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We have previously demonstrated that the complex [(L1O)MoOCl,], where L10OH = (2-hydroxy-3-tert-butyl-5-
methylphenyl)bis(3,5-dimethylpyrazolyl)methane, exists as both cis and trans isomers (Kail, B.; Nemykin, V. N.;
Davie, S. R.; Carrano, C. J.; Hammes, B. S.; Basu, P. Inorg. Chem. 2002, 41, 1281-1291). Here, the cis isomer
is defined as the geometry with the heteroatom in the equatorial position, and the trans isomer is designated as
the geometry with the heteroatom positioned trans to the terminal oxo group. The trans isomer represents the
thermodynamically more stable geometry as indicated by its spontaneous formation from the cis isomer. In this
report, we show that for complexes of [(LO)MoOCI,], where LOH is the sterically less restrictive (2-hydroxyphenyl)-
bis(3,5-dimethylpyrazolyl)methane, only the trans isomer could be isolated, while in the corresponding thiolate
containing ligand (2-dimethylethanethiol)bis(3,5-dimethylpyrazolyl)methane (L3SH) only the cis isomer could be
observed. In addition, we have isolated and structurally characterized the complex [(L1O)MoO(OPh)(Cl)], a rare
example of a species possessing both cis and trans phenolates. Using DFT calculations, we have investigated the
origins of the differences in stability between the cis and trans isomers in these complexes and suggest that they
are related to the trans influence of the oxo-group. Crystal data for [(LO)MoOCI;] (1) include that it crystallizes in
the triclinic space group P1with cell dimensions a = 8.9607 (12) A, b = 10.596 (4) A, ¢ = 13.2998 (13) A, o =
98.03 (2)°, f = 103.21 (2)°, y = 110.05(2)°, and Z = 2. [(LLO)MoO(OPh)CI]-2CH,Cl, (2-2CH,Cl,) crystallizes in
the triclinic space group P1, with cell dimensions a = 12.2740 (5) A, b = 13.0403 (5) A, ¢ = 13.6141 (6) A, a
= 65.799 (2)°, B = 64.487 (2)°, v = 65.750 (2)°, and Z = 2. [(L3S)Mo(O)Cl,] (3) crystallizes in the orthorhombic
space group Pna2;, with cell dimensions a = 13.2213 (13) A, b = 8.817 (2) A, ¢ = 15.649 (4) A, and Z = 4. The
implications of these results on the function of mononuclear molybdoenzymes such as sulfite oxidase, and the
DMSO reductase, are discussed.

Introduction metal cycling between th¢6 and+4 oxidation states. They
can be conveniently divided into three major groups based
on the structure about the metal center, all of which include
one or two pyranopterin cofactot§.he sulfite oxidase (SO)
family contains a dioxo molydenum center coordinated to
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Mononuclear molybdenum containing enzymes have the
general function of catalyzing a net oxygen atom transfer
(OAT) to or from a physiological acceptor/donor, with the
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coordination from two pterins and a coordination from an Scheme 1
endogenous ligand such as a serinato oxygen, or a cysteinato

~Or

sulfur. However, no such coordination was found in arsenite /N—N /N—N /N—N
oxidase, which is also a member of the DMSO reductases e Hc\:’\‘(;\ HC\:Q‘_;\
family. Boyington et al. have suggested that the coordination OH OH },SH
of the different amino acids controls the substrate specificity

among the members of the DMSO reductase fafiyystal Lo (Lo LaSH

structures for enzymes representing all three families have

been determine#.® Interestingly, the diversity in the coor-

eroscorpionate ligand, (pgHX, would produce coordina-

dination features of the prokaryotic enzymes are represented;s environments similar to that offered by F)p with the

by nitrate reductases.

same topology and charge, differing in only one donor atom.

Analogue chemistry has played an invaluable role in Therefore, through the comparison of (2HX tripodal
understanding the structure and mechanism of metallopro-”gand& where X contains O or S containing donors, with

teins including mononuclear molybdoenzynie¥. For ex-

the well studied (TP)~ will allow a direct understanding of

ample, the detailed and elegant work using the symmetric the influence of structure on the reactivity of Movoxo

tris(pyrazolyl)borate Tpligands, as a platform, has resulted
in oxo—molybdenum(V) systems that provided valuable
insight to spectroscopic signature of the enzyiigadeed,
this early work has given us one of the first forays into the
reactivity and spectroscopy of isostructural [fidoOX;]
derivatives (X= OPh", OMe™, and SPh). We envisaged
polyfunctional, facially coordinating tridentate ligands con-
taining two pyrazole groups with two nitrogen donors, and

complexes. In this report, we describe Mof\gxo com-
plexes with three heteroscorpionate ligands (LO), (L10)
and (L3S) and their properties (Scheme 1). The results are
presented in light of the known geometric preference of the
active sites of the mononuclear molybdenum enzymes.

Experimental Section

All syntheses were carried out under an inert atmosphere, while

another donor atom such as the thiolato sulfur or phenolato e reagents and solvents were purchased from commercial sources
oxygen would provide an asymmetric donor set. The het- ang used as received unless otherwise noted. Once the synthesis

(2) Boyington, J. C.; Gladyshev, V. N.; Khangulov, S. V.; Stadtman, T.
C.; Sun, P. DSciencel997, 275 1305-1308.

(3) Huber, R.; Hof, P.; Duarte, R. O.; Moura, |.; Liu, M.; LeGall, J.; Hille,
R.; Archer, M.; Romao, M. JProc. Natl. Acad. Sci. U.S.A996 93,
8846.

(4) Schindelin, H.; Kisker, C.; Rees, D. GBIC, J. Biol. Inorg. Chem.
1997 2, 773.

(5) Kisker, C.; Schindelin, H.; Pacheco, A.; Wehbi, W. A.; Garrett, R.
M.; Rajagopalan, K. V.; Enemark, J. H.; Rees, D.Q&ll 1997, 91,
973

(6) Stolz, J. F.; Basu, RChemBioChem2002 3, 198-206.

(7) (a) Musgrave, K. B.; Lim, B. S.; Sung, K.-M.; Holm, R. H.; Hedman,

B.; Hodgson, K. Olnorg. Chem200Q 39, 5238-5247. (b) Lim, B.

