo(V) Compléxes

complex o o) O3 Gso Al ref
2.017 1.979 1.979 1.990 32.3 30,31
[MoO(SePh)]~ 2.072 2.005 2005 2024 300 31
2.0020 1.9560 1.9445 1.9670 37.6 32
[MoO,L]~ 1.9855 1.9121 1.8112 1.9007 439 32
[MoOSL]~ 2.0165 1.9330 1.8885 1.9435 37.2 32
CisMoO(OH)L 1.9805 1.9470 1.9440 1.9570 40.2 32
cisMoO(SH)L  2.0160 1.9610 1.9535 1.9765 35.1 32
1.959 1.938 1.901 1.932 442 33
Tp*MoO(SPh}y 2.004 1.950 1.937 1.967 35.8 33
Tp*MoOF, 1.977 1.920 1.904 1.9331 51.0 34
Tp*MoOCl; 1.971 1.941 1.934 1947 46.0 33,35
Tp*MoOBr, 2.042 1.94 1.94 1.9746 434 34
Tp*MoSCl, 1.921 1.941 1.919 1.928 46.8 36

a Hyperfine coupling constants are in units of-t@mL. ® Abbre-
viations: L = N,N'-dimethyl-N,N'-bis(2-mercaptophenyl)ethylenedi-
amine dianion; Tp* hydrotris(3,5- dimethylpyrazol-1-yl)borate anion.

to various combinations of three effects: (1) large melighnd
covalencies, (2) large values of ligand sporbit coupling, and
(3) the influence of low-energy charge transfer states. These
proposals have not, however, been quantitatively evaluated to
determine the relative importance of these effects. If, for
example, the values are determined primarily by metdiband

covalency, then a quantitative electronic structural model would

(30) Boyd, I. W.; Dance, |. G.; Murray, K. S.; Wedd, A. Bust. J. Chem.
1978 31, 279-284.

(31) Hanson, G. R.; Brunette, A. A.; McDonell, A. C.; Murray, K. S.; Wedd,
A. G.J. Am. Chem. S0d.98], 103 1953-1959.

(32) Dowerah, D.; Spence, J. T.; Singh, R.; Wedd, A. G.; Wilson, G. L.;
Farchione, F.; Enemark, J. H.; Kristofzski, J.; Bruck, MAm. Chem.
So0c.1987 109, 5655-5665.

(33) Cleland, W. E., Jr.; Barnhart, K. M.; Yamanouchi, K.; Collison, D.;
Mabbs, F. E.; Ortega, R. B.; Enemark, J.IHorg. Chem.1987, 26,
1017-1025.

(34) Nipales, N. S.; Westmoreland, T. Dorg. Chem.1995 34, 3374—
3377.

(35) (a) Collison, D.; Mabbs, F. E.; Enemark, J. H.; Cleland, W. E., Jr.
Polyhedron1986 5, 423-425. (b) Collison, D.; Eardley, D. R.; Mabbs,
F. E.; Rigby, K.; Enemark, J. H?olyhedron1989 8, 1833-1834.

(36) Young, C. G.; Enemark. J. H.; Collison, D.; Mabbs, Flrterg. Chem.
1987 26, 2925-2927.

(37) DeArmond, K.; Garrett, B. B.; Gutowsky, H. $.Chem. Physl965
42, 1019-1025.

(38) Kon, H.; Sharpless, N. B. Phys. Cheml966 70, 105-111.

(39) Manoharan, P. T.; Rogers, M. J. Chem. Phys1968 49, 5510-
5519.

(40) Lee, G. R.; Spence, J. Thorg. Chem.1972 11, 2354-2356.

(41) (a) Radhakrishna, S.; Chowdari, B. V. R.; Viswanath, A.Gfiem
Phys. Lett.1975 30, 231-234. (b) Radhakrishna, S.; Chowdari, B.
V. R.; Viswanath, A. K.Chem. Phys. Lettl976 42, 319-322.

(42) Sunil, K. K.; Harrison, J. F.; Rogers, M. J. Chem. Physl982 76,
3087-3097.

(43) (a) Chang, C. S. J.; Collison, D.; Mabbs, F. E.; Enemark, Inétg.
Chem199Q 29, 2261-2267. (b) Chang, C. S. J.; Enemark, Jlhbrg.
Chem.1991, 30, 683-688.

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

(45) Sabel, D. M.; Gewirth, A. Alnorg. Chem, 1994 33, 148-156.
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provide valuable correlations between the observed EPR spectraarge yellowish-green plates separated from the solution. The crystals
and the bonding in the site. The species listed in Table 1 alsowere filtered and dried over KOH under vacuum. The formulation of
exhibit a variety of metal and ligand hyperfine couplings, the cryst_als is based on the _elemental anglysis a_nd _the previous
particularly to protons. However, little is understood in detail ©Pservation that [MoOG(H.0)]" is the predominant anionic form of
about how these EPR parameters reflect the specific active sﬂe?(/ljf(cv)'_ﬁ’ngeé;&?cel cg/r;)o!ngrfé\gglﬁ g'gg,ﬁ\? (597804))('1 A3r16a(|).7 C;')Eﬂ q
electronic structures and coordination geometries. It would be o, "C.28.06: H 203 N. 563 Ol 36.06 'R (chx #(C=0), 1751:
useful to understand in more detail how the electronic structure 1/(M'0='o) 9g9. ' ' '
is manifested in the EPR spectroscopic parameters. _ (H.dafone)[NbOClL(H,0)]Cl. NbCls (0.270 g, 0.1 mmol) was
We have begun to develop a methodology for relating Mo- dissolved in 15 mL of concentrated HCI and placed in a long cylindrical
(V) EPR parameters to electronic structure and thence to specificflat bottomed column (approximately 4% 1.25 cm). A layer of
features of the coordination geometry. Such correlations may concentrated I—_|CI was added, followed by a solution of dafo_ne (0.1821
provide a basis for quantitative interpretation of the EPR spectrad: 0.1 mmol) in 5 mL of concentrated HCI. These solutions were

of the molybdenum oxidoreductase signals as well as significant allowed to diffuse together, and needles formed overnight. The mixture

new insights into the mechanisms of catalysis. We report herein

the results of our initial efforts on oxyhalide complexes of Mo-
(V), a series of relatively simple species of high symmetry for
which many analogues containing other metals are known.
number of previous studies have addressed the?EPJR146-50

and opticat>49-53 spectroscopies of these species. We have
fully defined, via oriented single crystal EPR spectroscopy, the
EPR parameters of the tetragonal [MoQEl,O)]- and
[MoOBrs]?~ anions. A relatively simple LCAO model for these
systems and for [MoOf?~ has been employed in an optimiza-
tion procedure which exactly reproduces the obsegrealues
andAMe constants to within the experimental error. The detailed
quantitative picture which emerges provides insight into the

was filtered, and X-ray quality colorless crystals ofdefone)[NbOC}
(H20)]ICI were obtained by slow evaporation of the filtrate over
concentrated kS0, in a desiccator. The identity of the complex was
confirmed by the X-ray crystallographic results presented below. IR
(cm™): »(C=0), 1736;¥(Nb=0), 908.

