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ABSTRACT 

A series of well characterized mononuclear oxo-molybdenum(V) complexes with 

bidentate sulfur donor ligands, which possess the minimal structural feature for the 

Mo(V) state of the proposed molybdenum cofactor (Moco) have been investigated by 

X-band electron paramagnetic resonance (EPR) spectroscopy in fluid and frozen 

solutions. The complete EPR parameters (anisotropic gj and A(9S,97Mo) hyperfine 

splittings) were obtained by rigorous spectral simulations using the QPOW program. 

Comparison of the EPR parameters of LMoO(bdt) and LMoO{S(CH2)xS}, x = 2,3,4 

complexes reveals similar anisotropic g and AeS
,97Mo) values, and indicates that it is 

the sulfur ligation rather than the chelate skeleton that is the primary factor dictating 

these parameters. Fenske-Hall calculations show that the oxo-molybdenum(V) 

complexes of the type LMoO{ S(C)xS}, x = 1,2 have similar electronic structures and 

indicate that the first electronic transition will be a charge transfer (CT) transition from 

S1tn to dxy. Such a low lying charge transfer band accounts for one of the gj values 

being greater than the free electron value (ge = 2.0023) for complexes LMoO(bdt) and 

LMoO{S(CH2)xS}, x = 2,3,4. The EPR spectrum of the low and high pH forms of 

sulfite oxidase have been reinvestigated due to its qualitative similarities with our well 

characterized model compounds. Complete EPR parameters, including anisotropic 

A(9S,97Mo) hyperfine splittings were reported for the first time for the low and high pH 

forms of the sulfite oxidase. Comparison of the EPR parameters for the model 

compounds to those of the low and high pH forms of sulfite oxidase reveals that these 
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minimal structural models for Moco mimic the anisotropic g values and A 1 values, but 

the A2 and A3 components in the models are distinctly different from those in the 

enzyme. Preliminary single crystal EPR studies on LMoO(bdt) doped into the 

diamagnetic LMo(NO(bdt) and LMo(NO)(tdt) host lattices are reported. A series of 

mononuclear and binuclear molybdenum complexes of the neutral facially coordinating 

hydrotris(3,5-dimethyl-l-pyrazolyl)methane (L *) ligand have been prepared and 

characterized by X-ray crystallography and spectroscopic techniques. An unusual 

feature of the chemistry of L *, compared to other related facially coordinating tridentate 

nitrogen ligands, is the facile formation of novel unsymmetrical di-J.1-oxo dimers such 

as L*M020 4CI2, which contain both five-coordinate and six-coordinate oxo-molybdenum 

centers. 
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Molybdenum is the only metal in the second or third transition series that is essential 

to all forms of life - microbial, plant and animal. 1 Molybdoenzymes include oxidases, 

reductases, nitrogenases, and dehydrogenases. These enzymes are not only important 

to their host organisms for metabolism and energy generation, but the products from the 

catalytic cycles in which these enzymes participate have major impact on the nitrogen, 

sulfur and carbon cycles. Except for nitrogenases, all other molybdenum-containing 

enzymes perform their catalytic cycles as oxotransferases (or hydroxylases). A common 

reaction for these molybdoenzymes couples both oxygen, proton and electron transfers 

to (or from) the substrate (X) molecules as shown in equation (1) 

X + H20 ... XO + 2H+ + 2e- (1) 

The molybdenum centers of enzymes appear to belong to two general classes. In 

one class, the nitrogenases, the molybdenum atom is part of an iron-molybdenum-sulfur 

cluster (the iron-molybdenum cofactor, FeMoco).2.3 All the remaining 

molybdoenzymes appear to possess a pterin cofactor (Moco). Table 1.1 lists the 

properties of and reactions catalyzed by representative enzymes of this latter class. The 

molybdenum cofactor (Moco) is extremely unstable and the molybdenum atom is lost 

upon release of the cofactor from a protein.4 On the basis of degradative and 

spectroscopic studies of Mo-free derivatives of the released cofactor,s.6.7 Rajagopalan 
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and Johnson and coworkers proposed that the molybdenum cofactor contains a novel 

reduced pterin ("molybdopterin") which coordinates the molybdenum atom by 

an enedithiolate side chain as shown in Figure 1.1. The molybdopterin is also very 

easily oxidized when released from the protein.4 The exact oxidation state of 

molybdopterin in enzymes is not known, but present evidence favors a dihydropterin, 

rather than the tetrahydropterin shown in Figure 1.1. Several bacterial proteins contain 

a molybdopterin cofactor that is similar to, but not identical to, the molybdenum 

cofactor of eucaryotic organisms. These "bactopterins"s have been shown to contain 

the molybdenum core, but a dinucleotide (Figure 1.2) takes the place of the phosphate 

group of Figure I.1.9,IO,11 

In recent years molybdopterin has been shown to be present in tungsten-containing 

enzymes that occur in hyperthermophilic bacteria,12,13 These enzymes also catalyze 

Eq. (1) for extremely inert substrates (e.g., CO2) at temperatures near lOODC. Recently 

Chan and Rees and coworkers have presented the X-ray structure14 of the tungsten

containing aldehyde ferredoxin oxidoreductase (AOR) from Pyrococcus juriosus, 13 an 

archaeon that grows optimally at lOoDe. The general features of the tungsten 

coordination in this cofactor are consistent with the proposed structure for molybdopterin 

of Rajagopalan et. al.,4 but surprisingly AOR contains two molybdopterins per tungsten 

atom so that each tungsten atom is coordinated by four sulfur atoms (Figure 1.3). 

Very recently Huber and coworkers have determined the high resolution (2.2 A) 

crystal structurelS of the molybdopterin protein (MOP) from Desulfovibrio gigas that 



Table 1.1 Representative Pterin-Containing Molybdenum Enzymes 

Enzyme Prosthetic Groups SubstratelProducta 

Sulfur Metabolism 

Sulfite oxidase 2 Moco, 2 cyt b S032-/S042-

DMSO reductase 1 Moeo Me2SO/Me2S 

Nitrogen Metabolism 

Nitrate reductase 2 Moco, 2 cyt b, 2 FAD NO -INO-3 2 

Trimethy lamine 2 Moco, 1 Fe, 1.5 Zn Me3NO/Me3N 
N-oxide reductase 

Carbon Metabolism 

Xanthine oxidaseb 2 Moco, 2 FAD, XnIXnOc 
4[2Fe-2S] 

Aldehyde oxidaseb 2 Moco, 2 FAD, RHIRHO 
4[2Fe-2S] 

Formate 1 Moco, n[Fe-S]?, Se HCO -IHCO-
dehydrogenaseb 

2 3 

Carbon monoxide 2 Moco, 4[2Fe-2S], CO/CO2 
dehydrogenase 2 FAD, 2 Se 

a The products and reactants of general Eq. (1) are quoted. 
b These enzymes are deactivated upon reaction with cynaide. 

Reactivation requires a source of sulfur, typically sulfide. 
c Xn, xanthine or other purine substrates; XnO, uric acid or other purine 

products. 
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catalyzes aldehyde oxidation. 16 The molybdenum atom is coordinated to a single 

pterin through a dithiolene unit as proposed by Rajagopalan and coworkers.4 There are 

no other sulfur ligands and no protein ligands directly bound to the molybdenum center. 

The phosphate group of Figure I.l is replaced by a dinucleotide, as occurs in many 

bacterial systems. 6,7 ,8,9 

1.2 Spectroscopic Studies of Moco 

Until recently15 no pterin-containing molybdoenzymes had been structurally 

characterized. Much of the structural information about the active site was obtained 
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from spectroscopic techniques. All but one of the pterin-containing molybdoenzymes 

contain, in addition to molybdenum, redox centers such as flavin, heme or iron-sulfur 

clusters that complicate spectroscopic investigations. In particular, the strong 

absorptions of the additional prosthetic groups in the ultraviolet/visible region mask the 

rather weak electronic absorption of the molybdenum chromophore. Nevertheless, other 

spectroscopic methods have provided important insights into the probable structure 

around the molybdenum center. To date, two spectroscopic methods, extended X-ray 

absorption fine structure spectroscopy (EXAFS) and electron paramagnetic resonance 

spectroscopy (EPR) have provided the most information about the environment of the 

molybdenum atom in Moco. 

1.2.1 EXAFS Spectroscopy 

EXAFS (extended X-ray absorption fine structure) spectroscopy has been 

extensively used to probe the active site structure of several molybdoenzymes in all 

accessible oxidation states (Mo(JV), Mo(V), Mo(VI» using synchrotron radiation at the 

molybdenum K_edge. 17,18,19,20,21,22 The position and the shape of the 

absorption edge qualitatively reflect the oxidation state of the absorber (the molybdenum 

atom), the nature of the surrounding ligands, and the symmetry of the environment 

around the molybdenum atom. The fine structure of the EXAFS data contain the 

interference pattern between the electron waves leaving the absorber and the 

backscattered waves from surrounding atoms; the analysis of such data gives quantitative 

information on the distance, type and the number of atoms surrounding the 
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absorber.23,24 Mo K-edge EXAFS studies of several molybdoenzymes indicate that 

they all possess a mononuclear molybdenum site with at least one terminal oxo group 

and at least two thiolate groups present in all oxidation states. I7 The bond distances 

obtained from the EXAFS data for several model molybdenum complexes are consistent 

with the bond distances obtained from the X-ray measurements.25 However, there is 

more uncertainty involved in finding the exact number of atoms bonded to the 

molybdenum center. It is also quite difficult for EXAFS to distinguish atoms with 

similar atomic number, like nitrogen and oxygen, or phosphorus, sulfur and chlorine. 

EXAFS also does not provide the angular information of the ligands bound to the metal 

center (molybdenum) that defines the stereochemistry at the active site. In spite of these 

drawbacks EXAFS is still a powerful tool for probing the active sites of structurally 

uncharacterized molybdoenzymes and providing preliminary structural information about 

their active sites. 

1.2.2 EPR spectroscopy 

The transient paramagnetic molybdenum(V) states generated during enzyme turnover 

have been extensively studied by EPR spectroscopy for several pterin-containing 

molyboenzymes.26,27 EPR is a powerful technique for monitoring the 

molybdenum(V) state in Moco because the EPR parameters are extremely sensitive to 

coordination changes at the molybdenum center and the molybdenum and ligand 

hyperfine parameters can provide a wealth of additional information about the 
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coordination environment of the molybdenum(V) species and the chemical reactions at 

the molybdenum center. 

It has been over thirty-five years since Bray et al reported the first EPR 

measurement on xanthine oxidase;28 since then there have been hundreds of reports 

related to the application of EPR to pterin-containing molybdoenzymes. The xanthine 

oxidase system in particular has been examined intensively by Bray,26,27,29,30 

George3i ,32 and Wedd33,34 and their coworkers, and a wealth of EPR information 

at S (2-4 GHz), X (9 GHz) and Q (35 GHz) band frequencies utilizing i3C, I7 0, 33S and 

95Mo isotopic labelling have been obtained. The anisotropic g and A(95Mo) parameters 

of various distinct signals of transient species that appear in the catalytic pathway are 

shown in Table 1.2. With the aid of g, metal A(95Mo) hyperfine and ligand Ae70), 

A(iH), Ae3S) and Ae3C) superfine hyperfine data and the existing EXAFS and kinetic 

data, Wedd34 and coworkers have postulated a catalytic cycle (Figure 1.4) and suggested 

which centers are responsible for the characteristic xanthine oxidase EPR signals. Three 

of the EPR signals, Very Rapid, Rapid Type 1 and Rapid Type 2 have been assigned 

to molybdenum(V) species that appear in the catalytic cycle (Figure 1.4). 

The EPR spectra of sulfite oxidase have been studied extensively by 

Bray,27,35,36,37 George38 and Rajagopalan39 and coworkers. The EPR 

parameters of the molybdenum center are very sensitive to experimental conditions, and 

three distinct forms have been described: 1) high pH, 2) low pHlhigh cr, and 3) 

phosphate bound.4o The EPR parameters of these three distinct forms prior to this 
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study appear in Table 1.3. The low field EPR signal of the low pHlhigh cr form 

exhibits clear hyperfine coupling to a proton. This coupling is not directly seen in any 

other form of the enzyme. However, under saturating microwave power, George 

observed shoulders on the g 1 component of the high pH spectrum that he assigned to 

"spin flip" signals from a coupled proton (forbidden transitions with 8mI = 1).41 

Several structures have been proposed for the oxo-Mo(V) center that relate the high pH 

and low pHlhigh cr forms of the enzyme to one another.17,36 In general these proposals 

involve protonation and dissociation of a ligand from the oxo-Mo(V) center and 

incorporation of cr into the coordination sphere. However, no cr superhyperfine 

coupling has been observed for any of the forms of sulfite oxidase. Figure 1.5 presents 

a series of closely related proposed structures for the various EPR active forms of sulfite 

oxidase.42 These structures possess the minimum features required to account for the 

presently available EPR and EXAFS data. All of the structures in Figure 1.5 derive 

from I, the hypothetical intermediate (or transition state) that should result from reaction 

of the [Mo VI02] center of oxidized sulfite oxidase with solo. 

In the past, xanthine oxidase and sulfite oxidase have been the enzymes most 

studied by EPR. More recently other pterin-containing molybdoenzymes (e.g. DMSO 

reductase) which contain molybdopterin as the sole prosthetic group have been isolated 

and their active sites probed by EPR spectroscopy.43,44 Very recently Bray and 

coworkers4S reported the EPR spectra of several different distinct molybdenum(V) 

species that are generated by reducing highly purified DMSO reductase under a variety 



Sign alb gl g2 g3 <g> 

Rapid Type 1 1.9886 1.9691 1.9646 1.9741 
I-methylxanthine 

Rapid Type 1 1.9901 1.9710 1.9666 1.9759 
fonnamide 

Rapid Type 2 1.9897 1.9681 1.9617 1.9732 
borate 

Very Rapid 2.0252 1.9550 1.9494 1.9765 
xanthine 

Very Rapid 2.0229 1.9518 1.9446 1.9731 
2-oxo-6-methylpurine 

Slow 1.9706 1.9655 1.9542 1.9634 
aquo 

a A(95Mo, X W4 em-I). 

b Substrate used to generate the signal is indicated. 
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Signal gl g2 g3 <g> 

Sulfite oxidase 2.003 1.972 1.965 1.980 
(low pH/high en 

Sulfite oxidase 1.987 1.964 1.953 1.968 
(high pH) 

Sulfite oxidase 1.9917 1.9692 1.9614 1.9741 
(phohphate bound) 

a A(95,97Mo, xlO-4 em-I) 
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of conditions (Table 104), and they state that "The EPR data indicate an unusual 

flexibility in the active site of DMSO reductase, as well as emphasizing structural 

similarities between molybdenum enzymes bearing different forms of the pterin cofactor. 