S.; Sung, K.-M.; Holm, R. HJ. Am. Chem. So00Q 122, 7410-

7411. (c) Lim, B. S.; Donahue, J. P.; Holm, R.IIHorg. Chem200Q

39, 263-273. (d) Musgrave, K. B.; Donahue, J. P.; Lorber, C.; Holm,

R. H.; Hedman, B.; Hodgson, K. Q. Am. Chem. Sod 999 121,

10297-10307. (e) Sung, K.-M.; Holm, R. H.. Am. Chem. So2001

123 1931-1943. Lim, B. S.; Holm, R. HJ. Am. Chem. So2001,

123 1920-1930. (f) Donahue, J. P.; Goldsmith, C. R.; Nadiminti,

U.; Holm, R. H.J. Am. Chem. Sod 998 120, 12869-12881. (g)

Donahue, J. P.; Lorber, C.; Nordlander, E.; Holm, RJHAmM. Chem.

Soc.1998 120, 3259-3260.

Xiao, Z.; Young, C. G.; Enemark, J. H.; Wedd, A. &.Am. Chem.

So0c.1992 114, 9194-9195. Laughlin, L. J.; Young, C. Yinorg.

Chem.1996 35, 1050-1058.
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Nakamura, A.Inorg. Chem.1994 33, 209-216. Ueyama, N.;

Okamura, T.; Nakamura, A. Am. Chem. So&992 114, 8129-8137.

(10) (a) Smith, P. D.; Millar, A. J.; Young, C. G.; Ghosh, A.; BasuJP.
Am. Chem. So200Q 122,9298-9299. (b) Mondal, S.; Basu, P.
Inorg. Chem 2001, 40, 192-193. (c) Nemykin, V. N.; Davie, S. R.;
Mondal, S.; Rubie, N.; Somogyi, A.; Kirk, M. L.; Basu, B. Am.
Chem. Soc2002 124, 756-757.

(11) Inscore, F. E.; McNaughton, R.; Westcott, B. L.; Helton, M. E.; Jones,
R.; Dhawan, I. K.; Enemark, J. H.; Kirk, M. Unorg. Chem.1999
38, 1401-1410. McNaughton, R. L.; Helton, M. E.; Rubie, N. D.;
Kirk, M. L. Inorg. Chem.200Q 39, 4386-4387.

(12) (a) Cleland, W. E.; Barnhart, K. M.; Yamanouchi, K.; Collison, D.;
Mabbs, F. E.; Ortega, R. B.; Enemark, J.IHorg. Chem.1987, 26,
1017-1025. (b) Roberts. S. A.; Young, C. G.; Kipke, C. A.; Cleland,
W. E.; Yamanouchi, K.; Carducci, M. D.; Enemark, J.Iabrg. Chem.
199Q 29, 3650. (c) Dhawan, I. K.; Pacheco, A.; Enemark, J.JH.
Am. Chem. Sod994 116, 7911.
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was complete, all subsequent workup was carried out in air. Toluene
and THF were distilled under argon and dried over Na/benzophe-
none. The silica gel 66200 mesh used for the adsorption chro-
matography and the Celite used for filtration were purchased from
the Aldrich Chemical Co. The purity of the isolated compounds,
as well as the progress of the reactions, was monitored by thin-
layer chromatography. The ligands (2-hydroxyphenyl)bis(3,5-dimeth-
ylpyrazolyl)methane (LOH), (3ert-butyl-2-hydroxy-5-methylphen-
yl)bis(3,5-dimethylpyrazolyl)methane (L1OH), and (2-dimethyl-
ethanethiol)bis(3,5-dimethylpyrazolyl)methane (L3SH) were pre-
pared using the previously reported proceddfeshe complex
[(LLO)MOOCI,] was prepared as described in the literafdre.

[(LO)MOOCI ;] (1). To 40 mL of THF in a 100 mL round-bottom
flask was slowly added 2.0 g (7.3 mmol) of M@Cand the mixture
stirred for 0.5 h. In a separate 100 mL flask, a solution of LOH
(2.17 g, 7.3 mmol) in 20 mL of THF was treated with solid KH
(0.29 g, 7.3 mmol) and stirred for 0.5 h. The K(L10) solution was
then added dropwise to the green MogTHF),. The resulting
solution was stirred for 12 h and filtered to give a red/brown
precipitate. The solid was redissolved in £Hp and filtered through
Celite to remove a small amount of KCI. The organics were
removed under reduced pressure to give 70% vyield (2.6 g, 5.1
mmol) of [(LO)MoOCL)] as a red/brown solid. X-ray quality crystals
of [(LO)MoOClI;] were obtained from hot Ci€l,/hexane as dark
red/brown blocks. Anal. Calcd (Found) for [(LO)Mo(OYGI
Cl7H20N4OZC|2MOZ C, 42.47 (4261), H, 3.77 (421), N, 11.60
(11.69). FTIR (KBr, cnl): vmoo = 944(S).Amax (CHCly, €, M1
cm™1): 290 (7585), 345 (6800), 424 (sh).

[(L1O)MoO(OPh)CI] (2). To a slurry of 0.31 g (0.57 mmol) of
[(LLO)MOOCI,] in 30 mL of toluene were added 0.11 g of

(13) Hammes, B. S.; Carrano, C.Idorg. Chem1999 38, 666. Hammes,
B. S.; Carrano, C. 1. Chem. Soc., Dalton TrarZ)0Q 3304-3309.

(14) Davie, S. R.; Rubie, N.; Hammes, B. S.; Carrano, C. J.; Kirk, M. L.;
Basu, P.norg. Chem.2001, 40, 2632-2633.