Doped Single Crystals, (Hdafone)[Nb{ Mo} OCl4(H,0)]Cl. Mo-
doped single crystals were obtained by mixing concentrated HCI
solutions of dafone (0.1239 g, 0.68 mmol) and Np@.2522g, 0.93
mmol) with a small amount of a solution of MoO{#H,O)~. The
mixture was filtered, and the filtrate was allowed to evaporate at room
temperature over concentratedS®, yielding large yellowish-green
crystals. The crystals were dried over KOH and used for the
spectroscopic experiments described below.

(BusaN)2[SnBrg] and (BusN)z[SnBre{ MOOBTr s}].
(Bu,N)2[SnBrs] was obtained as large cubes by a procedure analogous

The complex

origin of the anomalous EPR parameters of the enzyme activeg ihe published synthesis of (NJ{SnBr]*’<involving a slow diffusion

sites and model complexes.

Experimental Section

Synthesis. All materials were obtained commercially and used as
received except as noted below. Elemental analyses were performe
by Atlantic Microlabs. Dafone (4,5-diazafluoren-9-one) was prepared
according to the published synthegis.

Cs;M00Fs. The complex salt was prepared by a modification of
the reported method for the potassium &4l 1.37 g portion of MoGd
was dissolved in 30 mL of 48% aqueous HF in a polyethylene beaker.
To the blue solution was added 0.8 g of CsF in 30 mL of 48% HF, and
the mixture was allowed to stand overnight. ,Kl8OFs precipitated
as greenish-blue needles.

(H.dafone)[MoOCI4(H,0)]CI. The anion [MoOCJ(H.0O)]~ was
obtained by a modification of the reported procediireA 0.0806 g
(0.5 mmol) sample of Mo®in a mixture of 15 mL of concentrated
HCI with 2 mL of HI (5.5 M) was boiled until the solution was reduced
to a volume of 5 mL. Repeated additions of concentrated HCI| were
made until a bright green solution resulted. To this hot solution, a hot
HCI solution of dafone (0.1239 g, 0.68 mmol) was added, and the
heating was stopped immediately. On cooling to room temperature,

(46) Hare, C. R.; Bernal, |.; Gray, H. Bnorg. Chem1962 1, 831—835.

(47) (a) van Kemenade, J. T. C.; Verbeek, J. L.; Cornaz, Rekl. Tra.
Chim. Pays-Bad966 85, 629-630. (b) van Kemenade, J. T. Recl.
Trav. Chim. Pays-Bad497Q 89, 1100-1108. (c) van Kemenade, J.
T. C. Recl. Tra. Chim. Pays-Ba4973 92, 1102-1120.

(48) Dalton, L. A.; Bereman, R. D.; Brubaker, C. H., llvorg. Chem1969
8, 2477-2480.

(49) (a) Garner, C. D.; Hill, L. H.; Mabbs, F. E.; McFadden, D. L.; McPhalil,
A. T. J. Chem. Soc., Dalton Tran$977 853-858. (b) Garner, C.
D.; Hill, L. H.; Mabbs, F. E.; McFadden, D. L.; McPhail, A. T.
Chem. Soc., Dalton Trang977 1202-1207.

(50) Scullane, M. I.; Taylor, R. D.; Minelli, M.; Spence, J. T.; Yamanouchi,
K.; Enemark, J. H.; Chasteen, N. Dworg. Chem.1979 18, 3213—
3219.

(51) (a) Gray, H. B.; Hare, C. Rnorg. Chem.1962 1, 363—-368. (b)
Winkler, J. R.; Gray, H. BComments Inorg. Chenl98], 1, 257—
263.

(52) Collison, D.J. Chem. Soc., Dalton Tran&99Q 2999-3006.

(53) Carducci, M. D.; Brown, C.; Solomon, E. I.; Enemark J.JHAm.
Chem. Soc1994 116, 11856-11868.

(54) Henderson, L. J., Jr.; Fronczek, F. R.; Cherry, WJRAmM. Chem.
Soc.1984 106, 5876-5879.

(55) Saha, H. K.; Haldar, M. dnorg. Synth.1979 19, 134-136.

together of solutions of BINBr (0.3224 g, 1 mmol) and SnB¢0.2192

g, 0.5 mmol) in concentrated HBr. Colorless crystals separated over
a period of 2 weeks to give a yield of 0.3783 g (68%). Anal. Calcd
for Cs2H7N2SNnBrE (%): C, 35.49; H, 6.70; N, 2.59; Br, 44.27. Found

o(%): C, 35.54; H, 6.80; N, 2.67; Br, 44.27. The Mo-doped crystals

were obtained similarly by adding a small amount of a solution of
[MoOBrs_n(H20)] @~ (prepared by reduction of Ma{n concen-
trated HBr analogously to the chloro complex) to the Srégdution
before addition of the BINBr solution. The value ofi in the formula

of the species doped into the lattice is not entirely clear, but a number
of arguments suggest that= 5. It is, for example, known that
[MoOBrs)?~ is the dominant oxyhalide species in 9.4 M HBand

that the shape and charge of the pentahalide anion are most similar to
those of the anion of the host lattice. Also, as noted below, the
measured EPR parameters compare quite well with the published
valueg7¢4857for the [MoOBE]?~ anion.

X-ray Structure Determination for (H .dafone)[NbOCI,(H:0)]-

Cl. The X-ray data collection and structure solution were conducted
by Dr. V. G. Young, Jr., of the X-Ray Crystallographic Center at The
University of Minnesota. All calculations were performed using the
SHELXTL V5.0 suite of programs. A suitable crystal of ftafone)-
[NbOCI4(H,0)]CI, obtained as described above, was mounted on a glass
fiber. Data were collected at 173 K on a Siemens SMART system.
An initial set of cell constants was calculated from the reflections for
three sets of 30 frames. Final cell constants were calculated from a
set of strong reflections from the collected data set.

The space groug2/c was determined on the basis of systematic
absences and intensity statistics. A successful direct-methods solution
was calculated which provided most non-hydrogen atoms from the
E-map. Full-matrix least squares/difference Fourier cycles located the
remainder of the non-hydrogen atoms. All non-hydrogen atoms were
refined with anisotropic displacement parameters. The water hydrogens
were refined isotropically with similar distance restraints to the host
oxygen atom and with the isotropic displacement parameter fixed at
1.5 times that of the host oxygen atom. Full-matrix least-squares
refinement with 216 parameters, using 2981 reflections, led to
convergence witlR = 0.0480 ( = 20(l)) or R = 0.0535 (all data).
Additional collection and refinement details are given in the Supporting
Information.

