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Four new Mo(VI)—dioxo complexes of a family of N,X heteroscorpionate ligands are reported which, together with
data already available for (TpR)~, provide a unique example of a comprehensive set of isostructural, isoelectronic
complexes differing only in one biologically relevant donor atom. A study of these complexes allows for a direct
comparison of structural, spectroscopic, and oxygen atom transfer reactivity properties of the Mo(VI)—dioxo center
(of relevance to various families of molybdoenzymes) as a function of donor atom identity.

Introduction suppose that a 3-fold symmetric, all nitrogen donor ligand
o .. would be a poor substitute for the dithiolene and other sulfur
The majority of the mononuclear molybdenum containing yonor atoms of these enzymes, they nevertheless provide
enzymes have the general function of catalyzing a net 0xygenyjomimetic attributes unmatched by other systems. Indeed,
atom transfer (OAT) to or from a physiological donor/ hydrido tris(3,5-dimethylpyrazolyl)borate (Tp*) complexes

acceptor with the metal cycling between thé and +4 can mimic both the forward and reverse oxygen atom transfer
oxidation states. They can be conveniently divided into three oo tions interconverting the Mo(V1) and Mo(IV) states as

major groups on the basis of the structure about the metal o) as the coupled electrerproton transfer and atom

center, all of which include one or more pterin cofactors. yansfer reactions producing the enzymatically important
Among the three families, the DMSO reductase family is \1(y) state. In addition, access to stable, mononuclear Mo
t.he most diverse Wherel, in addition .to the pterin based (VI, V, and IV) complexes has made these systems extraor-
ligands, the metal center is often coordinated by endogenousyjnayily useful in understanding the electronic structure and
ligation from a serine alkoxide oxygen, a cysteinyl thiolate oy interplay of the resting and intermediate states of these
sulfur, or a carboxylate oxygen from aspartate. enzymes1° Nevertheless, the inherent limitations of these
Pyrazolylborate complexes of molybdenum represent a |igands (threefold symmetric with all nitrogen donors) limit
uniquely successful and extensive model system for the pterintheir continued utility.
dependent molybdoenzym&s? While in general one would Many of these limitations have been eliminated by our
introduction of a family of tripodal BX ligands that contain
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Scheme 1. Ligands Used in This Study

L4O)
(L40) (L3s)

possible to investigate how donor atom identity affects the
properties of the metal center in a series of structurally
analogous complexes. Complexes of the type [LMOID
where L= N,X ligand can exist in two isomeric forms, the

chromatography and the filtering agent Celite were obtained from
the Aldrich Chemical Co. The purity of isolated compounds as well
as the progress of the reactions was monitored by thin-layer
chromatography. The ligands (8rt-butyl-2-hydroxy-5-methyl-
phenyl)bis(3,5-dimethylpyrazolyl)methane (L10H) and (2-dimeth-
ylethanethiol)bis(3,5-dimethylpyrazolyl)methane (L3SH) and the
lithium salt of carboxybis(3,5-dimethylpyrazolyl)methane (L4OLi)
were prepared using previously reported procedifris.
L50H (1). To a cooled solution<{78 °C) of 22.2 g (0.107 mol)
of bis-3,5-dimethylpyrazolylmethaffen 200 mL of dry THF was
added 40 mL of 2.5 M-butyllithium in hexane. After stirring for
30 min, 6.0 g of paraformaldehyde was added and the solution
allowed to come to room temperature. After standing for 48 h, the
solution was quenched with 50 mL of 0.1 M HCI, and the THF
and water were removed under vacuum. The dry solid was taken
up in hot ether and allowed to cool slowly t628 °C whereupon
ca. 5-6 g of the white microcrystalline product precipitated. FTIR
(KBr, cm™1): voy = 3198 (vs).!H NMR (CDCl): 6 6.28 (t, 1 H,
J =6 Hz, —CH-), 5.82 (s, 2 H, PH), 4.39 (d, 2 H,J = 6 Hz,
—CH,—), 2.21 (s, 6 H, PzCHj3), 1.94 (s, 6 H, PzCHjy). 13C NMR
(CDCl): ¢ 148.23, 140.34, 106.95, 72.62, 63.29, 13.50, 10.50.
[(L1O)M0O ,CI] (2). A solution of L1OH (0.49 g, 1.3 mmol) in
15 mL of anhydrous DMF was treated with solid KH (0.054 g, 1.3
mmol). After gas evolution ceased, the K(L10) solution was added
dropwise to a solution of MogZl, in 10 mL of DMF. The resulting
mixture was stirred for 1.5 h and filtered to remove a small amount

cis isomer being defined here as the one having a plane ofof insoluble material. The filtrate was dried under reduced pressure

symmetry (i.e., both oxo groupssto the heteroatom). Due
to the ‘trans’ effect of the oxo atoms, these isomers are
expected to differ in a number of important areas including
redox potential and OAT reactivity. Thus, a further advantage
of our unsymmetrical BX ligands is that they provide the
potential to explore the effects of geometry on such
properties®> 17