(15) Kail, B.; Nemykin, V. N.; Davie, S. R.; Carrano, C. J.; Hammes, B.
S.; Basu, PIlnorg. Chem 2002 41, 1281-1291.
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triethylamine and 0.11 g (1.1 mmol) of HOPh. The reaction was Table 1. Summary of Crystallographic Data and Parameters for
[(LO)MoOCI;] (1), [(LLO)MoO(OPh)CI] @), and [(L3S)MoOC] (3)

warmed to 75°C and stirred for 24 h, after which the reaction
mixture was filtered to remove a dark red precipitate. The red
precipitate was dissolved in GBI, filtered to remove any BN-

1'CH2C|2

2:2CHCl,

3

X i molecular C15H21N4C|4M002 C30H33C|5N403M0 C14H21N4OC|28M0
HCI, and dried under reduced pressure to give 0.26 g (0.39 mmol;  formula
68% yield based or) of [(L10)Mo(O)(OPh)(CI)] as a dark red I‘(’e"mp i 52%3;-(123; 71752(923)' igg-é?
.SOIId' X-ray quality CryStals of [(L10)Mo(O)(OPh)(CI)] Were cryst syst rhombohedral triclinic orthorhombic
isolated by slow evaporation of a 2:1 @El,/pentane solution space group P1 P1 Pna2;
containing [(L1O)Mo(O)(OPh)(CI)]1Z). Anal. Calcd (Found) for cell C(%gstants 12 - 3
. . a 8.9607(12 12.2740(5 13.2213(13
[(LlO).MoO(OPh)CI], GeHzaN403CIMo: C 55.49_(55.30), H, 5.67 b (A) 10.596(4) 13.0403(5) 8.814(2)
(5.75); N, 9.24 (9.11). FTIR (KB, cm): vmoo = 942 (S). Amax c(A) 13.2998(13) 13.6141(6) 15.649(4)
(CHxCl,, ¢, M~ cm™1): 300 (7600), 338 (6400), 502 (130Q)es a (deg) 98.03(2) 65.799(2) 90
= 1.93 upm (solid, 296 K). ﬂ(geg) ﬂg-gé(g) gg-;‘gg(g) gg
[(L3S)M0OCI;] (3). To 30 mL of THF in a 100 mL round- §‘ °0) 5 @) 5 @ 4
bottom flask was slowly added 0.51 g (1.9 mmol) of MgGind V (A3 1121.6(5) 1719.61(12) 1823.6(6)
the mixture stirred for 0.5 h. In a separate 100 mL flask, a solution abs(r%(;?q;lcalcd 1.083 0.728 1.079
of L3SH (0.52 g, 1.9 mmol) in 15 mL of THF was treated with 5 | q/crre) 1.667 1.449 1.685
solid KH (0.075 g, 1.9 mmol) and stirred for 0.5 h. The K(L3S) F(000) 566 780 936
solution was then added dropwise to the green MaQ€IF), Cryisr;?#r;]ens 01x04x06 02x04x0.05 09x0.8x0.7
rgactant. The resullti.ng solution was stirreq for 12 h.and filtered to | 4giation Mo Ka. Mo Ka Mo Ka
give a green precipitate. The solid was dissolved in,Clkland (A=0.71073A) ¢=0.71073A) {=0.71073A)
filtered through Celite to remove a small amount of KCI. The hklranges 0—9 -5-5 —14—0
. . collected —-11—10 —17—18 0— -9
organic solvents were removed under reduced pressure to give —14—13 _18—18 Z14—0
[(L3S)Mo(O)Cl] as a green solid. Crystallization was accomplished 6 range (deg) 2.1122.50 2.96-30.10 2.66-22.50
by layering a concentrated GEl, solution of 3 with isopropyl ”O-Croel‘l"e"cste g 3095 11239 1084
ether to yield 0.35 g (0.78 mmol; yield 41%) of the complex. Anal. o unique refins 2873 4232 1084
Calcd (Found) for [(L3S)M0oOG], C14H2:N,OSCEMo: C, 36.53 no. params 262 393 208
(36.51); H, 4.61 (4.60); N, 12.17 (12.06). FTIR (KBr, tHt vwoo dat;/ggfam 10.96 10.77 5.20
= 957 ().Amax (CHCl, €, M~lcm™): 346 (3550), 434 (1140), refinement full-matrix full-matrix full-matrix
628 (484).uert = 1.86 ugm (solid, 296 K). method least-squares least-squares least-squares
. onF? onF? onF?
Physical Methods.Elemental analyses were performed on all gy 0.0963 0.0650 0.0505
compounds by Quantitative Technologies, Inc., Whitehouse, NJ. R,(F)® 0.2090 0.1863 0.1314
All samples were dried in a vacuum prior to analysis. IR spectra GOR° 1.008 1.059 0.979
largest diff peak 1.153 and— 1.356 1.039 and-1.256 0.440 and-0.744

were recorded from KBr disks on a Perkin-Elmer 1600 series FTIR
spectrometer and are reported in wavenumbers. Cyclic voltammetric
experiments were conducted using a BAS CV 50W (Bioanalytical
Systems Inc., West Lafayette, IN) voltammetric analyzer. All
experiments were done under argon at ambient temperature in
solutions with 0.1 M tetrabutylammonium hexafluorophosphate as
the supporting electrolyte. Cyclic voltammograms (CVs) were
obtained using a three-electrode system consisting of glassy-carbo
working, platinum wire auxiliary, and saturated calomel electrode
(SCE) reference electrodes. The ferrocenium/ferrocene couple wa
used to monitor the reference electrode and was observed at 0.46
V with AE, = 0.120 V andipdipa = 1.0 in CHCl,. Internal
resistance compensation was applied before each CV was recorde
Potentials are reported versus the saturated calomel couple
Electronic spectra were recorded using a Varian Cary 50 SpeCtro_molecule of CHCI, and a partially disordered one. The disordered
photometer. Room temperature magnetic susceptibility measure- ) ;

: . - solvent was modeled with one fully occupied Cl atom, and a second
ments of the metal complexes were determined using a magnetlcthat was disordered over 2-positions, each with occupancies of 0.5
susceptibility balance MSB-1 manufactured by Johnson Matthey ' e

and calibrated with mercury(ll) tetrathiocyanatocobaltatefl})~ Al non-herogen atoms were ref_lned .W'th anlso_t ropic d'Sp'?ce'
16.44(8)x 10-6 ci® g-1).16 Diamagnetic corrections were taken ment coefficients and treated as idealized contributions using a

from those reported by O’Connét riding model, except where noted. Software and sources of the
. . ' . scattering factors are contained in the SHELXTL (5.0) program
Crystallographic Details. The crystal data collection and "9 ! ! (5.0) prog

refinement parameters for [(LO)MoOSK1), [(L10)MoO(OPh)- library (G. Sheldrick, Siemens XRD, Madison WI).