(56) Boorman, P. M.; Garner, C. D.; Mabbs, F.E.Chem. Soc., Dalton
Trans.1975 1299-1306.
(57) Dowsing, R. D.; Gibson, J. B. Chem. Soc. A967, 655-660.
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orientation, the EPR signals were an average of 50 scans. The
o spectrometer frequency at each orientation was measured with a
Hewlett-Packard 5255A frequency counter.

Results

Molecular and Crystal Structure of (H .dafone)[NbOCl,-
(H20)]CIl.  (H.dafone)[NbOCI(H,0)]CI crystallizes in the
monoclinic space groug2/c with Z = 8 and one [NbOG}
(H20)]~ anion per asymmetric unit. The dafone ligand in the
lattice is doubly protonated, and there is a chloride ion in the
lattice which forms a number of hydrogen bonds to NH protons
of [H.dafone}™ as well as to the aquo ligand of [NbQCH,0)]".
Figure 1 illustrates the geometry about niobium in the anion.
The anion effectively ha€,s, point group symmetry with the
Nb—O(1) bond along the 4-fold rotation axis. The structural
parameters of the anion are very similar to those of the
[MoOCI4(H,0)]~ anion previously characterized as the tetra-
Figure 1. ORTEP plot of the [NbOG[H.O)]~ anion. Selected bond  phenylarsonium saff® Complete tables of bond distances and

((jziitggi(zsm()Aa\lg(nl(;— glrgl)esz E&%?(le?bgﬁgblgog(ﬁé (’a\l(?(zl)—)ﬁb angles are given in the Supporting Information.

(1)—CI(3), 2.4277(13); Nb(1}CI(4), 2.4384(12); O(tyNb(1)—O(2), CIF'%Jfre 2 f.ho‘l"’s t.hff full Lt'”'t Cet"hc’f @f'lai.one)['\.'b()tct*.(HZO)] i
177.8(2); O(1)-Nb(1)-CI(1), 97.8(2): O(1)-Nb(1)-CI(2). 98.2(2): - Of particular interest are the relative orientations of the
O(L)—Nb(1)—CI(3), 97.5(2); O(1-Nb(1)—Cl(4), 97.3(2); Cl(1-Nb- anions in the cell. For a given anion, three other anions in the
(1)—CI(2), 88.65(5); CI(2-Nb(1)—CI(3), 87.98(5); CI(3-Nb(1)—CI- cell are related by translations and/or inversions and are therefore
(4), 90.89(5); CI(1>-Nb(1)—Cl(4), 88.40(5). magnetically equivalent and their EPR spectra have identical

orientation dependencies. The other four anions are obtained

Bruker ESP-300 spectrometer in a jhErectangular cavity. Q-band by 2-fot|_d rltl)tatlon_s (l)f t?? first Lou;h These_four §|te|s, tV\;h”teh
data were obtained at Bruker Instruments, Billerica, MA, on a similar magnetically equivalent 1o each other, are inequivalent 1o the

instrument. A 100 KHz modulation was used for observing the first other four S'te.s and m.ay ha\_/e a different orientation of tge'r.
derivative signal. The reported spectra are typically an average of 25 ahdA interaction matrices with respect to the crystallographic
scans. For spectra of concentrated aqueous acid solutions, the samplegxes. As is evident from the atomic coordinates, the-b
were loaded into lengths of flattened 1 mm Teflon tubing which had axes in each site are only 2.X3Pom thea axis and thus make
been mechanically sealed at one end. The Teflon tubes were thenan angle of 4.3with respect to each other. The EPR interaction
inserted into conventional quartz sample tubes for measurements. Thismatrices have very nearly the same orientations for the two types
method approximates a standard flat cell but avoids the corrosive effectsgf sjtes, and the EPR data presented below do not resolve the

of strong acids (especially HF) on the sample tube. features of each site. In the subsequent analysis the parameters
For oriented measurements, single crystals were mounted on quartz

rods with silicone grease. Spectra were recorded for evetgliinge are treated as originating from a single site.
in orientation of the magnetic field vector with respect to the plane Solution and Powder Spectra. The EPR spectra of Mo(V)

under study. The EPR interaction matrices were obtained by recording ©XYhalide anions in concentrated aqueous acid solutions at 298
the angular dependence of the signals in three mutually perpendicularand 77 K are shown in Figure 3. Clearly apparent in each
planes, taking care that tieand A values exactly matched when the ~ solution spectrum are the central signal from the ions containing
magnetic field was along a direction common to two planes. Ateach %Mo (Iy = 0, 75% natural abundance) and the sextet from the

EPR Spectroscopy. X-band EPR spectra were obtained with a

\.

.
.

s

Figure 2. Schematic view of one unit cell of @gdafone)[NbOCI(H-0)]CI. The view is approximately along the¥ direction with thea axis
vertical and theb axis horizontal. Hydrogen bonding interactions are denoted by dashed lines.

n _ Ny \::\ \\
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Figure 3. Room temperature (left) and 77 K frozen solution (right)
X-band EPR spectra of [MoGF~ (top), [MoOCL(H.0)]~ (middle),
and [MoOBE]?~ (bottom).

Table 3. Experimentally Determined EPR Parameters for Mo(V)
Oxyhalide Complexes, [MoOXn(H20),]? ™~ (n = 0 or 1°

X=F X=Cl X =Br
Jiso 1.902 1.944 1.985
Ao 68.0 45.0 44.0
o] 1.894 1.9632 2.090
9o 1.913 1.9400 1.945
90 1.907 1.948 1.993
Al 90.1 74.7 66.0
AV 425 3268 33.0
[Ave[] 58.4 46.6 44.0

aHyperfine constants are in units of ¥&m™. ° Isotropic parameters
are from the room temperature data in Figuré Brom ref 47b.9 From
the oriented single crystal analysis of:¢tdfone)[NK§ Mo} OCl,(H,O)]CI.
¢ From the oriented single crystal analysis of {B}[SnBre{ MoOBrs}].

" Calculated fromAll® and A"

95.9Mo containing ions Iy = %,, 25% combined natural
abundance). The resulting isotropic parametgys and “gg

for each complex are collected in Table 3. A significant trend
is the increase ofjs, values and decrease #flc from the
fluoride to the bromide. The EPR spectra of the frozen acid

solutions at 77 K are complex, and only the features associated

with the g, region are clearly resolved. The extensive halide
superhyperfine coupling from fluorine and bromine was not

further analyzed. No resolved superhyperfine structure due to
3537C| was observed in solutions, powders, or single crystals at

any temperature.

Oriented Single Crystal Spectra. For (H.dafone)[N§ Mo} -
OCly(H20)]Cl, the angular variations @f and gA°)2 in three
mutually perpendicular planes of a single crystal are shown in

Figure 4. As noted above, only one set of signals is resolved

at all orientations. Representative EPR spectra with the
magnetic field parallel to and perpendicular to the crystal-
lographica axis are shown in Figure 5.