In this report, we describe the isolation and crystal-
lographic characterization of dioxo Mo(VI) complexes of the
entire family of NbX heteroscorpionate ligands (Scheme 1).
Further, we show that the stability of tlees or transisomers

to give 0.48 g (68%) of [(LLO)MogLl] (2) as a yellow solid.
[(L1LO)M0oO,CI] was crystallized by layering a concentrated £H
Cl, solution with hexane. Ovea 3 day period, [(LLO)MogCl]
crystallized as yellow needles, which were isolated and dried under
reduced pressure. Anal. Calcd (Found) for [(L1O)MGQ-CH,-

Cl,, Cy3H31N4OsClsMo: C, 44.99 (45.31); H, 5.10 (4.88); N, 9.12
(9.02). FTIR (KBr, cnm): vyeo = 922, 900 (VS)Amax (CH2Cly, €,
M~tcm™1): 300 (sh), 344 (3300}H NMR (CDCl): 6 7.16 (d, 2
H,J= 2 Hz, AH), 6.93 (s, 1 H—CH-), 6.82 (d, 2 HJ = 2 Hz,
ArH), 6.02 (s, 2 H, PH), 2.69 (s, 6 H, PzCH3), 2.48 (s, 6 H,
Pz—CHz), 2.28 (s, 3 H, Ar-CHj3), 1.32 (s, 9 H,—C(CHa)3). 13C
NMR (CDClg): 6 154.03, 142.46, 140.91, 139.89, 130.28, 129.18,

is dependent on both the nature of the heteroatom donor, X,126.92, 121.75, 108.57, 69.81, 35.26, 30.33, 20.78, 15.01, 11.70.

in the NoX ligand as well as on the oxidation state of the
Mo. These complexes allow a direct comparison of structural,

spectroscopic, and reactivity properties of the metal center

as a function of donor atom. Given the ubiquity of the parent
Tp ligand in bioinorganic and catalytic studies, this approach
should have widespread applicabilify.

Experimental Section

[(L3S)M0O,CI] (3). A solution of L3SH (0.21 g, 0.75 mmol)
in 10 mL of anhydrous DMF was treated with solid KH (0.030 g,
0.75 mmol). After gas evolution ceased, the K(L3S) solution was
added dropwise to a solution of M@Cl, in 10 mL of DMF. The
resulting mixture was warmed to 7€ and stirred for 4 h. Once
complete, the reaction mixture was filtered to remove a small
amount of insoluble material and dried under reduced pressure to
give 0.28 g (84%) of [(L3S)MogCl] as a orange solid. [(L3S)-
MoO,CI] was crystallized by layering a concentrated £Ch

All syntheses were carried out under an inert atmosphere andsolution with hexane. Anal. Calcd (Found) for [(L3S)Mgl],
the reagents and solvents purchased from commercial sources an&14H21CINsO,SMo: C, 38.14 (38.19); H, 4.81 (4.83); N, 12.71
used as received unless otherwise noted. Subsequent workup waél2.47). FTIR (KBr, cnm?): vyoeo = 928, 896 (VS)Amax (CHCly,

carried out in air. Toluene and THF were distilled under argon over
Na/benzophenone. Silica gel 6200 mesh used in adsorption

(14) Hammes, B. S.; Kieber-Emmons, M. T.; Latizia, J. A.; Shirin, Z.;
Carrano, C. J.; Rheingold, A. llnorg. Chim. Acta2003 346, 227.

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

(16) Kail, B.; V. N. Nemykin, V. N.; Davie, S. R.; Carrano, C. J.; Hammes,
B. S.; Basu, Plnorg. Chem.2002 41, 1281-1291.

(17) Hoffman, J. T.; Einwaechter, S.; Chohan, B. S.; Basu, P.; Carrano, C.
J.Inorg. Chem,in press.