Cl] (2), and [(L3S)MoOGH] (3) are given in Table 1. Crystals of Computational Details. All density functional calculations were
all complexes were sealed in thin-walled quartz capillaries prior to performed on the intact complexes using Becke's three-parameter

the data collection at 298 K fdr and at 153 and 198 K fa2 and hybrid (_exchangt_a functionél and _thg Lee Yang—Parr nonlqcal
: correlation functiondP (B3LYP) within the borders of unrestricted
3, respectively. All crystals, except thosefwere mounted on a

Siemens P4 diffractometer with a sealgd-tubg Mo X-ray source and(lG) Figgis, B. N.; Nyholm, JJ. Chem. Soc1958 4190,
controlled via personal computer running Siemens XSCANS 2.1. (17) o'Connor, C. JProg. Inorg. Chem1992, 29, 203.
Crystals of [(LLO)MoO(OPh)CI] were collected on a Nonius Kappa (18) Becke, A. D.J. Chem. Phys1993 98, 5648.

and hole (e/

ag% = [SIAFISIFoll. PRy = [SW(AF)ZIWFe?. ¢ Goodness of fit
F2,

CCD diffractometer using a graphite monochromator. The system-
atic absences in the diffraction data are consistent with the space
roups P1 for [(LO)MoOCI,], P1 for [(L1O)Mo(Q)(OPh)CIl}
CH.Cl,, and Pna2; for [(L3S)Mo(O)ChL]. The structures were
solved using direct methods or via the Patterson function, completed
y subsequent difference Fourier syntheses, and refined by full-
matrix least-squares procedures BA The asymmetric unit of
0[(LO)MoOCIz]-CH2CI2 contains one fully occupied and relatively
ordered dichloromethane molecule of solvation. The asymmetric
‘unit of [(LLO)MoO(OPh)CI}2CH,CI, contains one well ordered

Inorganic Chemistry, Vol. 42, No. 19, 2003 6001



and restricted-open Hartreélock formalism, without symmetry
restrictions. Optimized geometries were obtained by using the
B3LYP exchange-correlation functional with a 3-21G* basis set
for all atoms under the unrestricted formalism. In the single-point
DFT calculations, the molybdenum atom is described with a
DGauss full electron doublé-basis set, with polarization having a
(18s,12p,9d)~ [6s,5p,3d] contraction schergfor all other atoms,

the standard 6-311G(d) basis®atas used. All single point and
geometry optimized DFT calculations were performed using the
Gaussian 98 program family running under a Windows or a Linux
operating syster?? The percent contribution from the atomic
orbitals, to their respective molecular orbitals, was calculated using
the VMOdes progran®

Results

Synthesis and Reactivity.The treatment of 1 equiv of
the deprotonated ligand (LOpr (L3S)” with a THF solution
of MoOCI(THF),, as described’ affords the red [(LO)-
MoOCl;] and the green [(L3S)MoOg]l complex, respec-
tively. For [(LO)MoOC}], crystallization from dichlo-
romethane produced X-ray quality crystals, structural analysis
of which demonstrates only the trans geometry. The trans
isomer of [[LO)MoOC}] is less stable in air and water than
the corresponding [(L10)MoOg}llcomplex and decomposes
to a blue compound. The composition of this material is pres-
ently unknown; however, it may be a polynuclear complex.

Substitution of one chloride ligand can be accomplished
by treating a toluene slurry of [(LLO)MoOgIwith excess
phenol (HOPh) at elevated temperatures. Only the mono-
substituted complex [(L1O)Mo(O)(OPh)CI] was isolated,
after even 7 days at 80C. Treatment of [(LLO)MoOG]
with a variety of other exogenous ligands failed to facilitate
substitution of either or both of the chloride ligands.

For [(L3S)MoOCY}), slow diffusion of hexane into a
concentrated solution of GE&l, produces green crystals.
Typical yields are between 60% and 70%. In stark contrast

(19) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
(20) Basis sets were obtained from the Extensible Computational Chemistry

Carrano et al.

Table 2. Selected Bond Distances (A) for [(LO)MoOg£(1),
[(LLO)MoO(OPh)CI] @), and [(L3S)MoOC] (3)2

1 2 3
Mo(1)—N(1) 2.16(2) 2.211(6) 2.36(2)
Mo(1)—N(3) 2.21(2) 2.187(4) 2.24(2)
Mo(1)—S(1) 2.355(3)
Mo(1)—0(1) 1.663(12) 1.690(6) 1.980(9)
Mo(1)—0(2) 1.962(12) 1.976(6)
Mo(1)-0(3) 1.974(5)
Mo(1)—CI(1) 2.378(6) 2.3722(14) 2.380(3)
Mo(1)—CI(2) 2.351(6) 2.066(16)

aNumbers in parentheses are estimated standard deviatiGiis) and
CI(2) are disordered
Table 3. Selected Bond Angles (deg) for [(LO)MoO£(1),
[(L2O)MoO(OPh)CI] @), and [(L3S)M0oOC]] (3)?

1 2 3
N(1)—Mo(1)-N(3) 81.4(6) 82.0(2) 77.9(3)
N(1)—Mo(1)—S(1) 83.9(4)
N(1)—Mo(1)-0(1) 89.1(6) 87.5(3) 89.3(6)
N(1)—~Mo(1)-0(2) 83.2(6) 82.2(2)
N(1)—Mo(1)—CI(1) 171.5(5) 93.91(12) 83.2(4)
N(1)—Mo(1)—CI(2) 92.8(4) 178.6(5)
N(1)—~Mo(1)-0(3) 169.1(2)
N(3)—~Mo(1)-0(1) 88.8(6) 87.5(2) 167.1(6)
N(3)-Mo(1)-0(2) 82.1(6) 82.5(2)
N(3)—Mo(1)—0(3) 90.8(2)
N(3)—-Mo(1)—S(1) 84.9(4)
N(3)—Mo(1)—CI(1) 93.0(5) 171.9(2) 84.6(4)
N(3)-Mo(1)—CI(2) 171.2(5) 101.9(5)
O(1)-Mo(1)-0(2) 168.8(7) 166.5(2)
O(1)-Mo(1)-CI(1) 97.4(5) 99.4(2) 94.8(4)
O(1)-Mo(1)-CI(2) 97.7(5) 91.9(4)
O(1)-Mo(1)-0(3) 100.5(3)
O(1)~Mo(1)-S(1) 93.0(4)
0(2)-Mo(1)-0(3) 88.8(2)
0(2)-Mo(1)—-ClI(1) 89.6(4) 90.00(12)
0(2)~Mo(1)-S(1)
0(3)-Mo(1)-Cl(1) 92.16(13)
S(1)-Mo(1)—CI(1) 164.84(11)
S(1)-Mo(1)-CI(2) 94.7(4)
Cl(1)-Mo(1)—CI(2) 91.9(2) 98.1(3)

a2 Numbers in parentheses are estimated standard deviations.