The experimentad values in each plane were fit by standard
least-squares methods to the models of Waller and Ré&gers.
Diagonalization of the resulting? tensor gave the principal
values of theg matrix as the square roots of the diagonal
elements. The molybdenum hyperfine interaction matrix was
determined by an analogous proced®. The principal values

(58) Waller, W. G.; Rogers, M. TJ. Magn. Reson1973 9, 92—107.
(59) Schonland, D. Sroc. Phys. Soc., Londal®59 73, 788-792.
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Figure 4. Angular variation ofg? and gA“°)? values of (Hdafone)-
[Nb{ Mo} OCl4(H20)]CI for rotations ofB in three mutually perpen-
dicular planes:ac* (left), ab (middle), andoc* (right). The b axis was
identified from the angular dependence of the extinctions of plane polar-
ized light in the crystal under crossed polarizers. ahexis was as-
signed on the basis of the unit cell dimensions and the crystal
dimensions.

T T

I |
3550 3750
Field (Gauss)
Figure 5. Limiting orientation EPR spectra of gdafone)[Ni Mo} -

OCly(H20)]CI. Upper: B parallel toa. Lower: B perpendicular ta.

I
3350

confirm the axial symmetry of thg andA interaction matrices
as well as the collinearity of thg and A principal axes as
required by theC,, symmetry of the ion.

Attempts to grow large single crystals of fdthfone)[Nb-
{Mo} OBr4(H20)]Br were unsuccessful, and only powders were
obtained. It was, however, possible to dope [Mog)Brinto
a lattice of (BuN),[SnBrs]. The X-band single crystal EPR
spectrum of [MoOB4]2~ doped into the (BiN)2[SnBrg] lattice
is extremely complex, even at 115 K, due to overlapping metal
and ligand hyperfine features. In addition, there are multiple
sites which contribute to the spectrum. The angular depend-
encies of the EPR spectra indicate that the orientation of the
Mo—O axis in the doped crystals is statistically disordered over
the three orthogonal axes of the [SgBr group since at a
general orientation of the applied field three different overlap-
ping spectra are observed. Experimental determination of the
principal values ofj andAM° was therefore difficult at X-band.
The parallel and perpendicular regions of the spectrum of the
crystal were, however, resolved at Q-band at 298 K. Figure 6
shows the spectrum at an orientation along one of the orthogonal
crystallographic axes at which the signals were well-resolved.
As is evident from the figure, the ligand superhyperfine structure
is not resolved at Q-band and thus does not interfere with the
determination ofgn. This spectrum represents the first direct
experimental determination gf; for [MoOBrs]?~. All attempts
to dope [MoOF]?2™ into a suitable host lattice were unsuccessful.
For the purposes of the analysis, we have therefore relied on
single crystal EPR parameters which have been previously
published!’®
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Figure 6. Representative oriented single crystal EPR spectrum of X ﬁ X( )

(BusN)2[SnBrs{ MoOBrs} ] along one of the orthogonal crystallographic
axes at Q-band (34.117 GHz). Features marked with an asterisk ariseFigure 7. Coordinate system for analysis ©f, [MoOX4]~ complexes.
from a Mr¢* contaminant in the cavity. The coordinate systems of each atom are parallel to the indicated
molecular system.
The resulting anisotropic EPR parameters fopd@fone)-
[Nb{ Mo} OCl4(H-0)]Cl and (BuN),[SnBr{ MoOBrs}] are listed overlaps. While the essential features of this model are not
in Table 3 along with the values for the fluoride complex fundamentally different from those previously developed, they

obtained from the literature. While thg, and A1"|"° values have been chosen to permit a straightforward analysis of the
exhibit the same trends as the isotropic parameters, a notablgesults in terms of specific electronic structural contributions
feature of the parameters is the anomalous treng \ialues: to the EPR parameters.

g1 > oo for [MoOCIs]2~ and g > ge > go for [MoOBrs]2. A convenient coordinate system for the analysis of the Mo-
The values in Table 3 compare well to previously published (V) complexes is given in Figure 7. Although in each complex
results on the anions in fluid or frozen solutiéh®:472.48.5¢ there is a ligandransto the oxo group, we have not explicitly

in oriented lattice$6:39414749 These values agree well with  included it. Previous studig&of [MoVOCI(L)]"™ complexes
previous determinations. have shown that the EPR parameters are rather sensitive to the

Analysis. The aim of our analysis is to provide a relatively —presence or absence of a sixth ligand, but not to its identity. In
straightforward methodology for relating experimental EPR the model we develop below, any effects from this sixth ligand
parameters to specific electronic structural features. A simple are subsumed into the oxo group parameters. In this coordinate
LCAO model of the relevant electronic states of the complexes system, theg and AM® interaction matrices are diagonal and
is developed below, and generalized expressions for the EPRthe foIIowmg direct correspondences holg; = g, Gxy = 9o
parameters in terms of electronic parameters are derived. Thesé\; = A1I Ay = AE”°. Due to the strict axial symmetry of the
expressions explicitly incorporate the effects of covalency, halide site, theg and AM° interaction matrices are required to have
based spirorbit coupling, and low-energy charge transfer collinear principal axes. The point group symmetry of the
excited states. Fits of the experimental data to the expressionscomplexes i<C,,, and in the ground state the unpaired electron
provide estimates of the electronic structural parameters, whichis located in an orbital which is primarily molybdenum,gih
are then used to quantitatively evaluate specific contributions characteP!5? which is denoted agB,0 Only excited states
to the EPR parameters. It should be stated clearly at the outsebf b; or e symmetry can mix with the ground state under spin
that our aim isnot to provide reliable values for the bonding orbit coupling, so that only excited state molecular orbitals
coefficients of these complexes. More sophisticated calcula- transforming as por e need to be considered. The relevant
tional approaches are available for such questérfs. Our LCAO wave functions representing the ground and first few
aim is to understand the origins of trends in the EPR parametersexcited state MO’s are given below:
for a systematically varied series of complexes. As we note
further below, the major conclusions of the analysis are relatively |B;[= f,/d, = ;'|®, [0 (ground state)
insensitive to modest differences in the electronic structural . .
parameters one chooses to employ and the analysis provideéBlD: ﬂlldxz*yzm_ ﬂl’@bp (ligand field state)
considerable insight into the origins of the observed trends. ' " ; ]