(18) Trofimenko, SScorpionates: The Coordination Chemistry of Poly-
pyrazolylborate Liganddmperial College Press: London, U.K., 1999.

e, M~ cm™1): 380 (sh), 460 (150H NMR (DMSO-dg): 6 6.50

(s, 1 H,—CH-), 6.29 (s, 2 H, PH), 2.54 (s, 6 H, PzCHjs), 2.51

(s, 6 H, P2-CHjy), 1.22 (s, 6 H,—C(CH3),—). 13C NMR (DMSO-

de): 0 152.22, 143.07, 107.83, 72.76, 52.20, 29.71, 14.65, 10.88.
[(L4O)M0O ,CI] (4). A solution of Li(L40) (1.0 g, 4.0 mmol)

in 10 mL of anhydrous DMF was added dropwise to a solution of

MoO,Cl, (0.76 g g, 3.8 mmol) in 7.5 mL of DMF. The resulting

mixture was stirred overnight. Once complete, the reaction mixture

was filtered to remove 0.46 g of a white precipitate. Removal of

the DMF from the mother liquor under reduced pressure yielded

an additional 0.47 g of product that was washed with acetonitrile
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Table 1. Summary of Crystallographic Data and Parameters for [(L1LOYRIBICH,CI, (2:CH.Cl,), [(L3S)MoO.Cl] (3), [(L40)M0OCI] (4), and

[(L50)MoO,CI] (5)

2 3 4 5
molecular formula @2H29N403C|MO C14|‘|21N4SOZC|MO C12H19N4O4C|MO 012H17N4O3C|M0
fw 611.80 440.84 414.70 396.68
temp (K) 293(2) 293(2) 100(2) 203(2)
cryst syst rhombohedral orthorhombic _triclinic monoclinic
space group R3m P2,212; P1 P2;/c
cell constants

a(h) 27.700(3) 8.658(2) 8.028(1) 7.873(1)
b (A) 27.700(3) 13.397(3) 9.754(1) 11.539(2)
c(A) 9.143(2) 15.147(4) 10.445(1) 16.266(3)
o (deg) 90 90 76.584(2) 90
f (deg) 90 90 67.670(2) 96.564(14)
y (deg) 120 90 87.748(2) 90
z 18 4 2 4
V (R3) 6076(2) 1757.0(7) 734.82(16) 1468.1(5)
abs coeffiucac (mMm71) 0.814 1.031 1.099 1.099
Ocalc (9/cP) 1.505 1.670 1.874 1.867
F(000) 2808 900 420 832
cryst dimens (mrf) 0.9x 0.4x 0.2 0.8x 0.6 x 0.2 0.19x 0.16 x 0.06 0.2x 0.4x 0.4
radiation Mo Koo Mo Ko Mo Ko Mo Ko
(A=0.71073 A) ¢ =0.71073 A) ¢ =0.71073 A) ¢ =0.71073 A)
h, k, | ranges colled —29—0 0—9 —-8—8 0—38
—-9—29 —-14—0 —-10—10 0—10
-7—9 0—16 —11—11 —-17—17
6 range (deg) 2.3822.48 2.03-22.50 2.15-23.50 2.1722.50
no. reflns collected 2766 1336 4477 1929
no. unique reflns 1778 1336 2119 1787
no. params 178 209 199 199
data/param ratio 9.99 6.39 10.65 8.98
refinement method full-matrix full-matrix full-matrix full-matrix
least-squares d¥? least-squares d¥? least-squares d¥? least-squares d¥?
R(F)2 0.0503 0.0542 0.0892 0.0396
Ru(F3P 0.1266 0.1587 0.2211 0.1009
GOFw 0.988 1.101 0.997 1.127
largest diff peak and hole (e 0.774 and-0.601 0.826 ana-0.503 4.454 and-2.481 0.562 anda-0.601

aR = [|AF|/|Fo|]. Ry = [W(AF)%WF.?. ¢ Goodness of fit orF2.

and dried under reduced pressure to give a total yield of 0.93 g
(57%) of [(L4AO)MoQCI] as a white solid. [(L4AO)Mo@Cl] was
crystallized by layering a concentrated @€H, solution with
isopropyl ether. Anal. Calcd (Found) for [(L4AO)M@gQl], C1.H;5
CIN,O4Mo: C, 35.10 (34.88); H, 3.68 (3.60); N, 13.64 (13.45).
FTIR (KBr, cm1): vyeo = 941, 910 (vs)*H NMR (DMSO-ds):

0 7.11 (s, 1 H—CH-), 5.86 (s, 2 H, PH), 2.17 (s, 6 H, Pz
CHj3), 2.07 (s, 6 H, PzCHj3). 3C NMR (DMSO-<g): 6 165.93,
146.82, 140.54 106.42, 71.43, 13.22, 10.79.