to [(LO)MoOCI;] or [(LLO)MoOCl], where the trans isomer
has been both computationally and experimentally shown

Environment Basis Set Database, Version 4/22/01, as developed andto be the more stable (vide infra)_ The X-ray crystallographic

distributed by the Molecular Science Computing Facility, Environ-
mental and Molecular Sciences Laboratory which is part of the Pacific
Northwest Laboratory, P.O. Box 999, Richland, WA 99352, USA,
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analysis of the green crystals of [(L3S)MoQeveals the
presence only of the cis isomer that is both air and water
stable. However, unlike [(L1O)MoOg}| substitution reac-
tions at elevated temperatures and extended reaction times
(several days) between [(L3S)MoQFand a variety exog-
enous ligands proved unsuccessful.

Solid-State Structure of the Complexes The single-
crystal X-ray diffraction studies on [(LO)MoOgl (1),
[(LLO)MoO(OPh)CI] @), and [(L3S)MoOC] (3) confirm
that the (LOJ, (L10O)-, and (L3S}, formed by deprotonation
of the phenol oxygen or alkanethiol sulfur, respectively, bind
to molybdenum in a tridentate fashion. Selected bond
distances and angles for these complexes are shown in Tables
2 and 3, while Figures-13 contain the thermal ellipsoid
diagrams of the complexes. Additional structural parameters
are provided in the Supporting Information.

(24) Cleland. W. E.; Barnhart, K. M. Yamanouchi, K.; Collison, D.; Mabbs,
F. E.; Ortega, R. B.; Enemark, J. hhorg. Chem.1987, 26, 1017.
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angle. The Mo(1)O(2) and average MeN,, bond distances

are 1.96(1) and 2.18(2) A, respectively. These distances are
not unusual and are similar to those reported for other
molybdenum complexés.

[(LLO)MoO(OPN)CI] (2). Figure 2 displays the octahedral
coordination geometry around the molybdenum ion with the
two pyrazolyl nitrogens and one phenolate oxygen donor
from (L1O) constituting one face of the octahedron. The
N(1)—Mo(1)—N(3) and average p—Mo(1)—0O(2) bond
angles are 82.0(2pnd 82.3(1), respectively. The deviation
of bond angles from the 90angle that is expected for
idealized octahedral geometry is presumably due to the
relatively small bite angle of the ligand. The oxo ligand, O(1),
is positioned trans to the phenolate oxygen O(2) with a
Mo(1)—O(1) bond distance of 1.690(6) A, a M®(2)
distance of 1.976(4) A, and a O@Mo(1)—0(2) bond angle
of 166.5(2). The phenolic oxygen is oriented opposite to
one of the pyrazol nitrogen atoms with the O{3Jo(1)—
N(1) bond angle of 169.0(2) The exogenous phenolate
ligand is positioned trans to the pyrazolyl nitrogen N(1) with
a Mo(1y-0(3) bond distance virtually indistinguishable
from the Mo—O(2) distance at 1.974(5) A. The chloride
ligand CI(1) is trans to the pyrazolyl nitrogen N(3) with a
Mo(1)—ClI(1) bond distance of 2.3722(14) A. The remaining
bond distances and angles observed in [(LLO)MoO(OPh)-
Cl] are unremarkable and are similar to those reported for
other molybdenum(\A-oxo complexed?

[(L3S)MOOCI,] (3). The molecular structure of [(L3S)-
MoOCl;] reveals a 2-fold disorder between O(1) and
CI(2). Nevertheless, the solid-state structure clearly shows
that the complex must exist exclusively as the cis isomer.
The N,,—Mo(1)—S(1) angles for the complex are sta-
tistically identical at 83.9(4) and 84.6(4), while the
N(1)—Mo(1)—N(3) bond angle is smaller at 77.9{3)The
thiolate sulfur S(1) lies perpendicular to the square plane
formed by the two pyrazolyl nitrogens, one chloride
(CI(2)), and one oxo oxygen. It is trans to the ordered chlor-
ide atom CI(1) with a Mo(1}S(1) bond distance of
2.355(3) A and a S(BMo(1)—CI(1) angle of 164.84(12)

The Mo(1)-Np, distances observed in [(L3S)MoQLkre

not unusual and are similar to those reported for other

Mo(V) —N,, containing complexe¥ 2! The metal ion lies

in the square plane formed by the two pyrazolyl nitrogen

atoms, one chlorine (CI(2)), and one oxo oxygen. The oxo

Figure 3. ORTEP plot of3 at 20% probability ellipsoid. oxygen O(1) is positioned trans to the pyrazolyl nitrogen
N(3) with a Mo(1>-0O(1) bond distance that is consider-

[(LO)MoOCI ;] (1). Unlike [(LLO)MoOCH], where a com- ably longer than expected (Mo@P(1) = 1.980 A), the
positional disorder between the terminal oxo and the chloro result of the 2-fold disorder between it and the chloride
ligands precluded characterization of a single geometric ion CI(2) which has a bond length shorter than expected
isomer!s [(LO)MoOCI,] crystallizes without such disorder  (Mo(1)—ClI(2) = 2.066(10) A). The N(3¥Mo(1)—0O(1)
and can thus be identified as exclusively the trans isomer.angle is 167.1(6)