Interchange among the different species must involve either a change of coordination 

geometry, a ligand exchange, or both. The latter may involve replacement of an amino 

acid residue coordinating via 0 or N, for a cysteine coordinating via S." Anisotropic 

A(9s.97Mo) parameters are not yet available for any of the DMSO reductase species. 

The EPR parameters of aldehyde oxidase are suddenly of great interest in view 

of its X-ray structure determination. IS The reported g-values46 are very similar to 

those of xanthine oxidase and are shown in Table lA, but anisotropic A(9s.97Mo) 

hyperfine parameters have not been reported. 

1.3 Model Studies for Moco 

Until recently, IS no X-ray structures were available for any molybdenum enzymes. 

Therefore, present descriptions of the coordination environment of the molybdenum 

centers rest primarily upon comparisons oj the spectral properties oj the enzymes with 

the spectral properties oJ well-characterized molybdenum complexes. As early as 1966 

it was shown that mixing [Mo04f- with dithiols produced EPR signals with similar 

parameters to those of xanthine oxidase.47 Starting from this preliminary study there 

have been numerous model studies to mimic the EPR parameters of various pterin

containing molybdoenzymes. In spite of these extensive model studies there are very 

few model compounds which accurately match the proposed structure, spectroscopy and 



Enzyme gl g2 

DMSO reductase 

High-g Split (Mes) 1.9922 1.9818 
High-g Split (Glycol) 1.9937 1.9830 
High-g Split (Bicine) type 1 1.9935 1.9829 
High-g Split (Bicine) type 2 1.9904 1.9819 
High-g Split (Tricine) 1.988 1.977 
High-g Unsplit type 1 1.9906 1.9833 
High-g Unsplit type 2 1.9865 1.9826 
High-g Un split (Glycol) 1.9891 1.9831 
High-g Un split (Glycerol) 1.99 1.98 
Borohydride 1.9794 1.9658 
Low-g type 1 1.9702 1.9678 
Low-g type 2 1.9759 1.9540 

Aldehyde oxidase 

Rapid type 2 1.9882 1.9702 
Slow 1.9705 1.968 

g3 <g> 

1.9673 1.9804 
1.9686 1.9818 
1.9683 1.9816 
1.9651 1.9792 
1.961 1.975 
1.9611 1.9783 
1.9627 1.9773 
1.9644 1.9788 
1.96 1.98 
1.9625 1.9692 
1.9560 1.9647 
1.9359 1.553 

1.9643 1.9742 
1.958 1.9655 
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reactivity of the enzymes. 

Elegant studies by Wedd and Spence and coworkers33,34 developed models of oxo

molybdenum(V) enzyme centers using the tetradentate N,N'-dimethyl-N,N'

bis(mercaptophenyl)-1,2-diaminoethane ligand (see Figure I.6). The EPR parameters of 

their isotopically labelled complexes closely mimic the EPR parameters of xanthine 

oxidase. To date this is the most extensive model study of oxo-molybdenum(V) 

complexes.33,34,48,49 The EPR parameters, g and AesMo) of these complexes are 

shown in Table I.5. 

An extensive series of six coordinate mononuclear monooxo-molybdenum(V) 

complexes of hydrotris(3,5-dimethyl-l-pyrazolyl)borate (L) and a chelating dithiolate 

ligands have been prepared by ligand exchange reactions on LMoOCI2•S0,SI,S2 EPR 

parameters, especially the anisotropic g values of complexes of the type 

LMoO{ S(C)xS} (Figure I.7), closely match those of pterin-containing 

molybdoenzymes.so,sl The anisotropic A(9s,97Mo) parameters for these models had not 

been determined before this study. 

1.4 Scope of this Dissertation 

The special contribution of EPR spectroscopy for characterizing oxo

molybdenum(V) species has been made possible by the relatively long electronic 

relaxation time of molybdenum(V), which allows narrow spectral linewidths of 

molybdenum(V) species and isotropic solution spectra to be obtained at room 

temperature. The natural isotope distribution of molybdenum contains both magnetic 



Species gl g2 g3 <g> A a 
I A2 A3 <A> Ref. 

MoO(SPh)4- 2.017b 1.979c 1.979c 1.990 52.6d 23.0e 23.0e 31.5 

[L/Mo02r 1.8106 1.9158 1.9868 1.9044 68.8 31.20 27.08 42.4 W91 

[L2MoO(OH)] 1.9805 1.9470 1.9438 1.9571 64.0 29.0 24.5 39.2 W91 

[L2MoO(SH)] 2.0155 1.9598 1.9523 1.9759 51.1 23.1 23.3 34.1 W91 

lL2MoOSr 2.0165 1.9336 1.8885 1.9462 53.5 23.5 22.63 33.2 W91 

a A(95Mo, xlO-4 em-I), b gl' C Ri' d AI' e AJ.' fL2H2 = N,N'-dimethyl-N,N'-bis(2-mereaptophenyl)-1,2-diaminoethane. 
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Figure 1.6 Representative structure of a sHy I derivative of an oxo-molybdenum(V) 
complex 

X-1,2 

Figure 1.7 Structure of the LMoO{ S(C)xS} complex (where L = hydrotris(3,5-dimethyl
I-pyrazolyl)borate and {S(C)xS} 2- are various bidentate sulfur donor ligands) 
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(95Mo, 15.9% abundant, gn = -0.3656, I = 5/2; 97Mo, 9.6% abundant, gn = -0.3734, I 

= 5/2) and nonmagnetic (92,94,96,98Mo, 75% abundant, I = 0) nuclei. Each anisotropic 

component of the EPR spectrum exhibits the characteristic pattern of an intense central 

resonance flanked by six weak molybdenum hyperfine resonances. The individual 95Mo 

and 97Mo features are normally not resolved. Although this unique pattern identifies the 

signal as arising from the molybdenum(V) species, interpretation of the EPR parameters 

from a mixed isotope system is a rather daunting task. The spectrum can become 

further complicated if ligand superhyperfine splitting is also present. For example, 

Figure I.8 shows a frozen solution EPR spectrum of an oxo-molybdenum(V) species. 

The identification of anisotropic g values is relatively easy, but extracting all the 

Ae5,97Mo) values directly from the spectrum is not possible. There are two possible 

ways to obtain reliable anisotropic A(95,97Mo) hyperfine splittings from such a 

molybdenum(V) species: (a) isotopic enrichment with 95Mo or 97Mo; (b) rigorous 

spectral simulation of the mixed isotope EPR spectra. Experiments conducted at 

multiple frequencies, i.e. S (2-4 GHz), X (9 GHz) and Q (35 GHz) bands help for both 

cases. 

The isotopic labelling experiments are costly and difficult and sometimes are not 

practical to perform. For example, it is not practically possible to isotopically label the 

molybdenum atoms of sulfite oxidase in chicken livers. Thus, determination of reliable 

EPR parameters requires rigorous spectral simulation of the mixed isotope EPR spectra. 

A major thrust o/this dissertation has been to obtain EPR parameters o/various model 



46 

oxo-molybdenum(V) complexes and of the low and high pH forms of sulfite oxidase 

through careful spectral simulation of mixed isotope EPR spectra. 

This study commences with a rigorous EPR spectral simulation of a series of well 

characterized mononuclear monooxo-molybdenum(V) complexes of the type 

LMoO{S(C)xS}, x = 1,2 (Figure I.7), which possess a bidentate sulfur donor ligand and 

a terminal oxo group, the minimum structural feature proposed for Moco. The isotropic 

and anisotropic g values and isotropic A(9s,97Mo) values for these complexes were 

known, but the anisotropic A(9s,97Mo) values and the non-coincidence between g and 

A(9s,97Mo) tensors had not been determined.so,s! This study provides complete EPR 

parameters for the first time for these model compounds. Similarly we also determined 

all the EPR parameters of [Mo vO( edthr, another important model compound for Moco. 

The reliability of EPR parameters obtained by simulation was checked by 

simulating the EPR spectrum of LMoOCI2, whose EPR parameters were determined by 

Collison and coworkers by using their own simulation program.s3 Similar EPR 

parameters were obtained from our simulation. Later, EPR parameters of LMoOCl2 

were determined by single crystal EPR by Collison and coworkerss4 and found to be 

in close agreement with those obtained by simulation. The single crystal data of 

LMoOCl2 and related compounds provide the relationship between g and A tensors and 

the molecular framework. However, LMoOCl2 and related compoundss4 do not possess 

the chelating sulfur ligand structural feature proposed for Moco.4 
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Figure 1.8 Representative frozen solution EPR spectrum of the LMoO{ S(CH2)4S} 
complex 
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Knowledge of all the EPR parameters of these model compounds (anisotropic g 

and Ae5,97Mo)) will be rather meaningless unless complete EPR parameters of 

molybdoenzymes (anisotropic g and A (95,97Mo)) are also available. We initiated detailed 

EPR studies on sulfite oxidase for several reasons. 1) We have developed the 

preparation of highly purified sulfite oxidase55 from chicken livers, and the enzyme 

used for the EPR experiments showed a heme to protein absorbance ratio (A4!iA280) 

of 0.81. 2) The EPR parameters for our model compounds closely mimic the 

anisotropic g values and the one known A(95,97Mo) value of sulfite oxidase. 3) Sulfite 

oxidase has been studied by EPR spectroscopy for over twenty-five years, but the 

complete A(95,97Mo) values are not known with certainty. Initial EPR studies of sulfite 

oxidase by Rajagopalan39 and coworkers in D20 at pD 7.0 showed a nearly axial 

spectrum with distinct A(95,97Mo) hyperfine splitting (Figure I.9). The EPR parameters 

were not simulated but taken directly from the observed spectrum as gu = 2.000, g.L = 

1.968, AI = 58.3 x 10-4 cm-!, a~d A.L = 43.0 X 10-4 cm-!. Later Bray27 and coworkers 

showed the spectrum was slightly rhombic and provided all the anisotropic g values, but 

only one of the A(95,97Mo) values (Table 1.3). Complete anisotropic A(95,97Mo) 

hyperfine parameters were unknown prior to this study. This work provides complete 

g and A(95,97Mo) EPR parameters of the low and high pH forms of sulfite oxidase for 

the first time. These complete EPR parameters for the low and high pH forms of sulfite 

oxidase provide an additional stringent test for spectroscopic mimics of the molybdenum 

center of sulfite oxidase. 
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Figure 1.9 EPR spectrum of the low pH form of sulfite oxidase reported by Rajagopalan 
et al. (1971). Reproduced with permission from Rajagopalan et al. 
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The wealth of EPR data obtained for low symmetry oxo-molybdenum(V) 

compounds with bidentate sulfur donor ligands, which possess the minimal structural 

feature for the proposed for Moco cannot be directly related to the molecular structure, 

in particular the Mo=O and Mo-S bonds, in the absence of single crystal EPR data. 

Chapter 3 explores the synthetic approaches undertaken to find a suitable diamagnetic 

host lattice to perform a single crystal EPR study on a magnetically dilute crystal of 

LMoO(bdt). Preliminary single crystal EPR studies on the LMoO(bdt) crystals doped 

in diamagnetic LMo(NO)(bdt) and LMo(NO)(tdt) are reported. 

Chapter 4 outlines the preliminary molybdenum chemistry of the neutral 

hydrotris(3,5-dimethyl-I-pyrazolyl)methane ligand, L*. A series of mononuclear and 

binuclear molybdenum(O-VI) complexes have been prepared and spectroscopically and 

structurally characterized. Neutral L * shows strikingly different properties than the 

isosteric hydrotris(3,5-dimethyl-I-pyrazolyl)borate ligand, L. 



CHAPTER II 

COMPARATIVE EPR STUDIES OF MODEL OXO-MOLYBDENUM(V) 

COMPLEXES AND SULFITE OXIDASE 

11.1 Introduction 
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Pterin containing molybdoenzymes (e.g. sulfite oxidase, xanthine oxidase, nitrate 

reductase) catalyze a variety of two-electron reactions involving net transfer of an 

oxygen atom between substrate and water.2.26.56.57.58.59 These oxo-type 

molybdoenzymes possess a common cofactor, Moco, which is proposed to coordinate 

to the molybdenum center through its cis-dithiolene function,60 as shown in Figure 11. 

At the time this study was initiated there were no crystal structures available for any 

pterin containing molybdenum enzymes. In the absence of crystal structures, EXAFS 

studies l9.61 at the Mo K-edge and EPR studies27.32 of the transient molybdenum(V) 

states that appear during enzyme turnover support an oxo-molybdenum active site with 

at least two sulfur donor atoms. 

In recent months the preliminary structural reports of tungsten-containing aldehyde 

ferredoxin oxidoreductase (AOR) from Pyrococcus juriosus, which contains a pterin 

cofactor analogous to the molybdenum cofactor, 14 and ofmolybdopterin protein 15 (MOP) 

from Desulfovibrio gigas, have revealed different coordination spheres at the metal 

centers of these two enzymes. The active site of AOR contains two molybdopterins and 

the tungsten atom is coordinated by four sulfur atoms from the two dithiolene moities, 
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whereas MOP is coordinated to a single pterin as proposed by Rajagopalan and 

coworkers.60 These observations raise the possibility that the molybdenum site might 

be different in various molybdoenzymes. 