Molecular Orbital Model. As noted in the Introduction, EL= eldel= €@ Lm 10,0 (ligand field state)
crystal field treatments of values do not give meaningful |Ey[|: €ld ZD— e'|CI) - e"|O D (ligand field state)
results for many Mo(V) enzyme active sites and model
complexes. In particular, such a model is unable to account |By(CT)= y'| Py, [H- dexz_yzD (charge transfer state)
for the observed ordering gfvalues for [MoOC}(H-O)]~ and
[MoOBYrs]2~ or for the unusually largg, value for [MoOBE]%. The d orbitals are metal-localized and tt#és represent the
Since the unpaired electron is considerably delocalized onto theappropriate symmetry adapted linear combinations of ligand p
ligand atoms, a molecular orbital treatment is more appropriate orbitals, as given below:
for describing the electronic structure. Such treatments, includ-

ing equations for the calculation of EPR parameters, have been P, (= Y0 + p@ — p® — pi®)
developed previousRP.37:394247¢64\e present here a modifica- Y Y
tion of the previous treatments which specifically incorporates P, (= Y (—pP + p<2) +p® — (4))

both charge transfer state contributions and the mdigdnd

1 1 3
[P, 0= "5 = pY)

(60) Weber, J.; Garner, C. Dnorg. Chem.198Q 19, 2206-2209.
(61) Sunil, K. K.; Harrison, J. F.; Rogers, M. J. Chem. Phys1982 76, 1 (2) _ (4)

3087-3097. Y e U= 12" — ;)
(62) Deeth, R. JJ. Chem. Soc., Dalton Tran991, 1895-1900.
(63) Sa_) \?vvéi?rﬂbfégaﬁ' TTheS's'T‘c’)Vg:'%yuag}igr:‘é‘éers'ty' May 1996. (b) Swann,  Although there are ligand based s valence orbitals of appropriate
(64) Sunil, K. K.; Harrison, J. F.; Rogers, M. J. Chem. Phys1982, 76, symmetry to participate in bondlng,_they have not been explicitly

3078-3086. included since the energy separation between the valence s and
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p orbitals leads to relatively small contributions. Within the The hyperfine interaction matrix was obtained by evaluating
approximations of the model, the ligand s orbital contributions the Abragam and Pryce HamiltonP&rto first order in spir-
have been subsumed into the p orbitals of similar symmetry; orbit coupling:
i.e., the p functions indy,,[Bhould be more realistically regarded
as hybrids with predominantly p character. A= Aijl) + Ai(jz) =XV z

g and AMo Interaction Matrices. Standard perturbation
methods have been employed for deriving expressions for the Ai(jl) = A — Py, [EL(L + 1) — ¥,EO|L, ,+LL0g
g andAMe interaction matrices. The elements of thenatrix
for an S = 1/2 system are obtained from the following

(2 — _
perturbation expressici{:5° A=~ PulAy + 369

. where theA; were defined above, and
Gi=% A LI=XYyz !

—i
where theA; are given by Q; = EGM X

/AL, 0MT0| L, |nH- WJAL ||, |00 20,00 CiC, + L InGH (AL IntmiCL, + L 100

! =0 En - EO = En - EO
In the equationsjnCrepresents an electronic excited state and In ﬂ;]esﬁ equ?tlonsap relpresenés ﬂf Fermi COHE%Ct corlltrlbugon
|00is the ground stately is the orbital angular momentum © ¢ eh yper m?j coupiing anfM —_gQBeg_r\;ﬁth Cevaluate
operator about thi axis, 1 is a spin-orbit coupling constant, ~ °V€' the ground state wave functior Is the Levi-Civita

andE, — E, corresponds to the energy difference between the permutation symb_ol, anélis a numerical factor which. takes a
ground state and excited state] The summation is over all value of?/2; for a single unpaired d electron. Evaluation of the

of the excited states. The evaluation of the matrix elements matrix_elgments over the LCAOQ basis gives the .eXpTeSS‘O”$ for
over the LCAO wave functions is relatively straightforward and € Principal values of the molybdenum hyperfine interaction
is outlined in the Supporting Information. matrix shown below.

The resulting expressions for the princigatalues are given Mo _ AMo Mo Mo
below. In the equationsAg-F and Ag®™ correspond to A=At A A 3)
contributions to theg value from ligand field states and the Mo _ _4 b A
charge transfer state, respectivelyis the one-electron spin Asi Pubb, ~ FS,)
orbit constant for atoni, and S, S, and S, are the overlap vo 2Py , .
integrals between the metal and ligand centered orbitals in the Uil = Eg [26:8v0 = (212 Ao — Pr 52%()502 -

1

indicated electronic state. L '
By Al BBy — By Sol)] -

=g.+ Ag" + AgT 1 2P
SR AN A O g — (2B o — BB S, = BiBAx] X
A9|||_F = EBl
N N 2 R Vil = iR~
1 M _ ' ' [
[25152 _ (zﬂlrﬁz _ ﬁlﬁzl)sol _ ﬂllﬁzl] + 7E_E[ﬁ26AMo (ﬁz 'd'Mo + ﬁ26 AX)SOZ + (1/\/§)ﬁ2 € Ax] X
2288 se — @B o — B8, ~ BBy (e ¢S 'S
B Mo _ AMo Mo Mo
: =AY+ AL+ AT (4)
28,8, — (288, — BLB)S,, — BLB;] vo_

1 o~ g PubaB, — ﬁz'soz)
Agi'= E_ (22t — (265 100 T B ), + 77/

2B + @B’ + B 1)Ser + Bor] +
Eiatzﬂzxzm (2Bt o+ Both)Ser + B Ax] X

-P
A:Yl% = E_EM[ﬁszo — (BeAyo T ﬁze'/‘Lx)so2 +

(AN2)e B ixlIBye — €S — €' +

—P
248, — @B, %+ B)S,, + B2 E, oo + (AN 0~ (B o +
2
0= 0.+ Ag @ (INV2)B; 28 — Pt Mo S[e(L = 'S, +
_ 3Pu ' :
AgF = E—l[ﬂzelMo — (B Ao — (IN2)B el ) S + 7E—E[ﬁzeiMo — (B €hyo T B 24)S,, +
E
(AN2)By Ay — o TgeS] x (IV2)By e 2 Bote — €S — €'

[Bae — (B +6)S, + AN2)B, €1 + In egs 3 and 4, thés terms are the spin dipolar contributions
__1[[326 Ao — (B €dyo T B€'25)S, + (1/\/§)ﬁ2'€'lx] X (65) Wertz, J. E.; Bolton, J. RElectron Spin Resonanc€hapman and
Ee 2 Hall: New York, 1986; p 279.