[(L50)Mo0O .CI] (5). A solution of1 (0.31 g, 1.3 mmol) in 15
mL of anhydrous DMF was treated with solid KH (0.054 g, 1.3
mmol). After gas evolution ceased, the K(L50) solution was added
dropwise to a DMF solution of MogZl, (0.27 g, 1.3 mmol). The
resulting mixture was warmed to 7€ and stirred for 4 h. Once
complete, the reaction mixture was filtered to remove a small
amount of insoluble material and dried under reduced pressure.
[(L50)Mo(O).Cl] (5) was crystallized by layering a concentrated
CH,CI; solution with hexane to give 0.15 g (28%) bfas light
yellow blocks. Anal. Calcd (Found) for [(L5O)Mo@l], CioH17-
CIN,O3Mo: C, 36.33 (36.37); H, 4.33 (4.22); N, 14.12 (14.02).
FTIR (KBr, cm™3): o0 = 937, 908 (vs)H NMR (CDsCN): o
6.69 (t, 1 HJ =2 Hz,—CH-), 6.11 (s, 2 H, P&), 4.65 (d, 2 H,

J = 2 Hz, —CH,—), 2.51 (s, 6 H, PzCHj3), 2.44 (s, 6 H, Pz
CHs). 13C NMR (CDsCN): ¢ 153.35, 141.74, 108.25, 73.28, 66.16,
14.48, 11.07.

Physical Methods.Elemental analyses were performed on all
compounds by Quantitative Technologies, Inc., Whitehouse, NJ.
All samples were dried in vacuo prior to analysis. The presence of
solvates was corroborated by FTIRY NMR, or X-ray crystal-
lography.1H and 13C NMR spectra were collected on a Varian

7802 Inorganic Chemistry, Vol. 43, No. 24, 2004

UNITY INOVA 400 or 500 MHz NMR spectrometers. Chemical
shifts are reported in ppm relative to an internal standard of TMS.
The3C quaternary carbon peaks that are not observed are a result
of either poor solubility and/or overlapping signals. IR spectra were
recorded as KBr disks on a Perkin-Elmer Spectrum One or a
ThermoNicolet Nexus 670 FT-IR 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 voltam-
mograms (CV) were obtained using a three-electrode system
consisting of glassy-carbon working, platinum wire auxiliary, and
SCE reference electrodes. The ferrocenium/ferrocene couple was
used to monitor the reference electrode and was observed at 0.768
V with AE, = 0.120 V andipdipa = 1.0 in CHCI, under these
conditions. IR compensation was applied before each CV was
recorded. Potentials are reported versus the saturated calomel
couple. Electronic spectra were recorded using a Cary 564§/
spectrophotometer.

Reactivity Studies.[LMoO,CI] complexes undergo oxygen atom
transfer reactions with BR in pyridine to produce BRO and
[LMoOCI(py)]. This reaction was investigated under pseudo-first-
order reaction conditions using a 500-fold excess afPPdat 30(1)
°C. All reactions were run in triplicate at a concentration of 2.5
mM [LMoOCl] in anhydrous pyridine. Solutions were equilibrated
at 30 °C prior to initiation of the reaction by addition of the
phosphine via gastight syringe. The reaction was monitored at 700
nm using a Cary 50 U¥vis spectrometer with a jacketed cell
attached to a constant temperature circulating bath. Rate constants
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Figure 1. ORTEP diagram with 50% thermal ellipsoids of [(L1O)Mo-
0,Cl] (2) showing selected atomic labeling.

Clm

o

Figure 2. ORTEP diagram with 50% thermal ellipsoids of [(L3S)MgO
Cl] (3) showing complete atomic labeling.

were calculated using the scanning kinetics program included with
the instrument software. Isosbestic points were generally not
observed in the reactions due to the coincident formation of a
species that absorbs in the 425 nm region (approximately where it

Figure 3. ORTEP diagram with 50% thermal ellipsoids of [(L4AO)MoGClI
(4) showing complete atomic labeling.