These structural reports have renewed interest in determining the total number of 

sulfur atoms coordinated to the molybdenum at the active site in pterin-containing 

molybdoenzymes. EPR parameters are sensitive to the number of sulfur atoms 

coordinated to the molybdenum center, and extensive model studies have been done to 

mimic the molybdenum(V) state of Moco. Unfortunately, in most of the model studies, 

complete EPR parameters (anisotropic A (95,97Mo) hyperfine splittings) were not reported. 

One exception is the series of elegant studies by Wedd and coworkers33,34,49 on 

isotopically labeled model oxo-molybdenum(V) complexes that mimic the EPR 

parameters of xanthine oxidase. Structural analysis of the related model compound 

LzMoO(OSiMe3)' LzHz = (HSCHzCHz-NMeoCHz-h (Figure II.I) reveals sulfur atoms 

trans to each other rather than cis as proposed for the Moco. 

Here we report the first structurally characterized monooxo-molybdenum(V) 

complex that possesses a single dithiolene ligand, the minimum structure feature for the 

Mo(V) state of the postulated molybdenum cofactor. In addition we have carried out 

detailed EPR studies of other members of a series of well-characterized oxo

molybdenum(V) complexes of structure LMoO(S(C)xS), x = 1 - 4 (Figure II.2), which 

possess a single bidentate sulfur donor ligand, the coordination geometry proposed for 

Moco. The neutral and cationic oxo-molybdenum(V) complexes investigated here have 
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, 

Figure 11.1 Representative structure of sHyl derivative of an oxo-molybdenum(V) 
complex 

X-1,2 

Figure 11.2 Structure of the LMoO{ S(C)xS} complex (where L = hydrotris(3,5-dimethyl
I-pyrazolyl)borate and {S(C)xS }2- are various bidentate sulfur donor ligands) 
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a range of chelate ring sizes and saturated and unsaturated metallacycles. 

We also investigated the EPR parameters of [MoO(edthr. in which four sulfur 

atoms are coordinated to the molybdenum center, as found in the X-ray structure of 

tungsten-containing aldehyde ferredoxin oxidoreductase. EPR parameters of various 

oxo-molybdenum(V) catechol ate complexes were investigated and their EPR parameters 

(anisotropic g and A (9S.97Mo) hyperfine splittings) have been compared to 

LMoO{ S(C)xS} complexes. 

The similarity of the anisotropic g values and AI value (only one AeS•97Mo) 

hyperfine splitting was known with certainity prior to this study) of the low and high 

pH forms of the sulfite oxidase with oxo-molybdenum(V) complexes of the type 

LMoO{ S(C)xS}, x = 1 - 4, with a single bidentate sulfur donor ligand, prompted us to 

reinvestigate the EPR spectra of the low and high pH forms of sulfite oxidase. This 

reinvestigation provided determination of all three A (9S.97Mo ) hyperfine splittings for low 

and high pH forms of sulfite oxidase for the first time. 

The EPR parameters from various model complexes with two, three and four 

sulfur donor ligands will be compared with those of sulfite oxidase, and predictions will 

be made regarding the number the sulfur atoms present at the active site in the enzyme. 

11.2 Experimental Section 

Solvents were purified by distillation as follows: acetonitrile from calcium hydride; 

chloroform from anhydrous calcium chloride; toluene from sodium; anhydrous N,N

dimethylformamide was obtained from Aldrich Chemical Co. and used as received. 
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Deuterium oxide (99.9%) was from Cambridge Isotope Laboratories, buffers and 

reagents were obtained from Sigma and used as received. 

11.2.1 Syntheses 

Syntheses of compounds LMoO(bdt) (1), LMoO(edt) (2), LMoO{S(CH2hS} (3) 

and LMoO{S(CH2)4S} (4) followed previous methods.50.51 Cationic Mo(V) complexes 

[LMovO(S2CNEt2)]+ (5) and [LMoVO{S2P(OEt)2}]+ (6) were generated in solution by 

one electron electrochemical oxidation of LMoIVO(S2CNEt2)62 and 

LMoIVO{S2P(OEt)2}63 respectively and complexes [PPh4][MoO(SCH2CH2Sh] (7) was 

synthesized by literature methods.64 Compounds LMoO(cat) (9), LMoO(catCI4) (10), 

and LMoO{cat(3,5)Bu)} (11) have been synthesized by reported procedures.5o.65 

11.2.2 Sulfite Oxidase 

Chicken liver sulfite oxidase (SO) was purified by the method of Sullivan et al;55 

the enzyme used for the EPR experiment showed a heme to protein absorbance ratio' 

(A41iA280) of 0.81. 

11.2.3 EPR Spectra Measurements 

Samples of 1 - 4 complexes were prepared as 1 mM solutions in toluene. Cationic 

complexes (5 and 6) were generated electrochemically in acetonitrile solution and 

immediately subjected to the EPR measurements. Sample of 7 was made in 3: 1 

acetonitrile : DMF mixture. Samples of 9 - 11 were prepared as 1 mM solutions in 

toluene. 
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The low pH form of SO was generated by the following method. A 0.1 M tris-

DCI buffer, pD=7.0, containing 1 mM EDTA, was prepared by adjusting the pD of a 

0.1 M tris-DCI solution with a 0.1 M solution of tris base in D20. The pD value was 

arrived at by adding 0.4 pH units to the pH reading obtained with a glass electrode 

(Sigma, E 4878, Calomel).39.66 A sample of SO was prepared for EPR analysis by 

repeatedly diluting 10 !JL of stock SO with 1 mL of the tris-DCI buffer and then 

reconcentrating the sample using a Centricon 30 (Amicon) ultrafiltration device to 

approximately 0.1 mM in SO. The SO was reduced immediately before the EPR 

experiment by adding 10 !JL of 0.106 M NazS03 in D20 to 100 !JL of SO solution. The 

reduced SO was frozen in liquid nitrogen two minutes after addition of sulfite. A 

similar method was followed to prepare the sample for the high pH form of SO, except 

that bis tris propane was used to prepare the solutions at pH 9.5. The pH of the buffer 

was adjusted using 3-6 M HC!. 

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

300E spectrometer operating at X-band (ca. 9.1 GHz) Frequencies were measured with 

a Systron Donner-6530 frequency counter. 

11.2.4 Analysis of EPR Spectra 

The frozen solution EPR spectra were simulated with a modified version of the 

program QPOW developed by Prof. R. L. Belford and co-workers.67.68 Computations 

were performed on CONVEX C2IO and ffiM RISC 6000-590 computers in the Center 

for Computing and Information Technology (CClT) and the Department of Chemistry 
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at the University of Arizona. The spectral simulations were achieved by using the spin 

Hamiltonian eqn (1) where all symbols have their usual meanings. 

H = PH(gxxS" + gyySy + gzzS1.) + Axxsxix + AyySyiy + Azzsziz (1) 

The axes of the g-tensor (x, y, z) need not coincide with the axes of the A-tensor (X, 

Y, Z). The simulations in general use the parameters gxx' gyy' gzz' Axx, Ayy, Azz and 

the three Euler angles, a, ~ and y which are used to transform the A-tensor axes into the 

g-tensor axis system. Anisotropic g values and the approximate line widths (I = 

o component) were first directly obtained from the frozen solution EPR spectra and then 

simulated (I = 0 component only) to get the best fit by eye. Both the anisotropic g 

values and linewidths were varied until satisfactory fits of the spectra were obtained. 

Normally ten simulation trials were required to obtain the best fit for the I = 0 

component. Preliminary A(9S,97Mo) values were obtained from the frozen solution 

spectra when possible. In most cases, only two of the principal A values could be 

measured, so the third was approximated by the relation <A> = (Axx + Ayy + Azz}/3 

where <A> is the isotropic 9S,97Mo hyperfine value observed at room temperature. 

Where possible, the approximate linewidths of the A(9S,97Mo) hyperfine splittings were 

measured from the experimental spectrum. The anisotropicA(9s,97Mo) components were 

then simulated separately (I = 5/2 component only) until the best fit was observed for 

these features of the spectrum. The anisotropic g values were kept fixed at the values 

previously determined for the I = 0 component. In the simulation of the I = 5/2 
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contributions the three anisotropic A(9S,97Mo) components and the linewidths are first 

varied to obtain a reasonable fit. Low symmetry oxo-molybdenum(V) complexes may 

have non-coincident g and A(9S,97Mo) tensors; the three Euler angles (a, ~ and y) 

transform the A (9S,97Mo ) tensor into the g tensor axis system (in the case of Cs 

symmetry only ~ is needed). In addition to AeS,97Mo) values and linewidths, Euler 

angles are varied (~ for Cs symmetry) until the best fit is observed. About 60 - 70 

simulation trials were required to achieve a satisfactory fit for each spectrum. With the 

acquisition of faster mainframe computers (CONVEX C210 and ffiM RISC 6000-590) 

the simulation times have been reduced manyfold (one simulation takes approximately 

1-2 minutes). These simulations would not have been really feasible ten years ago with 

much slower computers. Finally, each simulated spectrum (I = 0 and I = 512 

components) was integrated separately and the contributions from the 1=5/2 (9S,97Mo 

isotopes, 25% abundant) and 1=0 (92,94,96,98Mo isotopes, 75% abundant) components were 

summed, taking into account their natural abundances. The derivative of the composite 

simulated spectrum was obtained and compared to the experimental spectrum. 

11.2.5 Structure Determination 

Crystal data and details of the structure determinations are given in Table 11.1 and 

Table 11.2. Scattering factors were taken from Cromer and Waber,69 anomalous 

dispersion effects were included for all non-hydrogen atoms with the values of df' and 

df" taken from Cromer,70 and all calculations were performed on a VAX using MolEN 

(Enraf-Nonius). 



Table 11.1 Crystal Data and Intensity Measurements of LMoO(bdt) 

A. Crystal Data 
Color 
Shape 
Formula 
F.W. 
F(OOO) 
Crystal dimensions 
Peak width at half-height 
Mo Ka radiation 
Temperature 
Crystal class 
Space group 
Cell parameters 

Calculated density 
Observed density 
Absorption cofficient 

B. Intensity Measurements 
Diffractometer 
Monochromator 
Scan type 
Scan rate 
Scan width, deg. 
Maximum 28 
No. of refl. 

measured 
unique 

Corrections 
Reflection averaging 
Empirical absorption 

LMoO(bdt) 
Brown 
Rectangular 
MoS20N6C2lBH26 
549.36 
1124 
0.10 x 0.12 x 0.30 mm 
0.27° 
A = 0.71073 A 
23±1° 
Monoclinic 
P2/n 
a = 10.727 (1) A 
b = 14.673 (2) A 
c = 15.887 (2) A 
~ = 100.317 (4)" 
V = 2460 (3) A3 
Z=4 
P = 1.479 g/cm3 

p = 1.482 g/cm3 

f.l = 6.596 cm-l 

Syntex P2l, Crystal Logics 
Graphite crystal, incident beam 
(0-28 
3°/min 
from (2E>Kal-1.3) to (2E>K~+1.600) 
50.0° 

4789 
4339 
Lorentz-polarization 
Agreement on I = 2.2% 
From 0.9434 to 1.000 on I 
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Table 11.2 Structure Solution and Refinement of LMoO(bdt) 

Solution 
Refinement 
Minimization function 
Least-squares weights 
Anomalous dispersion 
Reflections included 
Parameters refined 
Un weighted agreement factor 
Weighted agreement factor 
Factor including unobs. data 
Esd of obs. of unit weight 
Convergence, largest shift 
High peak in final diff. map 
Low peak in final diff. map 
Computer hardware 
Computer software 

Patterson method 
Full-matrix least-squares 
L w(IFol-IFcI)2 
4Fo2/a2(Fo2) 
All non-hydrogen atoms 
2708 with Fo2>2.0a(Fo2) 
289 
0.041 
0.051 
0.101 
1.27 
O.OOa 
0.49 (8) e-/A3 
-0. 15(1O)e-/A3 
VAX 
MolEN (Enraf-Nonius) 

60 
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11.3 Structure of LMoO(bdt) 

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

shown in Figure II.3. Positional parameters and anisotropic thermal parameters are 

shown in Table II.3 and Table IT.4, respectively. The terminal oxo group and the two 

sulfur atoms are constrained to be mutually cis to one another by the fac stereochemistry 

imposed by L. The Mo=O and Mo-N distances agree with those for related Mo(V) 

complexes.50,65 The two Mo-S distances (Table II.5) (2.373(2) A average) are slightly 

shorter than the average Mo-S distance (2.382(2) A) in a six coordinate oxo

molybdenum(V) complex with the similar cis coordination of sulfur atom50 and 

significantly shorter than the average Mo-S (2.409(7) A) distance in a six coordinate 

oxo-molybdenum(V) complex in which two sulfur atoms are trans to one another.49,71 

In the five-coordinate oxo-molybdenum(V) complexes, [MoO(edth)" 64 and 

[MoO(bdt)2)",72 the average Mo-S distances are 2.372(3) and 2.377(3) A, respectively, 

and in [MoO(SPh)4r. the average Mo-S distance is 2.403(5) A.73 In general Mo-S 

distances in nonchelated thiolates are slightly longer than those for chelated 1,2-

dithiolates or 1,2-aryldithiolates. The Mo-S distances obtained from the EXAFS studies 

of the Mo(V) state of sulfite oxidase are in the range of 2.38-2.41 A.17 

The effective coordination symmetry of the molybdenum center is Cs' The bond 

angles about the molybdenum atom deviate significantly from the octahedral geometry 

as illustrated by Sl-Mo-O = 101.2(2r and S2-Mo-O = 100.7(1r. The large S-Mo-O 

angle can be explained by non bonded repulsions between the filled p1t orbitals on sulfur 
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Figure 11.3 ORTEP drawing of LMoO(bdt); the atoms are drawn as 50% probability 
ellipsoids and H atom radii have been reduced for clarity 
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Table 11.3 Positional Parameters and Their Estimated Standard Deviations for 
LMoO(bdt) 