' ' " ' 66) Abragam, A.; Pryce, M. H. LProc. R. Soc. Londoh951, A79, 135—
[Boe — (B + (AINDB O — b + (WN2)pye] 0 155 Y
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Table 4. Constant Parameters Used for Simplex Fits Table 5. Simplex Optimized Electronic Structural Parameters
X=F X=Cl X =Br X=F X=Cl X =Br
A em™ 272 587 2460 B 1.008 0.9590 0.9297
excited state energies ot 0.6966 0.8245 0.8162
E(B1) (cm™) 22 000 23 000 21 800 € 0.9559 0.8973 0.8223
E(E) (cnm?) 13100 13 000 14 2901 € 0.0686 0.1636 0.2682
E(CT) (cn?) 28 000 26 5309 x 0.2444 0.2292
overlap integrals A (104cm™) 53.98 42.78 39.92
S, 0.1946 0.2418 0.1863 Am (cm?) 911.4 933.8 901.6
S, 0.1112 0.1782 0.1806 Pwv (cm™) —57.34 —58.75 —56.72
0.1739 0.2161 0.1665
0.3054 0.3054 0.3054
Ser 0.1782 0.1806 from the relationshipPy, = —15.8950.37 The function

aFrom ref 39.° From ref 38.6 From ref 68.9 From ref 53.2 From minimized was

ref 69.7 By analogy to [MoOB§(H,0)]~ in ref 52.9 The assignment
was made by analogy to the absorption spectrum of the chloro (9,(obs)— gu(Cé“C))2 (9 (obs)— gD(CaIC))2
complex#:53 F=

Qu(ObS)2 g(obsy
to the hyperfine interaction. These terms represent the-spin (AY°(obs)— A°(calc)Y  (A¥°(obs)— AY°(calc)y
spin dipolar coupling of the nuclear spin with the electronic Vo Vo
spin, an effect which is completely anisotropic. TAeterms (A (obs)f (A (obs)f

are the orbital dipolar contributions and represent the coupling ) . o
of the electronic orbital angular momentum to the nuclear spin. The simplex fitting procedure found only one minimum for each
This contribution has both isotropic and anisotropic components. complex, and the best fit parameters obtained for each complex
The Fermi contact contributiomy, is completely isotropic. are given in Table 5. Systematic exploration of physically
A number of additional approximations have been used in Meaningful parameter space showed no other significant minima.
obtaining eqs +4. The O—-Mo—X angle was not explicitly The values in the table fit the experimentally observed EPR
taken into account in the calculation of the angular momentum Parameters exactly within the experimental precision limits.
matrix elements. The only anion which has been crystallo- Statistical analysis of the variances of these values was not
graphically characterizé® is [MoOCly(H,0)]~ in which the ~ Possible due to the small number of observables. By indepen-
O—Mo—X angle is 99, which corresponds to only about 15%  dently varying each fit parameter to determine the point at which
X(p,) character in the ground sta@y,Corbital. The effects of the difference between the calcu!ated and obs_erved EPR
the O—Mo—X anglesweretaken into account in the estimation ~Parameters would exceed the resolution of the experimental data,
of overlap integrals where they are expected to be more the precision of the parameters was estimated tatia@o.
important. Also, no contributions from charge transfer excited However, the fits require several input parameters from other
states were included in the expressions dor A", or AY°. experiments (e.g., excited state energies and ligand-sphit
The observed\g shifts are small and reliable assignments of CcoUPling constants) or that must be estimated by a separate
the 2E charge transfer excited states are not available for all of calculation (i.e., the overlap integrals). The best fit LCAO
the species. Any charge transfer effectsgnare therefore coefficients are sensitivel5%) to modest variations in these
subsumed into théE ligand field state parameters. Likewise, Parameters, and itis clear that the exact magnitudes of the “best
excited state contributions t"° are small, and any charge fit" parameters in Table 5 provide only an approximation to
transfer contributions are incorporated into the oveidil or the “true” wave functions. In the analysis of the EPR parameters
°E parameters. The use of these approximations has noPresented below, however, these variations tend to cancel and
significant effects on the ultimate conclusions from this analysis 1€ interpretation of the results is not particularly sensitive to
and afford a considerable degree of calculational and interpretivethe choice of fixed parameters for the fits.
simplicity. It should also be noted that calculation of EPR oo ission
parameters for these species directly from the output of density ) . .
functional routines yield similar parameters and identical ~ Electronic Structure. The parameters in Table 5 provide a
conclusion$? Thus eqs +4 represent a relatively complete mMeans of estimating Mulliken populations and atomic orbital
treatment of the EPR parameters of an axially symmettic d contributions to the estimated molecular wave functions. Table
system and retains much of the interpretive transparency of the6 summarizes the population analysis on the basis of the results
LCAO approach. of the simplex fits. The electronic structures of the ground states
A nonlinear simplex fitting proceduféwas used to find the a_md the relevant excned_state_s agree qualitatively with expecta-
best set of LCAO coefficients which simultaneously reproduces tions from general bonding principles and compare reasonably
the experimentayj and AM® values for each ion. Values for ~ Well with the few calculations available on these systéin&:
Ax, and the excited state energies were taken from the literature - -
and are summarized in Table 4. The overlap integrals were (70) Westmoreland, T. I? Udr)lpubhshed results. The orbitals were of the
: . o ) I formNs@ybzer (m - —Z*r/n*) wh +b+c=1d=
estimated on the ba§|s of direct evalua_tlon of the pverlap of Pinifaan(érz* an’ébnl are tfg %(ﬁectirvg )\,\;ﬂuzge& nudeacr charge and
two appropriately defined Slater-type orbitétsin the simplex principal quantum number taken from either the ClemeRtimondi
fitting routines the values of the molecular orbital coefficients, rules or Slater’s rules. The overlaps were calculated by direct numerical

- integration of the product of two such functions centered at a distance
Ar, andiwo, were allowed to vary. Values féhy were obtained Ruvo-L from each other. The program gave values which agreed with

previously published tabulations of overlap integrals between Slater

(67) Algorithm AS 47: O'Neill, R.Appl. Stat. (J. R. Stat. Soc. @971, functions’* The overlap integrals were adjusted by the appropriate
20, 338-345. angular overlap factofsfor the O-Mo—X angles (99 for X = C[4%
(68) Wentworth, R. A. D.; Piper, T. SI. Chem. Phys1964 41, 3884~ and estimated as 10%or X = F and BFY).
3889. (71) Mulliken, R. S.; Rieke, C. A.; Orloff, D.; Orloff, HJ. Chem. Phys.
(69) Allen, E. A.; Brisdon, B. J.; Edwards, D. A.; Fowles, G. W. A 1949 17, 1248-1267.