Figure 4. ORTEP diagram with 50% thermal ellipsoids of [(L5O)MoGQ[CI
(5) showing complete atomic labeling.

Table 2. Bond Distances from the DFT Optimized Geometries and
X-ray Crystallography

appears the isosbestic points would occur). This species, whose

formation is not unprecedented and has been reported previously
is due to a side reaction with the @b

Computational Details. All of the density functional calculations

were performed using Becke’s three-parameter hybrid exchangecis (L3S)

functional and the LeeYang—Parr nonlocal correlation functional
(B3LYP) within the borders of unrestricted and restricted open
Hartree-Hock formalism, without symmetry restrictions. For both
optimized geometries and single point calculations, a B3LYP
exchange-correlation functional with a 6-31G** basis set for all
non-ECP atoms and a LACVP** effective core potential on heavy
atoms were employed. All single point and geometry optimized
DFT calculations were performed using the program Jaguar
(Schroedinger) running under a Linux operating system.
Crystallographic Structure Determination. Crystal, data col-
lection, and refinement parameters f+5 are given in Table 1.
Crystals of all complexes were sealed in thin-walled quartz
capillaries, and data collection was initiated at 293 K excep#for
which was mounted on a fiber and cooled to 213 K. Data were
collected on a Siemens P4 diffractometer with a sealed-tube Mo
X-ray source and controlled via PC computer running Siemens
XSCANS 2.1 again except for compouddwvhich was collected
on a Bruker SMART APEX at UCSD. The systematic absences in
the diffraction data are consistent with the space grdr@ma for
[(LLO)M0O,CI] (2), P2,2:2; for [(L3S)M0O,Cl]-CH,Cl, (3:CH,-
Cly), P1 for 4, andP2,/c for 5. The structures were solved using
direct methods or via the Patterson function, completed by
subsequent difference Fourier syntheses, and refined by full-matrix

isomer Me=O Mo=0O Mo—N Mo—N Mo—ClI Mo—X
cis(L10) 1.714 1.714 2.435 2.436 2.415 1.949
expt 1.710(6) 1.710(6) 2.373(8) 2.373(8) 2.373(3) 1.898(9)
trans(L10) 1.711 1.722 2.298 2.503 2.378 2.012
1.712 1.712 2.437 2.434 2.417 2.475
expt 1.694(6) 1.694(6) 2.346(7) 2.346(7) 2.384(4) 2.421(4)
trans(L3S) 1.708 1.729 2.301 . . 2.531
cis(L50) 1.713 1.713 2.459 2.459 2.412 1.957
expt 1.697(4) 1.696(4) 2.354(5) 2.374(5) 2.395(2) 1.911(4)
trans(L50) 1.710 1.724 2.317 2.558 2.369 .99
cis(L40) 1.708 1.708 2.430 2.432 2.383 2.035
expt 1.754(8) 1.769(7) 2.212(9) 2.323(9) 2.233(4) 2.130(7)
trans(L40) 1.706 1.718 2.276 2.475 2.346 2.100

least-squares proceduresfh The asymmetric unit dd contained

a well ordered molecule of Gi€l,. All non-hydrogen atoms were
refined with anisotropic displacement coefficients, while hydrogen
atoms were treated as idealized contributions using a riding model
except where noted. All software and sources of the scattering
factors are contained in the SHELXTL (6.0) program library (G.
Sheldrick, Bruker AXS, Madison, WI). The single-crystal X-ray
crystallographic data for each of the complexes are found in Fig-
ures -4 and Table 1. Selected bond lengths are found in Table 2
while more complete bond length and angle data are given in Tables
S1-S4 of Supporting Information.

Results

Synthesis All the ligands of the family have been prepared
by one of two routes, i.e., reaction of a dipyrazole ketone