Atom x y Z B(A2) 

Mo 0.03425(4) 0.21906(3) -0.12742(3) 3.182(8) 
SI 0.2330(1) 0.2298(1) -0.1718(1) 4.66(4) 
S2 0.0193(1) 0.37845(9) -0.15479(9) 3.88(3) 
0 0.0787(4) 0.2188(3) -0.0206(2) 4.75(9) 
Nll -0.1651(4) 0.2091(3) -0.1169(3) 3.64(9) 
N12 -0.2430(4) 0.1430(3) -0.1603(3) 3.5(1) 
N21 0.0289(4) 0.0709(3) -0.1353(3) 3.33(9) 
N22 -0.0782(4) 0.0260(3) -0.1752(3) 3.10(9) 
N31 -0.0578(4) 0.1996(3) -0.2736(3) 3.16(9) 
N32 -0.1536(4) 0.1362(3) -0.2938(2) 3.10(9) 
Cl 0.2696(5) 0.3466(4) -0.1625(3) 3.9(1) 
C2 0.1770(5) 0.4115(3) -0.1556(3) 3.5(1) 
C3 0.2094(6) 0.5032(4) -0.1512(4) 5.2(1) 
C4 0.3313(6) 0.5294(4) -0.1532(4) 6.5(2) 
C5 0.4236(6) 0.4664(5) -0.1574(4) 6.7(2) 
C6 0.3925(6) 0.3758(4) -0.1638(4) 5.3(2) 
C13 -0.3566(5) 0.1453(4) -0.1353(4) 4.3(1) 
C14 -0.3515(6) 0.2139(4) -0.0759(4) 4.9(1) 
CIS -0.2341(6) 0.2517(4) -0.0648(3) 4.3(1) 
C16 -0.1817(6) 0.3246(4) -0.0052(4) 6.0(2) 
C17 -0.4620(5) 0.0836(5) -0.1692(5) 7.1(2) 
C23 -0.0651(5) -0.0639(3) -0.1587(3) 3.7(1) 
C24 0.0517(5) -0.0759(4) -0.1090(4) 4.7(1) 
C25 0.1082(5) 0.0081(4) -0.0949(4) 4.1(1) 
C26 0.2333(5) 0.0302(4) -0.0423(4) 5.9(2) 
C27 -0.1628(6) -0.1331(4) -0.1932(4) 5.7(2) 
C33 -0.1984(5) 0.1374(4) -0.3782(3) 3.8(1) 
C34 -0.1328(5) 0.2019(4) -0.4134(3) 4.1(1) 
C35 -0.0457(5) 0.2390(4) -0.3484(3) 3.6(1) 
C36 0.0475(6) 0.3116(4) -0.3572(4) 5.2(2) 
C37 -0.3032(6) 0.0789(4) -0.4199(4) 6.4(2) 
B -0.1926(6) 0.0790(4) -0.2230(4) 3.4(1) 

Anisotropically refined atoms are given in the form of the isotropic equivalent 
displacement parameter defined as: (4/3) * [a2*B{1,I) + b2*B(2,2) + c2*B(3,3) + 
ab(cos y)*B(1,2) + ac(cos ~)*B{1,3) + bc(cos a)*B(2,3)] 
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Table 11.4 General Displacement Parameter Expressions - U's - of LMoO(bdt) 

Name U(I,I) U(2,2) U(3,3) U(I,2) U(1,3) U(2,3) 

Mo 0.0428(2) 0.0356(2) 0.0418(2) -0.0013(2) 0.0055(2) 0.0002(2) 
SI 0.0473(8) 0.0447(8) 0.088(1) 0.0022(7) 0.0197(7) 0.0060(8) 
S2 0.0519(8) 0.0364(7) 0.0599(8) 0.0014(6) 0.0121(7) -0.0025(6) 
0 0.070(2) 0.059(2) 0.047(2) -0.007(2) -0.002(2) 0.002(2) 
Nll 0.048(2) 0.049(2) 0.044(2) 0.003(2) 0.014(2) 0.002(2) 
N12 0.040(2) 0.050(3) 0.045(2) 0.000(2) 0.010(2) -0.002(2) 
N2l 0.042(2) 0.034(2) 0.050(2) 0.001(2) 0.008(2) 0.004(2) 
N22 0.040(2) 0.033(2) 0.046(2) -0.000(2) 0.013(2) 0.001(2) 
N31 0.045(2) 0.037(2) 0.038(2) 0.001(2) 0.008(2) -0.000(2) 
N32 0.042(2) 0.037(2) 0.040(2) 0.002(2) 0.007(2) -0.002(2) 
Cl 0.053(3) 0.049(3) 0.048(3) -0.009(3) 0.013(2) 0.009(3) 
C2 0.056(3) 0.038(3) 0.040(3) -0.003(3) 0.008(2) -0.000(2) 
C3 0.091(4) 0.047(3) 0.061(3) -0.013(3) 0.021(3) -0.014(3) 
C4 0.110(5) 0.056(3) 0.089(4) -0.048(3) 0.037(4) -0.006(3) 
C5 0.076(4) 0.088(4) 0.097(5) -0.042(3) 0.035(3) -0.012(4) 
C6 0.062(4) 0.072(4) 0.072(4) -0.015(3) 0.024(3) 0.001(3) 
C13 0.040(3) 0.068(4) 0.060(3) 0.006(3) 0.018(2) 0.004(3) 
C14 0.059(3) 0.071(4) 0.065(3) 0.019(3) 0.033(2) 0.008(3) 
C15 0.080(4) 0.047(3) 0.042(3) 0.011(3) 0.027(2) 0.005(2) 
C16 0.111(5) 0.060(4) 0.070(3) 0.003(4) 0.051(3) -0.007(3) 
C17 0.046(3) 0.121(6) 0.108(5) -0.011(4) 0.029(3) -0.023(5) 
C23 0.057(3) 0.036(3) 0.051(3) -0.004(3) 0.016(2) 0.004(2) 
C24 0.072(4) 0.038(3) 0.071(4) 0.014(3) 0.017(3) 0.022(3) 
C25 0.046(3) 0.049(3) 0.062(3) 0.001(3) 0.016(3) 0.012(3) 
C26 0.055(4) 0.065(4) 0.101(5) 0.010(3) 0.005(4) 0.028(4) 
C27 0.089(5) 0.037(3) 0.088(4) -0.013(3) 0.015(4) 0.008(3) 
C33 0.061(3) 0.044(3) 0.035(3) 0.001(3) 0.000(3) -0.003(2) 
C34 0.071(4) 0.050(3) 0.035(3) 0.012(3) 0.011(2) 0.002(2) 
C35 0.057(3) 0.040(3) 0.043(3) 0.009(2) 0.015(2) 0.002(2) 
C36 0.084(4) 0.066(4) 0.054(3) -0.003(3) 0.028(3) 0.007(3) 
C37 0.101(5) 0.080(5) 0.053(4) -0.018(4) -0.017(4) 0.003(4) 
B 0.043(3) 0.045(3) 0.040(3) 0.001(3) 0.008(3) -0.001(3) 

The form of the anisotropic displacement parameter is: exp[-2PI2{h2a2U(1,I) + k2b2U(2,2) 
+ 12c2U(3,3) + 2hkabU(I,2) + 2hlacU(I,3) + 2klbcU(2,3)}] where a,b, and c are reciprocal 
lattice constants. 



Table n.s Selected Bond Distances (A) and Angles C) for LMoO(bdt) 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Mo SI 2.368(2) Mo S2 2.379(2) 
Mo 0 1.678(4) Mo NIl 2.179(5) 
Mo N21 2.178(4) Mo N31 2.372(4) 
SI Cl 1.758(6) S2 C2 1.762(6) 
NIl N12 1.382(6) N12 B 1.536(7) 
N21 N22 1.377(6) N22 B 1.535(7) 
N31 N32 1.380(6) N32 B 1.520(7) 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

SI Mo S2 85.12(6) SI Mo 0 101.2(2) 
SI Mo NIl 167.3(1) SI Mo N21 93.7(1) 
SI Mo N31 87.5(1) Mo N31 N32 118.1(3) 
S2 Mo 0 100.7(1) S2 Mo NIl 92.6(1) 
S2 Mo N21 166.1(1) S2 Mo N31 86.4(1) 
0 Mo NIl 91.6(2) 0 Mo N21 93.1(2) 
0 Mo N31 169.2(2) NIl Mo N21 85.5(2) 
NIl Mo N31 79.9(2) N21 Mo N31 79.7(2) 
Mo SI Cl 103.9(2) Mo S2 C2 103.8(2) 
Mo N21 N22 121.0(3) N12 B N22 109.4(4) 
N12 B N32 108.6(5) N22 B N32 110.2(5) 
Mo Nll N12 121.5(3) 

0\ 
Vt 
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and the 1t-electron density in the Mo=O bond. Similar angles were obtained from the 

analogous oxo-molybdenum(V) complex, where the benzenedithiolate ligand is replaced 

by the tetrachlorocatecholate moiety. 65 

The benzenedithiolate ligand is not coplanar with the molybdenum atom. The 

angle between the plane Mo, SI, S2 and the plane containing SI, S2, Cl, C2 is 21.3(1)". 

This deformation is probably due to nonbonded interaction between the C36 methyl 

group and atoms Cl and C2 of the benzenedithiolate group. The C26 000 C2 and C36 

000 Cl contact distances of 3.57 and 3.58 A, respectively, are less than the estimated 

van der Waals contact between a methyl group and an aromatic ring (3.7 A).74 A 

similar phenomenon was observed for LMoO(catCI4).65 

11.4 EPR Spectra 

The isotropic and anisotropic g and A(95,97Mo) values and the non-coincidence 

angle between g and Ae5
,
97Mo) tensors derived for complexes 1 - 8 appear in Table 11.6, 

those from complexes 9 - 11 appear in Table 11.7 and those from the high and low pH 

forms of sulfite oxidase in D20 appear in Table 11.8. 

11.4.1 EPR Spectra of LMoO{S(C)xS} x = 1 - 4 Complexes 

The EPR spectrum of LMo vO(bdt) (1) exhibits a rhombic g tensor and an unusual 

A (95,
97Mo ) matrix that consists of two large components (A 1 == A 3) at the extremes of the 

spectrum and one small component in the center, as shown in Figure 11.4, Figure 11.5, 

Figure 11.6 and Table 11.6, respectively. The point group symmetry of a metal complex 

determines which metal d-orbitals are allowed to intermix. Such intermixing will 



Table ll.6 EPR Data of Oxo-Molybdenum(V) Complexes with Sulfur Donor Ligands (1 - 8) 

--

g/ g2 gJ <g> !lgb Ale A2 A3 <A> ad ~ "( Ref. 

LMoO(bdt) 1 2.004 1.972 1.934 1.971 0.070 50.0 11.4 49.7 37.0 0 0 0 This 
work 

LMoO(edt) 2 2.018 1.970 1.939 1.975 0.079 54.6 3.3 45.5 34.5 0 0 0 This 
work 

LMoO{S(CH2)3S} 3 2.017 1.950 1.925 1.965 0.092 53.2 15.3 46.4 38.3 0 0 16 This 
work 

LMoO{S(CH~4S} 4 2.022 1.960 1.932 1.971 0.090 52.8 15.5 43.5 37.2 18 35 0 This 
work 

[LMOO(S2CNE~W 5 1.980 1.970 1.954 1.968 0.026 64.3 30.0 13.4 35.9 0 36 0 This 
work 

[LMoO{S2P(OEth}]+C 6 1.980 1.965 1.953 1.966 0.027 ? ? ? 37.6 This 
work 

[MoO(edt)~- 7 2.052 1.983 1.979 2.004 0.073 49.4 18.7 20.7 29.8 0 0 0 This 
work 

[MoO(SPh)J- 8 2.017f 1.979g 1.979g 1.990 0.038 52.6b 23.0i 23.0i 31.5 0 0 0 48 

a Errors ± 0.001. b Anisotropy (gmax - gmin)' C A(9S,97Mo, X 10-4 em-I). Errors ± 1 x 10-4 em-I. d a., ~ and 'Y are Euler 
angles defined as a. is the angle(deg.) of rotation about the z axis; ~ is that about the new y axis and 'Y is that about the new 
z axis. Errors ± 2°. e <.Ap> = 66.1 X 10-4 em-I and ApI = AP2 = Ap3 = 66.1 X 10-4 em-I. f g,. g g.l' h A" i A.l' 

~ 



Table IT.7 EPR Data of Oxo-Molybdenum(V) Cateeholate Complexes (9 - 11) 

g/ g2 gj <g> !J.gb A C 
I A2 A3 <A> ad p 'Y Ref. 

LMoO(cat) 9 1.969 1.969 1.920 1.953 0.049 34.0 20.0 66.2 40.1 0 34 30 This 
work 

LMoO(catCI,.} 10 1.969 1.968 1.927 1.955 0.042 32.0 18.0 68.4 39.5 0 31 30 This 
work 

LMoO{cat(3,5}Bu)} 11 1.969 1.969 1.919 1.952 0.05 30.2 16.7 66.1 37.6 0 33 30 This 
work 

a Errors ± 0.001. b Anisotropy (gmax - gmin) C A(95.97Mo, X 10-4 em-I). Errors ± 3 x 10-4 em-I. d a, ~ and '1 are Euler angles 

defined as a is the angle(deg.) of rotation about the z axis; ~ is that about the new y axis and '1 is that about the new z axis. 

Errors ± 2°. 

0\ 
00 



Table D.S EPR Data of Sulfite Oxidase 

----- - - ----

g/ g2 g3 <g> /lgb A C 
1 A2 A3 <.A> ad ~ y Ref. 