Williams, R. G.J. Chem. Socl963 4649-4657. (72) Larsen, E.; La Mar, G. Nl. Chem. Educl974 51, 633-640.
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Table 6. Mulliken Population Analysis Table 8. Components of NeAM° Value$
state X=F X=Cl X =Br X=F X=Cl X =Br
B, M 0.9482 0.7809 0.7639 A 53.98 42.78 39.92
X 0.0518 (0.0129) 0.2191 (0.0548)  0.2361 (0.0590) ALl 5.05 5.70 1.32
B, M 04234 0.5722 0.5566 Ao 4.06 2.92 2.46
X  0.5766 (0.1441) 0.4278 (0.1070)  0.4434 (0.1108) As) 31.07 26.21 24.76
E M 0.6900 0.5465 0.4199 Asp —15.53 —13.11 —12.38
X —0.0067 (0.0017) —0.0050 (0.0013) 0.0352 (0.0088 . .
O 03167 € ) 0.4584(_ ) 0.5449( ) 2 All values are in units of 10' cm™.
CT M 0.1001 0.0912
X 0.8999 (0.2250) 0.9088 (0.2272)  which cannot be realized from the crystal field model. For both

the chloride and the bromide complexes, ignoring covalency

aValues in parentheses represent the values per atom. .
switches the order of the calculatgdalues togn > g;. Also,

Table 7. Specific Electronic Contributions to NetValues in the absence of metaligand covalencyg, is predicted to be
X=F X =Cl X = Br smaller tharge for the bromide complex. Thus, the covalencies

o 1894 1.9632 2090 of thg ground and Bexcited states play t.he dominant roles in
no covalency 1.839 1.8140 1.824 causing theg value reversal common in these and related
no ligand spir-orbit 1.889 1.9282 1.932 systems and are also important for producingalues greater
no charge transfer 1.9070 1.969 than ge.
o 1.913 1.9400 1.945 ing i ; “ : .
no covalency 1873 1.8960 1629 The entries in Table 7 corresponding to “no ligand spin

orbit” refer to the calculated values using the values in Table
5 but withA_ = 0. Removing the ligand spirorbit coupling
also tends to lower thg values, but in each case the effect is

The ground state of the fluoride complex is the least covalent, Significantly smaller than that of eliminating metaigand
as expected, with-95% metal character. The chloride and covalency. The effects of ligand spiorbit coupling clearly
bromide complexes show very similar metal charactei&6— become more important as the ligand spimbit constant
78%, and thus very similar ground state covalencies. The Increases, but even with a very large constant, the co_ntrl_butlon
similarity in the metal characters of the ground states of the IS Still smaller than that due to covalency. Ligand spimbit
chloride and bromide complexes is due to the effects of the coupl.lng contributes less v'alues, bu't for the chloride and
overlap population. The Bexcited states are all significantly ~Promide complexes the relative ordering of the calculaged
more covalent than the ground state, a result which is consistentvalues becomegy > g in the absence of ligand spirorbit
with the role of the @, orbital in o bonding to the halide ~ COUPling. Thus, significant ligand spirorbit coupling can lead
ligands. For each complex, the E excited state contains very!0 the inverted ordering of values.
little contribution from the equatorial ligands and is dominated ~ For the chloride and bromide complexes, the elimination of
by the Mo—O x interaction. Down the halide series, this orbital the LMCT excited state termAgﬁT, in eq 1 leads to the “no
becomes more oxygen-localized, as expected on the basis oftharge transfer” entries in Table 7. In each case elimination of
the increasing ease of oxidation of the metal. For the chloride the contribution lowers the value ofi somewhat and for the
and bromide complexes the parameters for theMCT excited chloride complex lowersy; enough to lead tg; < go. In the
state suggest nearly complete transfer of charge. bromide complex, however, on elimination of the charge transfer
Origin of g Values. The parameters in Table 5 provide a term the invertedy value ordering is retained, bgtis lowered
means of analyzing specific contributions to the observed EPR €nough thage > g
parameters in these systems. In particular, it is important to  For the complexes under investigation, the results in Table 7
understand how covalency, ligand spiorbit coupling, and indicate that metatligand covalency, ligand spirorbit cou-
charge transfer stategiantitatiely manifest themselves in the  pling, and low-lying charge transfer (CT) excited states all
EPR parameters. The results of such an analysis are given inprovide significant contributions to the obsengualues. The
Table 7. In the table, “no covalency” refers to a calculation of covalencies of the ground state and relevant excited states
theg values from egs 1 and 2 using the parameters of Table 5, provide the dominant contributions, while ligand sporbit
but with all ligand coefficients, metaligand overlap integrals,  coupling and charge transfer states provide somewhat smaller
and ligand spir-orbit coupling constants set to zero. This limit effects. Thus, in order to obsergg> gn the covalency of the
corresponds approximately to a crystal field treatment. In each ground and B excited states must be quite large, or moderate
case, the calculateg value is significantly smaller than the covalency in addition to low-lying charge transfer excited states
observed value. This result confirms that the ligand-based termsof the proper symmetry or large ligand spiarbit coupling
in egs 1 and 2 yield a net positive contribution to thealue, constants are required. In order to obtgimalues greater than
in contrast to the purely metal-based terms. The quantitative ge, large covalencies, low-lying CT excited states, and significant
magnitude of the covalency contributionggincreases in the  ligand spin-orbit coupling are required. Even in this case,
order F< Cl < Br. Since the ground state metal characters of however, the large metaligand covalencies are the most
the chloride and bromide complexes are similar, it is interesting important single contribution.

that the calculated values in the absence of covalency are so  Molybdenum Hyperfine Coupling Constants. In Table 8,

no ligand spir-orbit 1.913 1.9404 1.958

different. It is clear that the covalencies of both theliBand the observed molybdenum hyperfine coupling constants have
field excited state and the ;Bground state are of equal been partitioned into Fermi contact, spin dipolar, and orbital
importance in determining the value @f Forgp, in contrast,  dipolar contributions via egs 3 and 4 and the parameters in Table