Inorganic Chemistry, Vol. 43, No. 24, 2004 7803
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with an aldehyde in the presence of Cp&$ a catalyst (L10 Table 3. Calculated (DFT) Difference in Energgis over trans for
and L3S series) or by lithiation of a dipyrazolylmethane LMoO2Cl Complexes

followed by quenching with the appropriate electrophile ligand AE (kcal/mol)
(L40 and L50 series). Six-coordinate dioxMo(VI) com- L3S (thiolate) 8.04
plexes, [(L1O)MoQCl] 1, [(L3S)MoQ,Cl] 2, [(L40)M0O,- tﬁggz{fgﬁg@ 446100
Cl] 3, or [(L5O)M0QO.CI] 4, were readily prepared by direct L40 (carboxylate) 258

reaction of deprotonated ligand (KH) with a stoichiometric
quantity of MoQClz in anhydrous DMF. Disappointing and  preferred, which is consistent with the solid state results for
somewhat surprising was the fact that we were unable to all complexes except (vide infra).
effect substitution chemistry at the chloride in any of these  pecause the X-ray crystal structures are not available for
complexes using methodology that was successful in the g the cigitrans pairs of the [LMoQCI] series, an under-
related T series. Thus, refluxing in a variety of solvents standing of the possible influence of ttrans effect of the
with either KX~ or HX plus triethylamine led to no  oxo group upon the geometry and stability of these com-
observable product formation. Treatmentofith silver salts plexes is possible only through a modern DFT computational
to remove the chloride followed by addition of K~ or HX approach. In order to compare the predicted stabilities of
plus triethylamine were also unavailing. One methodology the cis versustrans isomers, both isomers of each ligand
that offers some hope is based on the observation thatwere first geometry optimized starting from the Crysta]-
reaction of MoQ(acac) with L1OH in methanol cleanly  |ographic data where available. Relative energies of the two
produces [(LLO)Mo@OCH;] whose methoxide ion might  jsomers were then calculated at the optimized geometry. The
be substitutable by proton transfer with an HX more acidic most important bond distances in the optimized geometries
than methanol. Details will be reported in a subsequent of all of the eight possible structures (i.€is and trans
publication. [(LLO)MoO,CI], [(L3S)MoO,Cl], [(L4AO)M0O-CI], and
Solid State Structures.The structures of complex@s-5 [(L5O)M0O,CI]) are presented in Table 2. When possible,
are unexceptional, being very similar to each other and to a comparison of the X-ray determined structure and the
analogous dioxo Mo(VI) species. Thus, the molybdenum optimized geometry was made and found to be in good
oxygen multiple bonds are all near 1.7 A, although the agreement (although the basis set used here typically gave
Mo—N values from the pyrazoles are somewhat longer than Mo—X bonds consistently ca. 0.05 A longer than the
a “normal” Mo—N bond and average 2.36 A (expected ca. crystallographically derived values). Single point energy
2.2 A) due to thetrans influence of the oxo groups. The calculations at the optimized geometries support the notion
only substantial difference between the structures is thethatin the dioxo Mo(VI) species the thermodynamically more
varying bond length of the MX heteroatom bond that stable isomer should be teesin all cases but that the energy
ranges from 1.8 A (for the phenolate oxyger2pto 2.46 A difference betweeris and trans is smallest for the L40O
(for the thiolate sulfur oB). The stereochemistry of each of ligand found in complex (Table 3). This is in contrast to
the complexes isis except for compoundt where an the case for monooxo Mo(V) where ttransisomer (defined
analysis of the bond lengths suggests a compositionalas the isomer with the lone oxo grotransto the heteroatom
disorder between the oxo group and the chlorides consistentdonor) is predicted and experimentally verified to be the more
with a mixture ofcis andtrans isomers being present but ~ stable isomer for the phenoxy ligand, L10, and a derivative
with the trans predominating. This leads to longer than of the alkoxy ligand L5G>*Thus, there are both oxidation
expected molybdenum oxygen multiple bonds (1.76 A) and state and donor atom dependent differences in isomeric
shorter than expected McCl bonds (2.23 A). This phe-  stability. While the X-ray structure gf was compositionally
nomenon, which had previously been dubbed “bond stretch disordered, the nature of the disorder suggested thatethe
isomerization”, is now known to be a common effect of solid isomer was predominant. Thus, we were puzzled when the
solutions of mixed isomer$21 NMR spectrum o#l in ds-DMSO revealed only the presence
Isomerization. One of the useful features of our hetero- ©f the symmetricalcis isomer. Reasoning that since the
scorpionate ligands is that stereoisomers can be present an§nerdy difference between tres and trans isomers (as
isolated (thecisisomer being defined here as the isomer with €vealed by the gas phase DFT calculations) was small for
the oxo groups cis to the heteroatom in thekNigand, the ligand L4O" that the isomer preference could be tlpp_ed by
trans isomer has one oxo group trans to the heteroatom &ffECtS such as solvation, we recorded a spectrum iof
donor). The two isomers are easily distinguished by NMR CD2Clz that showed the almost exclusive presence of the
since thecis isomer possesses a plane of symmetry while 2Symmetrictrans isomer (Figure 5). Recording spectra in

thetransisomer is asymmetric. In all casés} NMR spectra several other solvents revealed the presence of a mixture.