Sulfite Oxidase 2.003 1.972 1.965 1.980 0.038 58.9 - - - - - 27 
(Low pH fonn) 

Sulfite Oxidase 2.007 1.974 1.968 1.983 0.039 56.7 25.0 16.7 32.8 0 18 0 This 
(Low pH fonn) work 

Sulfite Oxidase 1.987 1.964 1.953 1.968 0.034 51.0 - - - - - 27 
(High pH fonn) 

Sulfite Oxidase 1.990 1.966 1.954 1.970 0.036 54.4 21.0 11.3 28.9 0 14 22 This 
(High pH fonn) work 

a Errors ± 0.001. b Anisotropy (gmax - gmin) C A(95,97Mo, X 10-4 em.-I). Errors ± 1 x 10-4 em-I. d ex, ~ and "( are Euler angles 

defined as ex is the angle(deg.) of rotation about the z axis; ~ is that about the new y axis and "( is that about the new z axis. 

Errors ± 2°. 

0\ 
\0 
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determine whether or not the principal axes of the g and A (95,97Mo ) tensors coincide. 

Complexes with no symmetry elements (C I ) or with an inversion center (C j) are not 

required to have any of the principal' g and A(95,97Mo) axes coincident, whereas 

complexes with C2, Cs or C2h point group symmetry are required to have one of the 

principal g and A(95,97Mo) axes coincident.53,54,75 In the case of oxo-molybdenum(V) 

of the type LMoOX2, which closely approximate Cs symmetry, an Euler angle ~ (30 -

40°) for the rotation of the g and A(95,97Mo) tensor elements have typically been 

observed.53 The unusual feature of 1 is that g and A tensors are found nearly coincident 

in this low symmetry (Cs) complex, where such coincidence between principal g and 

Ae5,97Mo) tensors is not required. 

The g and Ae5
,97Mo) parameters and the EPR spectrum of LMovO(edt) (2) are 

shown in Table IT.6, Figure IT.7, Figure IT.8 and Figure II.9, respectively. The 

anisotropic g values of 2 are similar to 1 except that g I is slightly larger than the 

corresponding gl value of 1. The anisotropic A(95,97Mo) values are slightly rhombic in 

nature as compared to the principal A(95,97Mo) values of 1. The A2 value is significantly 

less in 2 than in 1. Again, surprisingly, the anisotropic g and A(95,97Mo) tensors are 

nearly coincident. 

The EPR spectrum of LMo v 0 {S(CH2hS} (3) is very rhombic (Figure 11.10, 

Figure IT.ll and Figure IT.12) and the g and A(95,97Mo) parameters are shown in 

Table IT.6. The g I value for 3 is very similar to that of the g I values of 1 and 2, but the 

g2 and g3 components of 3 are slightly less than the corresponding g2 and g3 components 
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of 1 and 2. This results in a slight decrease in average g value as compared to those 

of 1 and 2. The A(9S,97Mo) components of 3 are also slightly rhombic in nature, like 

those of 2, but the A2 value closely matches the A2 value of 1. The g and A(9S,97Mo) 

tensors are not coincident in 3 and the non-coincidence angle is shown in Table II.6. 

The EPR spectrum (Figure II. 13, Figure II.14 and Figure II.IS) and g and 

A(9S,97Mo) values (Table II.6) for LMo va {S(CH2)4S} (4), are almost identical to those 

of 3. There is a slight increase in the g2 and g3 values of 4 which raise the average g 

of 4 and make it similar to that of the average g values of 1 and 2. The g and 

AeS,97Mo) tensor elements are non-coincident and the angles between them are shown 

in Table II.6. 

In general the EPR parameters of complexes 1 - 4 are very similar. The g values 

are almost identical and they exhibit a similar pattern of A(9S,97Mo) values, two large 

components on the wings of the spectrum and one small component in the center. The 

slight differences in the EPR parameters of these complexes can be attributed to the 

slight changes in the structure of these complexes caused by the variation in the 

bidentate sulfur chelate ligand. Complex 1 possesses an unsaturated five-membered 

chelate ring; complex 2 contains a saturated five-membered chelate ring; and 3 and 4 

successively add a methylene group to increase the chelate ring size to six- and seven

membered metallacycles, respectively. The highest symmetry that these complexes can 

possess is Cs' The presence of various conformations in the larger chelate rings of the 

bidentate sulfur ligand may lower the symmetry from Cs to C1 and thereby increase the 



72 

rhombicity of the spectra. In complexes 3 and 4, the five- and six-membered chelate 

rings can ruffle to lower the symmetry from Cs to C, to give rhombic EPR parameters. 

Complexes 3 and 4 show the largest g anisotropy and the A(95.97Mo) components are 

more rhombic than those for 1 and 2. Lowering the symmetry may also involve more 

than one non-coincidence angle between g and A (95.97Mo ) tensors as evident from the 

Euler angles of 4. The general similarity of the EPR parameters of 1 - 4 indicates that 

it is the sulfur ligation rather than the chelate skeleton that is the primary factor dictating 

these parameters. 

The cationic complexes [LMo vO(S2CNEt2)t (5) and [LMo vO{ S2P(OEth} t (6) 

were electrochemically generated by one-electron oxidation of the structurally 

characterized [LMoIVO(S2CNE~) ]62 and [LMoIVO {S2P(OEth} ]63 complexes. 

Dithiocarbamate and dithiophosphate ligands form four-membered delocalized chelates 

in cationic complexes 5 and 6, respectively, which possesses different electronic 

properties than the neutral complexes 1 - 4. 

The cationic [LMovO(S2CNEt2)]+ (5) exhibits a rhombic EPR spectrum 

(Figure 11.16, Figure 11.17 and Figure II.1S) and the anisotropic g and A(95.97Mo) values 

are shown in Table II.6. The principal g values and A(95.97Mo) components and the 

pattern of A(95.97Mo) values are significantly different from those of the neutral 

complexes 1 - 4. The g, component of 5 is smaller than in 1 - 4 and less than the free 

electron value (ge = 2.0023); g2 for 5 is similar to g2 in complexes 1 - 4, but the g3 

component in 5 is larger than for neutral complexes. Thus 5 exhibits less rhombic g 
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Figure 11.4 EPR spectra of LMoO(bdt) (1): experimental frozen X-band (top) and 
simulated (I = 0 component only, bottom) 
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Figure 11.5 EPR spectra of LMoO(bdt) (1): experimental frozen X-band (top) and 
simulated (1 = 5/2 component only, bottom) 
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Figure 11.6 EPR spectra of LMoO(bdt) (1): experimental frozen X-band (top) and 
composite simulated (bottom) 
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Figure 11.7 EPR spectra of LMoO(edt) (2): experimental frozen X-band (top) and 
simulated (I = 0 component only, bottom) 
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Figure 11.8 EPR spectra of LMoO(edt) (2): experimental frozen X-band (top) and 
simulated (1 = 5/2 component only, bottom) 
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Figure 11.9 EPR spectra of LMoO(edt) (2): experimental frozen X-band (top) and 
composite simulated (bottom) 
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Figure 11.10 EPR spectra of LMoO {S(CH2hS} (3): experimental frozen X-band (top) 
and simulated (I = 0 component only, bottom) 
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Figure 11.11 EPR spectra of LMoO{S(CH2hS} (3): experimental frozen X-band (top) 
and simulated (I = 5/2 component only, bottom) 
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Figure 11.12 EPR spectra of LMoO{S(CH2hS} (3): experimental frozen X-band (top) 
and composite simulated (bottom) 
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Figure 11.13 EPR spectra of LMoO{S(CH2)4S} (4): experimental frozen X-band (top) 
and simulated (I = 0 component only, bottom) 
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Figure 11.14 EPR spectra of LMoO{S(CH2)4S} (4): experimental frozen X-band (top) 
and simulated (1 = 5/2 component only, bottom) 
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Figure 11.15 EPR spectra of LMoO{S(CH2)4S} (4): experimental frozen X-band (top) 
and composite simulated (bottom) 
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values than the neutral complexes 1 - 4. The A(95,97Mo) components for 5 are also 

different; Al and A2 exhibit larger values than the corresponding Al and A2 values for 

neutral complexes 1 - 4, but A3 is significantly smaller as compared to the A3 values of 

neutral complexes 1 - 4. Although the anisotropic g and A(95,97Mo) components are 

different, the isotropic g and A(95,97Mo) values are similar. The similarity of the 

isotropic g and A(95,97Mo) values of 5 with neutral complexes 1 - 4 reflects similar 

number of sulfur atoms coordinated to the molybdenum center. The inverse correlation 

of isotropic g and A(95,97Mo) shows "clustering" (similar isotropic g and A(95,97Mo) 

values) of compounds according to the nature of the donor ligands.50 The g and 

A(95,97Mo) tensors are not coincident and the non-coincidence angle found between them 

is shown in Table 11.6. 

The EPR spectrum (Figure 11.19) isotropic g, A (95,97Mo ) and Ae I P) and anisotropic 

g and Aelp) of cationic species [LMovO{S2P(OEth}]+ (6) are reported in Table 11.6. 

Complex 6 is identical to 5, except that bidentate dithiocarbamate chelate is replaced 

with the bidentate dithiophosphate ligand. The isotropic g, A(95,97Mo) and anisotropic 

g values are identical to those of 5. Complex 6 exhibits an unusually large ligand 

superhyperfine splitting (66.1 x 10-4 em-I) due to coupling with the 31p (I = 112 ) 

nucleus. This Aelp) splitting is almost twice than that of the A(95,97Mo) hyperfine 

splitting. To the best of our knowledge such enormous ligand superhyperfine splittings 

have never been observed before in any oxo-molybdenum(V) complexes. 
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The EPR spectral simulation program used in this study (QPOW) treats ligands 

as a perturbation, i.e. ligand superhyperfine splittings are assumed to be small compared 

to metal hyperfine splitting. Complete EPR parameters (anisotropic A (95,97Mo ) hyperfine 

splittings) of 6 cannot be obtained because isotropic Ae1p) » A(95,97Mo) splitting. 

However, the anisotropic g and Ae1p) can be obtained by simulating the I = 0 

component only of the experimental frozen solution spectrum and by assuming the 

unpaired electron is on the phosphorous atom. Frozen solution EPR spectrum at 77 K 

exhibit isotropic Ae1p) hyperfine splitting (See footnote of Table n.6). The reason for 

the large Ae1p) splitting is not yet clear, but the isotropic Ae1p) superhyperfine splitting 

in the frozen solution spectrum suggests that the Mo dXY orbital overlaps with the 3s 

orbital on the phosphorous atom. 

11.4.2 EPR Spectra of [MoO(edt)21" (7) 

Garner and coworkers have reported the synthesis, structure and EPR spectrum of 

[MoO(edthr 64 (7), but surprisingly, the anisotropic A(95,97Mo) values of this important 

model compound were not reported. We have reinvestigated the EPR parameters of 7 

and determined all the EPR parameters by simulation for the first time. The EPR 

spectrum (Figure n.20, Figure n.21 and Figure n.22) and g and A(95,97Mo) parameters 

of 7 are shown in Table n.6. The EPR spectrum is nearly axial with gl > 2.0023(ge) 

and g2 :::: g3' The A(95,97Mo) values also exhibit a nearly axial pattern with Al = 49.4 

X 10-4 cm- l and A2 :::: A3• 
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Figure 11.16 EPR spectra of [LMoO(S2CNE~)]+ (5): experimental frozen X-band (top) 
and simulated (I = 0 component only, bottom) 
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Figure 11.17 EPR spectra of [LMoO(S2CNEt2)]+ (5): experimental frozen X-band (top) 
and simulated (I = 5/2 component only, bottom) 
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Figure 11.18 EPR spectra of [LMoO(S2CNEt2)]+ (5): experimental frozen X-band (top) 
and composite simulated (bottom) 
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Figure 11.19 EPR spectra of [LMoO {S2P(OEth} t (6): experimental frozen X-band (top) 
and simulated (I = 0 component only, bottom) 
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Comparison of the EPR parameters of complexes 1 - 6 ("two sulfur" chelate) with 

those of complex 7 ("four sulfur" chelate) reveals that the isotropic g values increase 

and isotropic A(9S,97Mo) decrease with increasing number of coordinated sulfur atoms 

in the complex. The g 1 values of the "two sulfur" chelate complexes 1 - 4 are very 

similar to those of the "four sulfur" chelate complex 7; g2 values of the "two sulfur" 

chelate complexes are slightly less than those of the "four sulfur" chelate complex 7 ; 

but g3 values of "two sulfur" chelate complexes 1 - 4 are significantly less than those 

of the "four sulfur" chelate complex 7 and the main reason for the greater rhombicity 

of the g values for the "two sulfur" chelate complexes. Comparison of the anisotropic 

g values of the cationic "two sulfur" chelate complexes 5 and 6 with those of the "four 

sulfur" chelate complex 7 reveals that gland g2 values of cationic "two sulfur" chelate 

complexes 5 and 6 are slightly less than those of the "four sulfur" chelate complex 7. 

The g3 values of cationic "two sulfur" complexes 5 and 6 are smaller than that of the 

"four sulfur" complex 7, but larger than those of the neutral "two sulfur" chelate 

complexes 1 - 4. 

Comparison of the anisotropic A(9S,97Mo) parameters of "two sulfur" chelate 

complexes 1 - 6 with those of the "four sulfur" chelate complex 7 shows that "two 

sulfur" chelate complexes 1 - 6 exhibit rhombic AeS,97Mo) hyperfine splitting, whereas 

the "four sulfur" chelate complex 7 possess nearly axial A(9S,96Mo) hyperfine splitting. 

In the absence of more simulated anisotropic A(9S,97Mo) data for "four sulfur" chelate 
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complexes, it is difficult to further compare the anisotropic A (95,97Mo ) hyperfine splitting 

patterns of "two sulfur" chelate complexes with those of "four sulfur" chelate complexes. 

11.4.3 EPR Spectra of oxo-Mo(V) Catecholate Complexes 

The X-band EPR spectra of complexes 9 - 11 are shown in Figure II.23, 

Figure II.24, Figure n.25, Figure n.26, Figure II.27, Figure n.28, Figure II.29, 

Figure II.30, and Figure II.31 and the EPR parameters obtained by simulation are shown 

in Table II.7. The anisotropic g values are nearly axial, with gl ::::: g2 ::::: 1.969 and g3 ::::: 

1.92 for all three oxo-molybdenum(V) catecholate complexes. However, large 

anisotropy is observed in the A (95,97Mo ) hyperfine splitting and complexes 9 - 11 exhibit 

very similar anisotropic A(95,97Mo) hyperfine splitting. 