the covalency contributions are much less variable across thes. |n each complex, the isotropic Fermi contact term has the
series, an effect which is due to the dominance of the¥@  largest magnitude, followed by the spin dipolar contributions.
interaction in the relevant E excited state. The orbital dipolar terms represent the smallest contributions
The preceding analysis provides some insight into the to the observed hyperfine coupling constants. The small value
electronic structural requirements for obtainghg> gn, a result of the orbital dipolar terms is not surprising. All of thevalues
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: ‘ spin—orbit coupling exerts only modest effects on the observed
65 i g values. For those model compounds in Table 2 with at least
’ oneg value greater thage, only [MoO(SePhj~ and Tp*MoOB&
have ligands with very large spitorbit coupling constants.
55 x - There is currently no evidence for an atom with such a high
A i spin—orbit coupling constant in the immediate coordination
S ’ sphere of molybdenum in any of the enzyme active site deriva-
459,48 7 I tives’® For the active sites of the enzymes in Table 1, the largest
1% L reasonable spinorbit constant would be that of sulfui
a5 ‘ o r —320 cnt1),6 which is not large enough to directly contribute
75 85 95 significantly to the anomalously high values. Thus ligand
% metal character spin—orbit coupling may be ruled out as a principal determinant
Figure 8. Plots ofAiZ';’ (A) andAr (x) as a function of ground state of the EPR parameters of O.X|doreducta§e active sites.
metal character. Metal-ligand covalency, in contrast, is probably the most
important single electronic structural contributor to ¢healues.
of the complexes are close tp. Since the deviations from On the basis of the preceding analysis, as the site becomes more
= ge arise from orbital angular momentum, it is expected that covalentin the plane perpendicular to the strongest ligand field,
small values ofAg would be associated with only small orbital ~ the contributions to the perturbation expressions from ligand-
contributions to the hyperfine interaction. The small orbital based terms increase and thealues are predicted to approach
angular momenta for these systems can be rationalized in termge. These predictions are confirmed in the parameters for the
of the large ligand field splittings of the second row transition model complexes in Table 2. For example, by compacisg
metals, resulting larger energy denominators in the-spibit MoO(OH)L to cissMoO(SH)L it is apparent that replacing
perturbation terms. In fact, inspection of the values show hydroxide by hydrosulfide results in an increase irgallues.
that they parallel the changes gnacross the series. The spin The corresponding decreaseAq”fg is also consistent with a
dipolar (As) contributions primarily reflect changes in the ground more covalent site. Similar comparisons can be made between
state covalency and therefore parallel the values,dbr each Tp*MoO(OPh} and Tp*MoO(SPh)and in the series Tp*MoOX
complex. Since the majority of the anisotropy A° arises (X = F, CI, Br). Such effects are only evident when the
from the spin dipolar contribution, it may be expected that the covalency is increased in the plane of the orbital containing
hyperfine anisotropy increases with increasing metal characterthe unpaired electron. For example, Tp*MogGas lowerg
in the ground state. This is indeed evident from the data in values than Tp*MoOGI3®
Table 3. To a significant extent, the nearly isotropic parameters for

The Fermi contact term arises from direct mixing of molyb- most of the enzyme active sites must arise primarily from the
denum s orbital character into the ground state wave function significant metat-ligand covalency. The proposed structures
and indirectly from spin polarization of core s electréfsThus, of the various EPR active enzyme active site derivafiteare
Ar might be expected to be approximately proportional to the consistent with both thg value analysis and the expectations
ground state metal character. Since M‘g’ value contains from the molybdenum hyperfine analysis. The most covalent
only contributions fromAs and A, and sinceA, is less than site is predicted to be xanthine oxidase very rapid, a proposed
10% of A, it might also be predicted th&l’® would correlate {MoOS}* site. Very rapid is also the xanthine oxidase
with the ground state metal character. For the three complexesderivative with the smallesB°[] By applying the correlation
analyzed here, this seems to be the case. Figure 8 shows thatf A% with ground state metal character given in Figure 8, the
both Ar and A give the predicted trend. Thus, for this series ground state covalencies of the xanthine oxidase sites can be
of complexes the experimentally determined average molyb- estimated: very rapid, 64% Mo; rapid type 1, 72% Mo; rapid
denum hyperfine coupling or the molybdenum hyperfine ani- type 2, 71% Mo; slow, 74% Mo. For low-pH sulfite oxidase,
sotropy can give a direct estimate of the ground state wave the ground state covalency is similarly estimated to be 68%.
function. Whether such simple correlations are applicable to No other average molybdenum hyperfine values for enzyme
complexes of lower symmetry is currently under investigation.  active sites are currently available.

An analysis of the molybdenum hyperfine coupling constants  For several of the active site derivatives in Table 1, the highest
similar to that given in Table 7 is included in the Supporting g value is greater thage. The analysis given above implies
Information. The analysis indicates that #é° values are not  that for such a case, both significant methdand covalency
particularly sensitive to metaligand covalency or to ligand  and significant contributions from low-lying charge transfer
spin—orbit coupling. This result is not surprising since, on the excited states must be involved. For the oxidoreductase sites,
basis of eqs 3 and 4, these contributions will primarily affect the most reasonable excited state would correspond to dithiolene
A_terms. Since these terms represent only a small fraction of to molybdenum charge transfer. There is evidence for such low-
the net hyperfine coupling, no strong dependence on ligand- lying charge transfer states in molybdenum thiolate model
based terms is expected. complexes (e.g., Tp*MoO(1,2-ethanedithiolate) and Tp*MoO-

Implications for Other Mo(V) Sites. As noted in the (toluene-3,4-dithiolate}} and from the Mo sites in two bacterial
Introduction, much Mo(V) chemistry in recent years has been DMSO reductase¥.7® The implication is that in, for example,
stimulated by the relevance to the active sites of molybdenum
oxidoreductases. The analysis given above suggests an approaghss) Halide binding to sulfite oxidase has been shown to be coupled to the
to the quantitative interpretation of the observed EPR parameters  high-pH-low-pH transition, however, and may in part account for
in these systems in terms of fundamental electronic structural 76) tgstiﬁ;thdORZ%vti% ?&?ﬁﬁzecj?t?;iﬁ)af S(@: Lineberger, W
features. The analysis summarized in Table 7 implies that ligand C.. Woodward, B. WPhys. Re. Lett. 197Q 25, 424-427.

(77) Benson, N.; Farrar, J. A.; McEwan, A. G.; Thomson, AZBBS Lett.
(73) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of 1992 307, 169-172.

Transiton lons Dover: New York, 1986; pp 686712. (78) Finnegan, M. G.; Hilton, J.; Rajagopalan, K. V.; Johnson, MnKrg.
(74) Nipales, N. S.; Westmoreland, T. D. Work in progress. Chem.1993 32, 2616-2617.




7768 Inorganic Chemistry, Vol. 35, No. 26, 1996 Balagopalakrishna et al.

the xanthine oxidase very rapid site, the orbital which contains  Acknowledgment. The authors gratefully acknowledge the
the unpaired electron is oriented such that it has a significant assistance of Dr. R. Weber of Bruker Instruments in obtaining
charge transfer interaction with the dithiolene of the cofactor, Q-band EPR data, Mr. D. Albert of Wesleyan University for
but in the other EPR active derivatives it does not. Clearly, as the design of the concentrated acid EPR cell, Prof. P. K. Ross
the coordination environment, and thus the ligand field, of the for helpful discussions, and Prof. A. A. Gewirth and Prof. E. I.
molybdenum changes, the orientation of the orbital with the Solomon for preprints of work prior to publication. The donors
unpaired electron will change to remain perpendicular to the of the Petroleum Research Fund, administered through the
direction of strongest ligand field. These considerations suggestAmerican Chemical Society, and the National Institutes of
a basis for describing how the redox active orbital changes Health are also acknowledged for support.
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~ While these results are suggestive, clearly more detailed work 4 strycture solution and refinement, figures showing ORTEP diagrams
is necessary to understand the electronic structures of these sitegnd a unit cell view, and tables giving crystal data and structure
In particular, the detailed analysis of complexes of lower refinement, atomic coordinates and isotropic diaplacement parameters,
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of ligand hyperfine splittings. The oxyhalide complexes are describing the evaluation of a representative matrix element, and a table
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