The average N—Mo(1)—0O(2) bond angle is 84.1(8)and Electrochemistry. The electrochemical behavior of the
the N(1-Mo(1)—N(3) bond angle is 81.3(8) Both the [(LO)M0OCI;], [(L1O)MoO(OPH)CI], and [(L3S)MoOQG]
N(1)—Mo(1)—N(3) and average M—Mo(1)—0O(2) bond complexes was examined by cyclic voltammetry and Os-
angles in the complex deviate from the°9&xpected for teryoung square wave voltammetry. The results for the cyclic
idealized octahedral geometry due to the relatively small bite voltammetric experiments are presented in Table 4.

angle of the ligand. The seven-membered ring, which  The cyclic voltammogram of [(L1LO)MoO(OPh)CI], shown
contains the phenolate oxygen, supports the larger internalin Figure 4, displays two quasireversible redox processes with
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Table 4. Electrochemical Properties of [(LLO)MoOGC],
[(LLO)MoO(OPh)CI], and [(L3S)MoOG]

complex Ei2 (V) AEp (mV) idia
[(LO)MOOCIy] —-0.27 72 0.91
[(LILO)MoO(OPh)CI]  —0.89,0.94 92, 156 0.94, 0.99
[(L3S)MoOCh] —0.48, 1.30(irr) 77 0.93
Cis-(L1LO)MoOCkL" —0.70,1.18 62, 70
trans(LLO)MoOCkL° —0.49,1.31 83, 65

aln CHCl; at a scan rate of 0.10-¥%; all data are presented with
respect to SCE2 In MeCN (ref 15).
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Figure 4. Cyclic voltammogram of in CH,Cl, at 25°C and scan rate of
100 mV/s.

Eir, = —0.89 V for the reductive Mo(IV/V) couple and
+0.94 V for the oxidative Mo(V/VI) couple. The potential

Carrano et al.

is observed fol.. However, given its low reduction potential
and the expected difference between oxidative and reductive
couples of 1.8 V, the oxidative process is anticipated to
appear more positive thahl.5 V, i.e., outside the window
of the solvent. A freshly prepared solution balso shows
evidence for a small fraction of material (ca. 18%) with a
redox potential of-0.48 V. Older solutions contain signifi-
cantly less of this component. On the basis of our previous
results with the [(LLO)MoOG] compound, which was
isolated in a 2:1 mixture of the cis and trans isomers, we
propose that the minor component represents the cis isomer
of [[LO)MoOCI;]. The measuredE value between the cis
and trans isomers of [(LO)MoOglof 210 mV would then
be virtually identical to those observed between the cis and
the trans isomers of [(LLO)MoOgI(213 mV), thus lending
strong support for the assignment of the minor component
as the cis isomer.

Electronic Structure and Stability Calculations. Because
the X-ray crystal structures are not available é@[(LO)-
MoOCl;] or trans[(L3S)MoOCLk], we have used a modern
computational approach to understand the influence of the
trans effect on the geometry and stability of these complexes.
The most important bond distances in the optimized geom-
etries of all of the four possible structures (i.e., cis and trans
[(LO)MOOCI;] and [(L3S)MoOCY}]) are presented in Table
5. A comparison of the X-ray determined structures with
the optimized geometries shows them to be in good agree-
ment. When the trans effects in both isomers were compared
as a function of the heteroatom (i.e., sulfur in L3S and

difference between the two couples of 1.8 V is typical for oxygen in LO), the heteroatom in [(L3S)MoOgLExperi-
complexes of this type but is significantly larger than those ences a 5-fold larger bond elongation than that in [(LO)-
observed for enzymatic centers. In general, one electronMoOCI,]. More explicitly, the Mo-S bond in the [(L3S)-
oxidations of Mo(V) complexes are often irreversible due MoOCI,] complex has been calculated to be elongated by
to the inherent instability of mono-oxo Mo(VI) species. This nearly 0.1 A on going from the cis to the trans isomer, while

is primarily due to formation of more stable dioxo [Mg®

the analogous MeO(Ph) bond changes only by 0.02 A.

moieties from traces of water present in the solvent. It is Experimentally, the X-ray structure @ demonstrates that

significant that the oxidative wave & is nearly reversible

the difference between MeO(Ph) bonds cis or trans to an

and experiences no substantial decrease in current durinxo group is even less (essentially zero). Similarly, the
repeated scans. This suggests that, at least in the CV timeMo—Cl bond distances, in the cis and trans isomers of
scale, a stable mono-oxo Mo(VI) species is formed due to [(L3S)MoOCk)], differ by 0.06 A, while that difference is
the presence of the second phenolate group, which mimicsonly 0.03 A for the two isomers of [(LO)MoOg]l On the

the electron donating ability of an oxo group.
The electrochemical response ob-[(L3S)MoOCL] is
similar to that found for2. Thus, the CV ofcis-[(L3S)-

other hand, the M&O distances for all four complexes
remain essentially invariant. The calculated geometries of
the cis and trans isomers of [(L3S)MoQLrhnd [(LO)-

MoOCI;] shows a single quasireversible reductive redox MoOCI,] complexes are in good agreement with crystal-

process aki, = —0.48 V with an oxidation process &

lography. Accordingly, cis-[(L3S)MoOCk] is calculated

= 1.3V, again leading to a difference between the couples (using the unrestricted DFT approach) to be 8.7 kcal/mol

of about 1.8 V. However, in contrast # the oxidation

process for3 is largely irreversible and reflects the lower

more stable than the trans isomer, whitns[(LO)MoOCI;]

was calculated to be 1.12 kcal/mol more stable than the cis

ability of a thiolate donor, in comparison to a phenolate, to isomer.

stabilize the mono-oxo Mo(VI) moiety.
Cyclic voltammetry oftrans[(LO)MoOCI,], in CH.Cl,

between 1.5 anet2.0 V versus SCE, shows only one major

quasireversible reduction processEap = —0.27 V. Thus,
it is ~215 mV more easily reduced than the analogus
butyl substituted phenolate complésgns[(L1O)MoOCl;],*®

The calculated energies of the frontier orbitals for all
complexes are shown in Figure 5, and Table 6 lists atomic
orbital contribution analysis for selected molecular orbitals.
The most important orbital shapes (which are similar in all
cases) are depicted in Figure 6. In general the semioccupied
orbital has a predominant molybdenumyAdharacter and

due to the absence of the electron releasing alkyl groups onas such is in good agreement with both ligand-field theory
the phenol ring. Surprisingly, no reversible oxidation process and experimental data. In addition, this orbital always
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Table 5. Bond Distances from the Optimized Geometties