The redox properties of these complexes are very different and depend upon the 

substituent on the catechol ate rings; 9 has no substituent on the catechol ate moiety, 10 

has electron withdrawing substituents (catCI4), and 11 possesses electron releasing 

substituents {cat(3,5-tBu)}. The redox potentials of complexes 9 - 11 exhibit a range 

of - 450 mV.65 However, the EPR parameters of these complexes are very similar to 

one another, indicating that the EPR parameters are primarily controlled by the local 

coordination environment of the molybdenum center. 

11.5 Fenske-Hall MO Calculations 

Fenske-Hall calculations have been used to investigate the bonding in 

LMoO {S(C)xS}, (x = 1,2) complexes. Detailed experimental description and the 

coordinate system used in this method is explained elsewhere.76,77 Figure II.32 and 
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Figure 11.20 EPR spectra of [MoO(edt)21" (7): experimental frozen X-band (top) and 
simulated (I = 0 component only, bottom) 
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Figure 11.21 EPR spectra of [MoO(edt)21" (7): experimental frozen X-band (top) and 
simulated (I = 5/2 component only, bottom) 
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Figure 11.22 EPR spectra of [MoO(edthr (7): experimental frozen X-band (top) and 
composite simulated (bottom) 
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Figure 11.23 EPR spectra of LMoO(cat) (9): experimental frozen X-band (top) and 
simulated (I = 0 component only, bottom) 
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Figure 11.24 EPR spectra of LMoO(cat) (9): experimental frozen X-band (top) and 
simulated (I = 5/2 component only, bottom) 



8 
.-4 
Cf'l 

98 

Figure 11.25 EPR spectra of LMoO(cat) (9): experimental frozen X-band (top) and 
composite simulated (bottom) 
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Figure 11.26 EPR spectra of LMoO(catC14) (10): experimental frozen X-band (top) and 
simulated (I = 0 component only, bottom) 
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Figure 11.27 EPR spectra of LMoO(catCI4) (10): experimental frozen X-band (top) and 
simulated (I = 5/2 component only, bottom) 
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Figure 11.28 EPR spectra of LMoO(catC14) (10): experimental frozen X-band (top) and 
composite simulated (bottom) 
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Figure 11.29 EPR spectra of LMoO{ cat(3,S)Bu)} (11): experimental frozen X-band 
(top) and simulated (I = 0 component only, bottom) 
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Figure 11.30 EPR spectra of LMoO{ cat(3,5)Bu)} (11): experimental frozen X-band 
(top) and simulated (I = 5/2 component only, bottom) 
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Figure 11.31 EPR spectra of LMoO{ cat(3,S)Bu)} (11): experimental frozen X-band 
(top) and composite simulated (bottom) 



lOS 

Figure II.33 shows the relative energies and primary character of the most important 

molecular orbitals for some neutral ((LMoO(bdt) (1) and LMoO(edt) (2)) and cationic 

([LMoO(S2CNEt2)]+ (5) and [LMoO{S2P(OEth}]+ (6) ) complexes. The HOMO is 

calculated in each case to be the singly occupied dxy orbital which is consistent with 

experiment.50 In Figure ll.32 and Figure ll.33 all energies are relative to this HOMO, 

which is defined as zero. The Cs symmetry splits the degeneracy of LUMO to give dx'z 

and ~'z orbitals. The dx2_r and dz2 orbitals occur at higher energy. All of the bidentate 

sulfur donor chelate complexes of the type LMoO{S(C)xS}, x = 1, 2, possess donor 

atom 1t orbitals. For four- and five-membered metallacyc1es these orbitals will be 

aligned perpendicular to the equatorial plane of the chelate and for six- and seven

membered chelates these 1t orbitals will deviate significantly from 90° and approach 

angles for non-chelated complexes. For the vast majority of molybdenyl complexes 

examined to date, ligand field transitions to the dx'z,y'z pair of orbitals have been 

observed within 12000 - 19000 cm-1 as a single broad band. Transitions to the dx2_y2 

orbitals are observed in the 18000 - 28000 cm-1 region as a relatively narrow band 

whose energy is a measure of 10 Dq for the equatorialligands.77 Transitions to the dz2 

orbital have not been unambiguously assigned. Figure ll.32 and Figure ll.33 obtained 

by Fenske-Hall calculations show similar electronic states for complexes 1 - 6 and 

predict low energy charge transfer transitions from aN and a' out-of-plane sulfur 1t 

orbitals to molybdenum dxy orbital. These intense charge transfer transitions overlap dxy 

to dx'z,y'z transitions and it is difficult to uniquely assign these d-d transitions. Replacing 
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sulfur donor ligands with catechol ate or chloride ligands will raise the charge transfer 

bands to higher energy and some d-d transitions can be uniquely assigned, as shown by 

elegant studies by Carducci et. al. using MCD spectroscopy.77 

11.6 Analysis of the EPR Spectra 

11.6.1 General Summary 

All complexes follow typical inverse correlation between the isotropic spin-Hamiltonian 

parameters <g> and <A>. Complexes containing sulfur donor ligands show large 

isotropic g values and small isotropic A(95,97Mo) hyperfine splittings, whereas complexes 

coordinated by oxygen donor ligands give rise to smaller isotropic g values and larger 

isotropic A(95,97Mo) hyperfine splittings. 

11.6.2 Analysis of LMoO{S(C)xS} (x = 1 - 4) Complexes 

The magnitudes of the g- and the A-tensor elements depend upon the orbital 

wavefunctions and on the relative energies of the ground and excited states.78 The 

detailed form of the wavefunctions depends upon the point symmetry of the compound. 

The group of "two sulfur" chelate complexes of the type LMoO {S(C)xS }, x = 1 - 4, 

approximate Cs symmetry. The mixing of the metal d orbitals has been derived 

previously for Cs symmetry,78 where the molecular z axis is parallel to the Mo=O bond 

and the x'z plane is the mirror plane (Figure II.32 and Figure II.33).77 The lobes of the 

dXY orbital lie between the atoms in the N2S2 plane normal to the Mo=O bond. The 

permitted d-orbital mixing are given in equations (2) - (6), where ex, ~, 'Y, E and () are 

metal molecular orbital cofficients. 
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Figure 11.32 Partial molecular orbital energy level diagram of LMoO(bdt) (1) and 
LMoO(edt) (2) complexes 
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Figure 11.33 Partial molecular energy level diagram of [LMoO(S2CNE~)]+ (5) and 
[LMoO{ S2P(OEth}]+ (6) complexes 
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<1>1 = «[aldxy + bldxlZ + cldz21 a l > bl , c1 
(2) 

<1>2 = f3 [a2dxy + b2dx'Z + c2dz21 b2 > a2, c2 
(3) 

<1>3 = y[e3dx2_y2 + J;dylZ1 e3 > h (4) 

<1>4 = a [e4dX 2_y2 + ~dy'z1 ~ > e4 
(5) 

<l>s = e[apxy + bpx1z + cpz21 Cs > as' bs (6) 

Where 
1 (7) dxlZ = -[d-tz + dyz1 
Ii 

1 (8) d I = -[-d + d 1 yz Ii -tz yz 

Within this metal-based d-orbital mixing scheme, the relationships between the d-orbital 

mixing and the g- and A-tensor elements are explained elsewhere.78•
79 The g-tensor 

elements depend upon the energies and d-orbital composition of the electronic excited 

states. For the "two sulfur" compounds 1 - 4 these excited states energies cannot be 

unambigiously determined experimently because of the presence of overlapping low 

lying charge transfer bands.77 In addition there are also contributions, particularly to the 

g-tensor elements, from low lying charge transfer states and from spin-orbit coupling on 

the ligands (bidentate sulfur chelate).51 These extra contributions account for one of the 
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gj values being greater than the free electron value (ge = 2.0023) for complexes(l - 4), 

which can be correlated by eq (9)80,81,82 where each summation is 

(9) 

over all appropriate excited states, ~Mo is the single-electron spin-orbit coupling 

constant for an electron in a metal d orbital, F and G are terms that depend on the 

composition of the molecular orbitals in the ground and excited states and ligand spin-

orbit coupling contributions, ~d.d is the d - d transition energy, and ~CT is the energy 

associated with a single-electron excitation from a filled molecular orbital of mainly 

ligand character to the half filled metal d orbital of the ground state 

The spin orbit coupling term ~Mo can be estimated and the F term can be 

approximated (by a simple ligand field approach).33,78 The ~d.d and ~CT terms in the 

above equation cannot be experimentally determined as it has been shown by MCD 

spectroscopy that the d - d bands are overlapped by the low lying charge transfer bands. 

Term G contains contributions from the sulfur spin-orbit coupling constant. If the 

charge-transfer energy term (MCT) contribution to a particular g component is 

comparable to the contribution from the d - d term (~d.d)' as occurs in complexes 1 -

4, then this explains the large gl > ge value for these complexes. The sulfur spin-orbit 

coupling (-374 cm- i ) can also make a significant contribution to increasing gj to be 

greater than the free electron value (ge = 2.0023). 
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The A(95,95Mo) hyperfine splittings of complexes 1 - 4 are similar in magnitude 

and exhibit a similar pattern. The principal A(95,97Mo) tensor elements are mainly 

determined by the composition of the ground state.33,78,79 The relatively small variation 

in the principal A(95,97Mo) hyperfine splitting values among 1 - 4 suggest that the 

ground state is not very different for these complexes. These results are supported by 

the Fenske-Hall calculations which predict similar ground state electronic structures for 

complexes 1 - 4. 

The cationic complexes 5 - 6 exhibit gl < ge' but gl is still larger than other oxo

molybdenum(V) complexes without sulfur donor ligands.50,51 The EPR parameters of 

the cationic complexes 5 and 6 cannot be directly compared to those of the neutral 

complexes 1 - 4 because the cationic complexes possess a smaller four-membered 

delocalized chelate with a smaller bite angle and different electronic properties from the 

neutral 1 - 4 complexes. The Fenske-Hall calculations predict similar electronic ground 

state functions for neutral 1 - 4 and cationic 5 and 6 complexes, but Fenske-Hall 

calculations cannot calculate the excited state energies with sufficent accuracy to reliably 

calculate gj values. In the absence of experimental data for these excited state energies 

for 5 and 6, a quantitative analysis of the EPR data is not possible. There are several 

factors that could change the anisotropic g values for cationic complexes 5 and 6. 

Considerable mixing of the d-orbitals in the excited states, as evident from the Euler 

angle ~, will rotate gl (gz vide infra) and g3 (gx vide infra) away from the z and x axes, 

respectively. This rotation about the molecular y axis (Cs symmetry) can give 
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significantly different gl and g3 for 5 and 6 because the orbital mixing (eq. 2 - 6) may 

be different from the corresponding neutral complexes 1 - 4. However, g2 (gy vide infra) 

and A2 must remain coincident to the molecular y axis in Cs symmetry. Consequently, 

smaller variation might be expected in g2 values between the cationic 5 and 6 and the 

neutral complexes 1 - 4. This is evident from comparing the anisotropic g parameters 

of the neutral 1 - 4 and cationic 5 - 6 complexes. The gl and g3 values are different for 

neutral and cationic complexes, but g2 is similar for the neutral and cationic complexes. 

The extent of the overlap of the sulfur orbitals should also have an effect on the 

anisotropic g values. The electron delocalization in the four-membered chelate and the 

smaller bite angle will contribute to the extent of overlap of sulfur 1t orbitals. 

The pattern of anisotropic A(95,97Mo) values observed for cationic complex (5) is 

different from those of the neutral complexes 1 - 4. The observed differences in the 

anisotropic A(95,97Mo) values between cationic complex 5 and the neutral complexes 1 -

4 can be explained by Fenske-Hall calculations because the calculations predict slightly 

different electronic ground state composition for neutral 1 - 4 and cationic 5 - 6 

complexes. The ground state is still dominated by the dxy orbital (75%), (Table II.9) but 

there is 3% mixing of the dx'z orbital in complexes 5 and 6 as compared to no mixing 

of dx'z orbital in neutral complexes 1 - 4. The mixing of the dx'z orbital in the ground 

state in cationic complexes 5 and 6 can influence the anisotropic A(95,97Mo) hyperfine 

splittings, but at this point it is difficult to quantitate the effect of 3% mixing of the dx'z 

orbital in the ground state on the anisotropic A(95,97Mo) hyperfine splitting. The change 
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in the ground state composition can change the anisotropicA(95,97Mo) hyperfine splitting 

because the hyperfine constants are expected to be determined primarily by the dominant 

orbital in the ground state. 

11.6.3 "Four sulfur" chelate Complex [MoO(edt)21" (7) 

Complex 7 with a "four sulfur" chelate also exhibits a g I value significantly higher 

than ge' In fact the g I value observed in the "four sulfur" chelate complex 7 is the 

highest among all the complexes investigated in this study (Table n.6). As explained 

in the previous section, high g I values arise from the contribution of the low lying 

charge transfer bands from S1t to the Mo dxy orbital and from the spin orbit coupling of 

sulfur ligands. The electronic specta of 7 have not been analyzed in detail, but from 

the detailed studies of 1 and 2 it is almost certain that the ligand field bands of 7 will 

be overlapped with intense low energy charge transfer bands.77 

The EPR spectrum of 7 exhibits nearly axial g and A(95,97Mo) values with g I > g2 

::::: g3 and A I > A2 ::::: A3. The mUltiple bonding oxo ligand dominates the ligand field, 

and, as shown by previous workers, in high symmetry oxo-molybdenum(V) complexes 

the largest anisotropic g component and the corresponding A component are directed 

approximately parallel to the Mo=O bond direction.83,84 Similar criteria have been 

used by Collison and coworkers to select between two alternative relationships of the 

g and A tensor and molecular geometry in the analysis of single crystal EPR data on low 

symmetry LMoEX2, E = 0, S; X = CI, NCS complexes.54 From the similarity of gl and 

AI values of the "four sulfur" chelate with those of the gi and Al of neutral "two sulfur" 
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Table 11.9 Comparison of Ground State Composition of LMoO(bdt) and 
[LMoO {S2P(OEth} ]+ 

Ground State Composition LMoO(bdt) 1 [LMoO{S2P(OEth}]+ 

dxy 74.29 75.71 

dx'z 0.5 2.91 

dy'z 0 0.91 

dX2_y2 3.14 2.17 

dz2 0.01 0.09 

S Px 2.66 2.34 

S Px 2.43 2.36 

chelate complexes and adopting the criteria previously used for high symmetry systems, 

we can tentatively assign the EPR spectrum of 1 - 4; g) is gz and A) is Az and these 

elements will be aligned close to the Mo=O bond. The g2 and A2 components can be 

assigned as gy and Ay' respectively, due to the approximate Cs symmetry. This leaves 

g3 and A3 as gx and Ax, respectively. The validity of these tentative assignments can 

only be proved by performing single crystal EPR studies on low symmetry oxo-

molybdenum(V) complexes 1 - 4. The preliminary results of the single crystal study on 

LMoO(bdt) are discussed in chapter m. 