demonstrate that imle-DMSO solution thecis isomer is Electrochemistry. Not unexpectedly, the redox potential
of these complexes is strongly modulated by the nature of
(19) Yoon, K.; Parkin, G.; Rheingold, A. L. Am. Chem. Sod991, 113 the heteroatom donor as revealed in Table 4. Thus, the
1437. _ phenolate and alkoxy oxygens, which are capable-bbnd-
(20) Eoeesgfcﬁéﬁj.Fén‘;';ng'ﬁ(b%slnk{]’.*meé;h'é";‘fasrfdg'\g'l‘]ﬂ;'”gcfég" S: B ing interactions with the Mo and lead to short M@ bonds
(21) Parkin, G.Chem. Re. 1993 93, 887. due to significant multiple bond character, stabilize the
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In kObS

. cis L100
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-1.2 1.1 -1.0 -0.9 -0.8 -0.7 -0.6 -0.5

E° (V vs. SCE)

T T

150 1(I)o 50 Figure 6. Plot of redox potential (vs SCE) verses natural logarithm of
ppm (t1) the rate of oxygen atom transfer. Conditions as described in the text.
Figure 5. 13C NMR spectra oft in ds-DMSO (upper) and CECI, (lower).

The peaks marked with the asterisk are from residual isopropyl ether.

both the (VI)/(V) or (V)/(IV) reduction potentials of oxe

Table 4. Redox Potentiafsand OAT Reactivity of [LMoQClI] molybdenum centers follow the same trends which are
Complexes intimately related to the valence ionization energy of this
E° vs SCE relative rate orbital?? Thus, as has previously been noted, the relative
ligand M) ipeipe of OAT efficiency of OAT to triphenylphosphine generally follows
L10 -1.16 irr 2.14 the observed redox potentials, and a reasonable linear
L5O —115 0.10 1.00 correlation exists between the Mo(VI)/Mo(V) redox potential
L3S -0.83 irr 278 . .
L40 —0.65 0.90 15.7 and the natural logarithm of the rate of OAT (Figure?8).
TP —0.62 0.60 1360 The clear exception to the linear trend line is compodnd
20.1 M TBAPF; in CH,Cl,, 200 mV/s.? Estimate only as rate is too whose OAT reactivity is a_-noma|0US|_y low. At the moment,
fast for quantitative measurement. we cannot account for this observation except to say4hat

Mo(VI) state while the carboxylate oxygen éfresults ina IS @homalous in many other respects (vide supra).
complex that is almost 0.5 V easier to reduce. The nitrogen Conclusions. There is increasing evidence that metal-
and sulfur donors of Tp* and L3S give redox potentials based isomerizations may play an important role in the
within 200 mV of the oxygen donor complek Thus, on ~ mechanism of some molybdoenzyniég® The data pre-
going from phenoxide/alkoxide oxygens through thiolate sented here indicates that there are both oxidation state and
sulfur to carboxylate oxygen or aromatic nitrogen it becomes donor atom dependencies in the relative stabilities ottee
progressively easier to reduce Mo(VI) lending support to the and trans isomers of oxe-Mo centers. This is important
notion that one of the roles of the exogenous protein donor given the “oxo-gate hypothesis” and numerous theoretical
ligands in the molybdoenzymes is to help poise the redox studies that indicate that the precise geometric relationship
potential at an appropriate value. between the pterin sulfurs and/or protein backbone ligands
OAT Reactions. In order to compare the oxygen atom with respect to the Mo oxo groups has important effects on
transfer capabilities of these complexes, we examined theirelectron transfer gating, redox potential, and OAT reactiv-
reactivity in pyridine at 3°C with triphenylphosphine as  ity.?’
an acceptor. The results are depicted in Table 4. The rates
of OAT transfer vary by over 3 orders of magnitude as a
function of donor atom identity. Thus, the alkoxy and
phenoxy complexes are poor OAT transfer reagents with
relative rates near 1 while the complex with Tp* reacts at
least 1300 times faster. The complexes with the thiolate
ligand L3S and the carboxylate ligand L4O have intermediate
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