Mo—N Mo—N Mo—Cl Mo—Cl Mo—OPh/
isomer Mc=0O (trans-Q) (trans-Cl) (trans-N) (trans-0O/S) Mo—S(CH)
cis-(LO)MoOCl, 1.70 2.33 221 2.37 242 1.96
trans-(LO)MoOCl, 1.72 2.26 (2.16) 2.26 (2.21) 2.39 2.39 1.99
(1.66) (2.35) (2.38) (1.96)
Cis-(L3S)MoOC}h 1.7 242 2.22 2.37 243 243
(disordered) (2.36) (2.24) (disordered) (2.38) (2.36)
trans-(L3S)MoOCb 1.73 2.25 2.25 2.37 2.37 2.53

a Experimental values are in parentheses.

Figure 5. Relative orbital energies for selected molecular orbitalargl
O, represents the heteroatoms of L3S and LO, respectively. The scorpionate

ligands are represented by L.

experiences antibonding interactions with the in-plarar-
bitals of the equatorial chlorine atoms. More importantly,
the difference in the reduction potential between the cis and ;| 1
trans isomers of [(LO)MoOG] (the only complex for which

experimental data are available) are in qualitative agreementt + S~ cis
with the energy difference between their calculaigdet,
LUMO orbitals. Indeed, the energy difference between these
orbitals, for the cis and trans isomers of [(LO)MoGQiCWas
calculated to be 193 mV, in good agreement with the q, cis
experimentally observed 207 mV difference. Similarly, the
calculated difference in the reduction potential of the cis and de-
trans isomers of [(L3S)MoOg]lis found to be 66 mV, with

the cis isomer being more easily reduced. It should be noted
that accurate predictions of the redox potential require a i

Table 6. Calculated Orbital Energies and Percent Compositions for
[(LO)MoOCI;]2 and [(L3S)MoOC)]2

a. [(LO)MoOCb]

energy
orbital isomer (V) Mo Mo(d) G O CI N. L
Cl+L cis —-7.048 08 03 03 06 819 1.7 17.0
trans —7.033 12 04 0.7 0.0 846 1.8 134
O +L cis —-6.339 48 33 22 232 74 09 856
trans —6.236 3.8 29 22 244 7.0 19 86.9
Oy cis —3.013 810 80.7 01 46 93 04 96
trans —3.161 81.4 813 00 04 134 11 52
Oxz cis —-2.771 69.8 68.7 142 0.1 50 22 11.0
trans —2.533 71.2 705 130 20 28 1.1 131
dy, cis —-2.446 711 701 121 35 58 05 111
trans —2.202 69.7 68.2 13.1 51 28 0.6 14.3
de-y+L cis —-0.892 488 477 03 46 135 75 374
trans —1.171 56.4 56.3 05 0.0 17.8 11.8 25.2
L +dey cis —1.028 157 156 0.2 23 4.0 9.0 80.1
trans —1.052 12.8 128 00 0.6 3.6 12.2 83.6
dz cis 0.418 40.3 323 6.8 33 58 7.1 47.1
trans 0.651 30.1 202 40 14 52 26 607
b. [(L3S)MoOCH]
energy
orbital isomer (V) Mo Mod) O S CI N L

cis —7.071 106 51 05 27.3 47.7 3.0 412
trans —6.681 14.7 6.3 10.1 496 18 54 734
—6.088 3.2 26 41 646 65 3.1 86.2

L+Cl trans —5.831 43 34 15 624 10.1 32 841

Oy cis —3.187 817 814 0.0 27 118 05 6.5
trans —3.172 824 823 00 0.6 13.0 1.0 4.6

Oz cis —2.700 69.9 68.3 13.7 0.1 50 25 114
trans —2.646 71.4 69.9 126 49 29 15 13.1

—2.433 68.0 66.9 125 6.0 54 04 141

trans —2.520 65.8 625 126 75 59 0.8 157

v+ L cis —1.032 48.8 48.2 0.3 11.7 13.8 6.3 37.1

trans —1.123 51.0 50.8 0.3 0.0 16.9 12.3 31.7

L + de-y2 cs —-0764 82 78 03 15 1.8 16.5 89.6
trans —0.809 20.8 20.6 0.2 0.1 5.2 17.3 73.8
cis 0.201 528 36.2 6.8 39 58 79 346
trans 0.311 399 309 5.8 12.0 4.4 4.7 499

rigorous treatment of the complete redox cycle and the

inclusion of solvation effect$

Due to the spin-polarization effect, we have limited the
preceding discussion to the spin-unrestricted calculations;
however, the electronic structures calculated by the restricted
open formalism are discussed in the following text. The
calculated LUMO is predominantly molybdenum 4dh
character, and the predicted ordering of the metal orbitals is
consistent with ligand field theory for tetragonally distorted
octahedral geometry. Accordingly, the next metal-based or-
bital is the 44, Interestingly, in all the cases, the molyb-
denum 4¢ 2 orbital is delocalized between two molecular
orbitals (d2-y + L and L + de_2) with the first orbital
having a larger metal contribution (Table 6) exceptis

aUsing the restricted open formalism.

[(LO)MOOCI], where the ¢ + L orbital is lower in
'energy than the L+ de-2 Last, the 4¢ orbital has been
found to be the highest energy orbital within the d-manifold.
Taken together, all of the predominantly molybdenum
d-orbitals were found to give the following order of increas-
ing energy: 4¢, < 40, ~ 4d,, < 4de-y < 4dz.