115 

11.6.4 Oxo-Mo(V) Catecholate Complexes (8 - 10) 

The oxo-molybdenum(V) complexes 8 - 10 exhibit nearly axial g values with g I 

== g2 > g3 and slightly rhombic A(95,97Mo) values with A3 »A2 > AI' The EPR spectra 

of 8 - 10 contrast to oxo-molybdenum(V) complexes with sulfur donor chelates 1 - 7 

(Table II.6) in that the largest component of A for 8 - 10 is associated with the smallest 

(high field) component of g. Complexes 8 - 10 involve two Euler angles (~ and y) for 

simulation, which indicates these complexes approach C I symmetry as compared to Cs 

symmetry observed for oxo-molybdenum(V) with sulfur donor chelates 1 - 7. 

Comparison of the anisotopic g values of the oxo-molybdenum(V) catechol ate 

complexes with those of the oxo-molybdenum(V) complexes with sulfur donor chelates 

1 - 4 indicates that the anisotropic g values are significantly lower for oxo

molybdenum(V) catecholate complexes 8 - 10. Electronic spectroscopy provides 

evidence that there are no low lying charge transfer bands overlapping the d - d 

transitions in 8 - 10, so the EPR parameters are primarily dictated by the d - d 

transitions, and all gj values are significantly less than ge' 

In the absence of low lying charge transfer bands we may attempt to gain some 

insight into the electronic behaviour of oxo-molybdenum(V) catechol ate complexes 9 -

11. It is reasonable to assume from the MCD spectroscopy and Fenske-Hall 

calculations77 that the magnetic orbital is primarily the dxy orbital (al == 1 and bl , c l == 

o in eq. (2». Ignoring the effects of covalent bonding, the theory, correct to first order 
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in spin-orbit coupling will, lead to the following relationships for the determination of 

anisotropic gj components.33,85 

(10) 

(11) 

(12) 

(13) 

(14) 

A = P[ -1(: + 2/7 _ ~ + 3{] 
y Il.Ey/

Z 
7Il.E"/

Z 

(15) 

where Lllij = E j - Exy' ~ is the spin orbit coupling constant for molybdenum(V) in the 

complex (ca. 900 cm-1 for Mo+5).18 P = gegN~e~N<r-3> and K is the Fermi isotropic 

hyperfine constant in the complex. MCD spectroscopy provides accurate assignment of 

the d - d energy bands for LMovO(cat) (9). The high energy peak at 25000 cm-1 has 

been assigned to dxy ~ dx2_y2 transition. The low energy peaks, which are fairly close 

in energy at 15000 and 18500 cm-1 have been assigned to dxy ~ dx'z and dxy ~ dy'z 
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transitions, respectively.77 Despite the gross approximations, incorporation of these 

numbers in eq. (10 - 15) provides nearly axial anisotropic g values with gx ~ gy > gz and 

I Azi > I Axl ~ I A). A similar pattern of anisotropic g and A(9S.97Mo) hyperfine 

splittings is observed in the experimental spectrum of 9 which clearly demonstrates that 

these crude calculations are qualitatively correct. Using the experimental gj and AEj 

values, eq. 10 - 12 give an apparent ~ = 250 - 300 cm-1, approximately one third the 

free ion value. This is not unreasonable for such a simple model and is consistent with 

the effects of covalancy, which have not been included. 

11.7 EPR Spectra of Sulfite Oxidase 

The EPR spectra of sulfite oxidase have been extensively studied by various 

workers under variety of conditions over the last twenty-five years, but complete EPR 

parameters (anisotropic A(9S.97Mo) hyperfine splittings) were not known prior to this 

study. We reinvestigated the low and high pH forms of sulfite oxidase in D20 after 

successful simulation of the mixed isotope spectra of model oxo-molybdenum(V) 

complexes with sulfur donor chelates. 

The EPR spectrum of the low pH form of sulfite oxidase (Figure II.34, 

Figure II.35 and Figure II.36) and the anisotropic g and A(9S.96Mo) parameters are shown 

in Table II.S. The EPR spectrum exhibits slightly rhombic g values with gl > ge (ge = 

2.0023) and the anisotropic A(9S.97Mo) values are also slightly rhombic in nature with 

Al »A2 ~ A 3• Experimental determination of <g> and <.4> is not possible due to the 

slow tumbling rate of sulfite oxidase in solution; therefore <g> and <.4> were obtained 
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by averaging the respective anisotropic g and A (95,97Mo ) components. The EPR 

spectrum of the low pH form of sulfite oxidase observed in this study agrees with that 

originally reported,39 and the anisotropic g values are consistent with those from other 

studies.27 The anisotropic A(95,97Mo) are quite different from those originally reported.39 

The original EPR parameters were not simulated but taken directly from the observed 

spectrum as gu = 2.000, gl. = 1.968, An = 58.3 x 10-4 cm-I and Al. = 43.0 x1O-4 cm-I• 

The anisotropic A (95,97Mo ) values obtained by simulation are quite different from those 

originally reported by Rajagopalan.39 The anisotropic A(95,97Mo) values are slightly 

rhombic with a large Al and two smaller A2 and A3 components. 

The EPR spectrum of the high pH form of sulfite oxidase (Figure II.37, 

Figure II.38 and Figure II.39) exhibits rhombic g and A(95,97Mo) values (Table II.8). 

The g I value in the high pH form of sulfite oxidase is less than the free electron value 

ge (ge = 2.0023). The anisotropic g values observed in the high pH form of sulfite 

oxidase are less than the corresponding anisotropic g values observed for the low pH 

form. The anisotropic g values are more rhombic in the high pH form than in the low 

pH form. However, both spectra show similar anisotropy. The EPR spectrum of the 

high pH form of sulfite oxidase observed in this study agrees with that originally 

reported,39 and the anisotropic g values are consistent with those from other studies.27 

Only one component of the A(95,97Mo) has been previously reported.39 We determined 

all three anisotropic A(95,97Mo) hyperfine constants for the high pH form of the sulfite 
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oxidase by spectral simulation. The Al component found in this study is in close 

agreement with the previous Al value.39 

In brief, the EPR parameters of the low and high pH forms of sulfite oxidase 

reveal very different anisotropic g values. The low pH form of sulfite oxidase exhibits 

a slightly rhombic EPR spectrum with larger anisotropic g values, whereas the high pH 

form exhibits a rhombic EPR spectrum with smaller anisotropic g values. However, 

both the low and the high pH forms of sulfite oxidase exhibit very similar anisotropic 

A(95,97Mo) hyperfine splittings. 

11.8 Comparison of Enzyme and Model Compound EPR spectra 

Comparison of the EPR parameters for LMo vO(bdt) (1), which possesses a single 

dithiolene ligand as proposed for the molybdenum(V) state of the Moco, and 

LMo vO( edt) (2) to those of the low pH form of the sulfite oxidase reveals that these 

model compounds reproduce g I and g2 of the low pH form of the sulfite oxidase. The 

g3 values of the model compounds 1 and 2 are slightly smaller than that of the g3 value 

of the low pH form of the sulfite oxidase. The anisotropic Al values for the model 

compounds 1 and 2 are similar to those for the low pH form of the sulfite oxidase. 

However, the large-smaIl-large pattern of the anisotropic A(95,97Mo) components in the 

model compounds 1 - 2 is distinctly different from that in the low pH form of the sulfite 

oxidase. 

Comparison of the EPR parameters of the "four sulfur" complexes [Mo vO(edthr 

(7) and [Mo vO(SPh)4r (8) (Table ll.6) to those of the low pH form of the sulfite 
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Figure 11.34 EPR spectra of the low pH form of sulfite oxidase: experimental frozen 
X-band (top) and simulated (I = 0 component only, bottom) 
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Figure 11.35 EPR spectra of the low pH form of sulfite oxidase: experimental frozen 
X-band (top) and simulated (I = 5/2 component only, bottom) 
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Figure 11.36 EPR spectra of the low pH form of sulfite oxidase: experimental frozen 
X-band (top) and composite simulated (bottom) 
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Figure 11.37 EPR spectra of the high pH form of sulfite oxidase: experimental frozen 
X-band (top) and simulated (I = 0 component only, bottom) 
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Figure 11.38 EPR spectra of the high pH form of sulfite oxidase: experimental frozen 
X-band (top) and simulated (I = 5/2 component only, bottom) 
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Figure 11.39 EPR spectra of the high pH form of sulfite oxidase: experimental frozen 
X-band (top) and composite simulated (bottom) 
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oxidase (Table IT.S) reveals that all anisotropic g values of 7 and 8 more closely match 

those of the low pH form of the sulfite oxidase than do those of the "two sulfur" chelate 

complexes 1 and 2. The anisotropic A(95.97Mo) components of the low pH form of 

sulfite oxidase are also very similar to and follow the same pattern as those of the "four 

sulfur" complexes 7 and 8. This raises the possibility that there might be four sulfur 

atoms present at the active site of sulfite oxidase in the low pH form of the 

molybdenum(V) state as compared to two or three sulfur atoms proposed by EXAFS 

studies. However, in the absence of EPR data of oxo-molybdenum(V) complexes with 

three sulfur donor atoms, caution must be adopted in rejecting three sulfurs at the active 

site of the low pH form of sulfite oxidase. Comparison of the anisotropic g values of 

a wide variety of "two sulfur" chelate complexes 1 - 6 and "four sulfur" complexes 7 

and 8 with those of the low pH form of the sulfite oxidase reveals that gland g2 values 

of the low pH form of the sulfite oxidase can be matched both by "two sulfur" chelate 

complexes 1 - 6 and "four sulfur" complexes 7 - 8, but it is the g3 values which makes 

the difference between the "two sulfur" chelate complexes 1 - 6 and "four sulfur" 

complexes 7 and 8. The g3 values are significantly lower in all the "two sulfur" 

complexes 1 - 6 than the "four sulfur" complexes 7 and 8 and the low pH form of the 

sulfite oxidase. 

Comparison of the EPR parameters of high pH form of the sulfite oxidase with 

the neutral "two sulfur" chelate complexes 1 - 4 reveals that none of the EPR parameters 

match. However, cationic "two sulfur" chelate complexes 5 and 6 are good model 
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compounds for the high pH form of the sulfite oxidase. All three anisotropic g values 

of cationic "two sulfur" chelate complexes 5 and 6 are similar to those of the high pH 

form of the sulfite oxidase and the A3 component of 5 is similar to the corresponding 

A3 component of the high pH form of sulfite oxidase. The EPR parameters of "four 

sulfur" complexes 7 and 8 which mimic those of the low pH form of sulfite oxidase 

match only the anisotropic AeS,97Mo) components of the high pH form of the sulfite 

oxidase. 

11.9 Conclusions 

We emphasize that LMo vO(bdt) is a minimal structural and spectroscopic 

benchmark for the proposed oxodithiolene coordination of Moco. The compound is not 

a reactivity model because its six-coordinate stereochemistry precludes it from 

participating in a catalytic cycle of oxygen atom transfer and coupled electron-proton 

reactions as has been observed for LMo VI02(SPh) and related complexes.86 Although 

we have structurally characterized the first monooxomono(dithiolene)molybdenum(V) 

complex, the dithiolene moiety is part of the delocalized benzene ring and the not a true 

-SCH=CHS- unit as proposed for Moco. 

The successful simulation of the natural mixed isotope EPR spectra of well 

characterized oxo-molybdenum complexes provides more reliable data (A(9S,97Mo) 

hyperfine splittings) than directly estimating these parameters from the spectra. 

However there is a need to perform these EPR experiments at Q-band (35 GHz) in order 
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to eliminate overlap among the A(95,97Mo) hyperfine components that result from the 

small anisotropy of the g values for molybdenum(V) signals. 

The wealth of EPR data obtained for low symmetry oxo-molybdenum(V) 

complexes cannot yet be unambiguously related to the molecular framework. A single 

crystal EPR study of a low symmetry oxo-molybdenum(V) complexes with a bidentate 

sulfur donor ligands (1 - 4) is needed to relate the g and A(95,97Mo) tensor elements to 

the molecular framework. A simple ligand field model predicts that low symmetry 

complexes dominated by an oxo group, the EPR spectra will be pseudo axial with gx :::: 

gy > gz as seen for oxo-molybdenum(V) catecholate complexes. The presence of 1t

donor ligands adds the charge transfer term to the equation for gj (eq. 9), which can give 

rise to more rhombic spectra with gz > gx' gy and gz > ge' as observed for oxo

molybdenum(V) complexes with sulfur donor ligands. 