Another interesting feature revealed by the calculations
is that the highest doubly occupied orbital, for all four com-
plexes, had almost purely heteroscorpionaterbital char-
acter with significant contributions arising from the hetero-
scorpionate sulfur or oxygen atom. In contrast, the lower
energy orbitals are found to be a mixture of the heteroscor-

(25) Mouesca, J.-M.; Chen, J. L.. Noodleman, L.; Bashford, D.; Case, D. pionate ligand and chlorine atom orbitals. Interestingly, the

A. J. Am. Chem. S0d.994 116, 11898-11914.

ligand st-acceptor orbitals were found between the molyb-
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Figure 6. Typical shapes of the frontier d-orbitals in Mo(V) complexes.
The orbitals are shown farans[(L3S)MoOCk]. From left to right, the
molecular orbitals composition are as followsy, @, dyz te-y2 + L, L +
de—y?, dz2 (see Table 6).

denum 4¢, — 4de- and 4g2-2 — 4dz orbitals (Table 6),
suggesting that low-lying scorpionateacceptor orbitals may
play a role in defining the electronic structure of these
complexes.

Discussion

Carrano et al.

experimentally verified for [(LLO)MoOG] where the cis
isomer is~213 mV more difficult to reduce than the trans
isomer. The reasons for this assumption are 2-fold. First, in
all cases, the redox orbital 4dorbital) has a significantly
greater heteroatom character in the cis isomer relative to
the trans, while in the trans isomer the redox orbital has a
greater chlorine atom character. Second, the energy differ-
ence between theggorbitals of the cis and trans isomers of
[(L3S)MoOC}] are smaller than those observed in the [(LO)-
MoOCI;] or [(LLO)MoOCL] complexes. Thus, it is reason-
able to suggest that a geometric change would present smaller
differences in redox poise for the complex with the sulfur
donor.

A detailed inspection of the DMSOR crystallographic data,
and that of a related enzyme trimethylamimdeoxide
reductase (TMAOR), reveals a wide variation in the reported
O—Mo—0sr angle (terminal-oxe-Mo—serinato-oxygen),
which ranges from 90to 146. Recently, an in-depth
investigation of the isomeric complexes of the L10 ligand
has offered the serine gated electron transfer (SGET) model
as a functional implication of this structural variatiBnA

Both the calculations and the experiments show that, by similar comparison for an O(terminaiMo—S(cysteine)

simply changing the donor atom in an otherwise isoelec-
tronic, isosteric, and isostructurapXltripodal ligand system,
the relative stability of geometric isomers of [(L)MoQTI
complexes changes. In the case where Bpnenolate the trans
isomer is the more stable while for % Spioiate it is the cis
isomer. One obvious question is concerned with the origin
of this effect. The structural trans effect is well-known and
widely evoked in oxomolybdenum chemistry. Bond lengths
between Mo and atoms trans to the very tightly bound oxo

angle can be made from the crystal structure of chicken liver
sulfite oxidaseé and Desulfaibrio desulfuricans nitrate
reductas® where the O(terminat)Mo—S(cysteine) angles

are 72.8 and 55, respectively. The magnitudes of the angles
are clearly suggestive of a preference for the sulfur donors
in the equatorial position as demonstrated with the model
complexes. Thus, the model investigation provides an
electronic argument of the preferred geometry for the amino
acid based donors in DMSO reductase and nitrate reductase.

group are usually extensively elongated. For example, the Finally, when a mismatched coordination is created, via

Mo—Ngansdistances (trans to the oxo group) in [(L3S)MoO-
(SPh}], [(L3S)MoO(bdt)], [(Tp*)MoO(SPh)], and [(Tp*)-
MoO(bdt)] are 0.20.4 A longer than the corresponding
Mo—Ngs (cis to the oxo group)? Similarly, the calculated
Mo—Syans(trans to the oxo group) distancetians[(L3S)-
MoOCl,] is 0.1 A longer that the Me S;s (cis to the oxo
group) distance irtis-[(L3S)MoOCkE]. On the other hand,

site-directed mutagenesis, the proteins are found to be either
less active or inactive as compared to the wild type enzymes.
Thus, when cysteine-207 (coordinated to molybdenum) in
human sulfite oxidase is mutated to a serine, the enzyme
loses its activity, and the extended X-ray absorption fine
structure (EXAFS) reveals a trioxdMo center at the fully
oxidized staté’?® In a similar type of experiment, when

the expected trans elongation is calculated to be small inserine 147 (that coordinates to molybdenum) is mutated to

trans{(LO)MoOCl], and crystallographically, no significant
trans effect could be observed in [(L1O)MoO(OPh)AJ.(
Interestingly, the latter is a rare example of an exwolyb-

a cysteine in DMSOR, the resultant enzyme is again
61—99% less reactive than the wild-type enzythé light
of the previously described SGET model, it is provocative

denum complex containing both cis and trans phenolateto suggest that, in the mutated proteins, a mismatched

groups, thus providing an internal reference for evaluating
the trans effect induced by the terminal oxo-group. Clearly,
in the crystal structure 02, both Mo—OpnenoiatebOnds are
statistically equivalent¢1.97 A) and are similar to the values

determined in analogous complexes. Thus, in this complex

there is no appreciable trans effect on the-M@nenoardond.

geometry produced upon coordination of amino acids with
different donor groups may be an important controlling factor
in the less functional expressed enzymes.

Conclusions
Three new oxe-molybdenum(V) compounds are re-

The electrochemical data suggest that geometric reorga-Ported, and all of them are characterized by X-ray crystal-

nization (i.e., isomerization) in these complexes can modulate

the molecular redox poise. In the case of [(L3S)MogClI
the calculations suggest a difference in e UMO, the
redox orbital, of the cis to the trans isomer 866 mV.
Although only the cis isomer has been isolated for [(L3S)-

(26) Dias, J. M.; Than, M. E.; Humm, A.; Huber, R.; Bourenkov, G. P.;
Bartunik, H. D.; Bursakov, S.; Calvete, J.; Caldeira, J.; Carneiro, C.;
Moura, J. J. G.; Moura, |.; Rohea M. J. Structure1999 7, 65—79.

(27) George, G. N.; Gerrett, R. M.; Prince, R. C.; Rajagopalan, KJ.V.
Am. Chem. Sod 996 118 8588-8592.

(28) Gerrett, R. M.; Rajagopalan, K. \J. Biol. Chem 1996 271, 7387

MoOCl,], it is reasonable to suggest the corresponding trans(zg) Hilton, J. C.: Temple, C. A.; Rajagopalan, K. ¥.Biol. Chem1999

isomer would be more difficult to reduce, a behavior
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274, 8428-8436.
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