This study provides complete EPR parameters (A(95,97Mo) hyperfine splittings) of 

the low and high pH forms of the sulfite oxidase from spectral simulation of the natural 

mixed isotope EPR spectra. To the best of our knowledge these are the first complete 

sets of EPR parameters to be obtained for the molybdenum center of a "dioxo" type 

enzyme (sulfite oxidase). Morever these parameters were obtained from simulation of 

EPR spectra of the naturally abundant mixed molybdenum isotopes. The previously 

known complete EPR parameters were obtained by isotopic labelling on the "oxosulfido" 

type molybdoenzyme (xanthine oxidase). The isotopic labelling is not practically 

possible for chicken liver sulfite oxidase, but isolation of "dioxo" type molybdoenzymes 
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from bacterial sources (e.g. DMSO reductase) should facilitate 95Mo isotopic labelling 

of their molybdoenum centers and provide additional 95Mo hyperfine splittings for this 

family of enzymes. 
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CHAPTER III 

APPROACHES TO SINGLE CRYSTAL EPR STUDmS OF MODEL OXO

MOLYBDENUM(V) COMPLEXES 

111.1 Introduction 

As mentioned in the previous chapter, a variety of oxomolybdenum(V) complexes 

of the type LMoO[S(C)xS], x = 1,2 are good model compounds for both the low and 

high pH forms of sulfite oxidase. The g and A parameters and non-coincidence between 

them were successfully simulated at X-band frequency. Assessment of the correctness 

of the principal A values and the non-coincidence between g and A tensor elements can 

only be achieved by performing single crystal EPR studies on these model compounds.78 

The correctness of the metal hyperfine tensor elements will provide more insight into 

the composition of ground state electronic structure of these complexes. 

A single crystal EPR study provides the relationship between g and metal A tensor 

elements and the atomic framework, which cannot be obtained from the frozen solution 

EPR data. This information helps to identify which metal A tensor component is close 

to the Mo=O vector. In high symmetry oxo-molybdenum(V) complexes the largest Ai 

tensor value is close to the Mo=O vector.83 In the case of oxo-molybdenum(V) 

complexes of the type LMoO[S(C)xS] where x = 1,2, the AI1 and A33 values are nearly 

identical, whereas for LMoOX2 (X = CI, NCS) and LMoSCl2 complexes, there are two 

distinct choices and based on the high symmetry systems the largest metal Ai hyperfine 
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component is selected to be close to the Mo=E vector (E = 0, S).54 Single crystal EPR 

studies of the oxo-molybdenum(V) complexes of the type LMoO[S(C)xS], x = 1,2 will 

enable systematic comparison of the spin-Hamiltonian parameters as a function of 

changes in the bidentate sulfur donor chelates ligand, as well as comparison to known 

single crystal EPR studies of LMoOX2 complexes.54 

A single crystal EPR study requires magnetically dilute crystals so that there are 

no magnetic exchange interactions between individual paramagnetic centers that will 

cause line broadening of the EPR spectrum. There are mainly two kinds of magnetic 

interactions encountered in d transition metal systems; (a) dipole-dipole interactions, (b) 

exchange interactions. For any given paramagnetic center the dipolar interaction due 

to the surrounding paramagnets creates a magnetic field at that paramagnet. This extra 

field is superimposed on the applied magnetic field, and in crystals it is unlikely that all 

the paramagnetic centers will experience the same extra field. Hence, the spectrum will 

be inhomogeneously broadened, and therefore much information will be lost under the 

envelope of broadening. Electronic exchange between the paramagnets due to orbital 

overlap may also lead to line broadening. Since both dipole-dipole and exchange 

interactions depend upon the separations between the paramagnets their effects can be 

reduced by dilution. In the case of single crystals this dilution can be done via co

crystallization in a diamagnetic host lattice. This dilution must be done at the molecular 

level; mere mechanical mixing is not sufficient. 
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Numerous low symmetry monomeric oxo-molybdenum(V) complexes are known, 

but relatively few detailed single crystal EPR studies have been performed because of 

the lack of suitable diamagnetic host lattices. Extensive efforts have been made by 

previous workers from this laboratory and in this work to find a suitable diamagnetic 

host for complexes of the type LMoO[S(C)xS], x = 1,2. 

111.2 The Quest For a Diamagnetic Host 

Various approaches were followed with different metals in different oxidation 

states to obtain the desired diamagnetic host. The synthetic approaches undertaken in 

this study are classified into four broad categorieS. 

111.2.1 Attempted Synthesis of diamagnetic [LMvO]+2 complexes with M = Nb and 

v. 

There are no prior reports of mononuclear oxo-niobium(V) complexes with the 

hydrotris(3,5-dimethyl-I-pyrazolyl)borate ligand in the literature. Syntheses of 

diamagnetic LNb vO(bdt) and LNb vO(cat) complexes from LNb vOCl2 were 

attempted.87 The reaction of 1,2-benzenedithiol or catechol with LNb v OCl2 gave 

mixtures of intractable materials which could not be characterized. Both catechol and 

benzenedithiol can act as reducing agents and such chemistry might lead to variety of 

niobium(IV) oligomeric species. There are extensive reports in the literature that 

niobium(V) poly(l-pyrazolyl)borate complexes are easily reduced to give either 

monomeric or polymeric niobium(IV) complexes.88,89 
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The "trans relationship" of the chemistries of Y and Mo and the extensive 

chemistry developed by Carrano and coworkers on oxo-vanadium(IY, Y) complexes as 

models for the binding site in bromoperoxidase,9o.91 encouraged us to pursue the 

syntheses of LyVO(cat) and LyVO(bdt) complexes. Substitution of cr and DMF by 

phenolate ligands from LyIVOCI(dmt) and subsequent aerial oxidation yields stable 

LyvO(phenoxideh complexes. It was hoped that the LyvO(cat) or LyvO(bdt) 

complexes, might be accessible by a similar route. However, due to the reducing nature 

of the benzenedithiolate and catechol ate ligands, the vanadium(Y) state was not 

accessible and even bubbling 02 into the solution did not produce any vanadium(Y) 

species. EPR spectroscopy indicated the presence of two vanadium(IY) species, which 

were different from the starting vanadium(IY) complex. No attempts were made to 

further characterize these vanadium(IY) species. 

111.2.2 Attempted syntheses of diamagnetic [LMIV CI]+2 complexes with M = Sn, 

Mo, Ti, Zr 

To the best of our knowledge the first single crystal EPR study conducted on the 

low symmetry oxo-molybdenum(Y) complexes of the type LMoEX2 ( E = 0, X = CI, 

NCS; E = S, X = CI), used the isostructural LSnIVCl3 complex as a diamagnetic host 

lattice.54 Therefore, the tin chemistry was further investigated in an attempt to 

synthesize the LSnIVCI(cat) or LSnIVCI(bdt) complexes by substitution of two chlorine 

atoms of LSnIV Cl3 by benzenedithiolate or catechol ate ligands. The low solubility of 

LSnIV C13 in high boiling solvents and the inert nature of the complex to substitution 
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thwarted all attempts to substitute two chlorine atoms with catecholate or 

benzenedithiolate ligand. 

An alternate way to approach the synthesis of a diamagnetic host lattice is to 

synthesize an isostructural molybdenum(IV) complex. Trofimenk092 and later 

Millar93 have shown that LMolV Cl3 can be prepared in excellent yields by the action 

of thionyl chloride on [Et4N] [LMo(CO)3]' Attempts were made to synthesize 

LMo1vCI(cat) by substituting chlorine atoms of LMolvCl3 with a catecholate ligand. 

However it was discovered that the starting material is always contaminated with 

oxidized paramagnetic LMo vOCl2 in solution. 

Preliminary literature investigations were conducted on LM1V Cl3 complexes of Ti 

and Zr. The poly(1-pyrazolyl)borate halide complexes of Ti(IV) and Zr(IV) are 

known,94,95 but the catecholate or benzenedithiolate adducts of the type LMCIX2 (M 

= Ti, Zr; X = cat, bdt) are not known. The LM1V Cl3 halide complexes are quite air 

sensitive and susceptible to hydrolysis so it was concluded that the desired LMCIX2 

complexes might also be air sensitive and thus not suitable as a diamagnetic host lattice 

for oxo-molybdenum(V) complexes. 

111.2.3 Attempted synthesis of L ·MoOCI2, L· = hydrotris(3,S·dimethyl.l. 

pyrazolyl)methane 

The synthetic approaches towards a diamagnetic host lattice for oxo-molybdenum(V) 

systems explained in sections 11.2.1 and 11.2.2 were unsuccessful. All of these 
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approaches employed the facially coordinating sterically demanding hydrotris(3,5-

dimethyl-I-pyrazolyl)borate ligand. and the metal center was varied. 

Another possible route to a diamagnetic host lattice is through L "'MoOCI2, where 

L'" is hydrotris(3,5-dimethyl-I-pyrazolyl)methane (Figure m.l), the isostructural but 

neutral analog of L. Trofimenko first described the synthesis of L'" 96 and reported the 

preparation of a few complexes. However, the poor yields of L'" from the original 

preparative procedure have discouraged systematic exploration of the chemistry of L .... 

Recently a much improved synthesis has been developed by Avila and coworkers97 

that gives up to 60% yield of high purity L .... Due to structural similarities between L'" 

and L, and with the primary aim of preparing diamagnetic host lattices for oxo

molybdenum(V) complexes of L in mind, the preliminary coordination chemistry of L'" 

was explored (See Chapter IV). 

L* 

Figure 111.1 Structure of L'" 



136 

Several synthetic routes to L *MoIVOCI2 were investigated, but none led to the 

desired diamagnetic complex because L *MoIVOCI2 is too easily oxidized; the one

electron redox potential is -0.300 V (potential vs. Fc+/Fc). Although the 

trispyrazolylmethane ligand did not yield the desired precursor (L*MoIVOCI2) for 

diamagnetic host lattices for oxo-molybdenum(V) complexes, the neutral L* ligand 

showed strikingly different chemical properties as compared to L. We briefly 

investigated the chemistry of the neutral hydrotris(3,S-dimethyl-l-pyrazolyl)methane, and 

a variety of mononuclear and binuclear molybdenum complexes in various oxidation 

states that have been synthesized in this study is the subject of the Chapter IV. 

111.2.4 Synthesis of LMo(NO)(bdt) and LMo(NO)(tdt); diamagnetic host lattice for 

LMoO(bdt) 

After more than a year and a half of effort, the "quest for a suitable diamagnetic 

host lattice" for oxo-molybdenum(V) complexes had been frustratingly negative. Before 

abandoning this project, however, we decided to pursue diamagnetic trispyrazolylborate 

molybdenum(II) nitrosyl compounds that have been extensively studied by McCleverty 

and coworkers.98,99 The steric requirements of the Mo-NO unit are not significantly 

different from the Mo-O unit, so LMo(NO)(bdt) might serve as a diamagnetic host 

lattice for LMoO(bdt). Several examples of oxo-molybdenum(V) complexes containing 

five-membered chelate rings attached to the [LMoO]+2 core are known, but examples 

of such chelates for [LMo(NO)]+2 are scarce. A comparison of the structural data for 

[LMoE]+2, E = 0, NO complexes reveals that for the nitrosyl complexes the shorter 
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metal-ligand bond distances around the molybdenum center result in a closer approach 

of the chelate ring atoms to a 3-Me substituent in L. This in tum might give rise to 

stronger interligand repulsion than occurs in the [LMoOt2 derivatives. Recently, 

McCleverty and coworkers, utilizing the larger donor atoms such as sulfur in toluene-

3,4-dithiol, which might relieve this repulsion, reported the synthesis of LMo(NO(tdt), 

the first five-membered chelate complex. lOo We utilized the same synthetic 

procedure, with slight modifications in the workup, to synthesize LMo(NO)(bdt) and 

LMo(NO(tdt). Here we describe the first structural characterization of the five

membered chelate complexes of the [LMo(NO)]+2 core, LMo(NO)(bdt) and 

LMo(NO(tdt). We also successfully employed these complexes as a diamagnetic hosts 

for LMoO(bdt) and initiated the long awaited preliminary single crystal EPR study on 

this low symmetry oxo-molybdenum(V) model complex, whose EPR parameters mimic 

those of the low pH form of sulfite oxidase. 

111.3 Experimental 

Reactions were carried out under an atmosphere of pure dinitrogen; solvents were 

thoroughly degassed before use. Subsequent workup was carried out in air. 

Dichloromethane was purified from anhydrous calcium chloride. Silica gel 60 used for 

column chromatography was obtained from Fluka Chemical Co. Potassium 

hydrotris(3,5-dimethyl-l-pyrazolyl)borateI30 (KL) and LMoO(bdt)50 were prepared by 

the literature method. LMo(NO)I2 was prepared according to previously described 

method. 101 LMo(NO)I2 was crystallized from boiling toluene and the black crystals 
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obtained were used for the preparation of the following complexes. Infrared spectra 

were recorded as KBr pellets on a Perkin-Elmer model 1800 FfIR using DTGS 

detection. Spectra were transferred from Perkin-Elmer format to MS-DOS (tm) format 

via an RS-232 interface for manipulation. 102 lH NMR spectra were recorded on a 

Varian Gemini 200 spectrometer. Chemical shifts were referenced to internal TMS. 

111.3.1 Preparation of Complexes 

LMo (NO (tdt) The synthesis of LMo(NO(tdt) was previously reported by McCleverty 

and coworkers. lOO Some minor modifications were made in the workup procedure, and 

the reaction mixture was refluxed for 16 h instead of 24 h. A mixture of 

LM(NO)I2·C6HsCH3 (0.9 g, 1.2 mmol), 3,4-toluenedithiol (0.33 g, 2.1 mmol) and 

triethylamine (1.4 ml, 10 mmol) were refluxed for 16 h. The deep blue solution which 

formed was evaporated to dryness under reduced pressure and the solid obtained was 

dissolved in minimum amount of 1: 1 chloroform : heptane and chromatographed on 

silica gel column with the same solvent mixture. The product came out as a deep blue 

band. The chromatographed product was crystallized by slow diffusion of heptane into 

a dichloromethane solution of the complex to yield deep blue crystals suitable for X-ray 

diffraction. The complex shows similar spectroscopic features as reported in the 

literature. 100 

LMo(NO)(bdt) A mixture of LMo(NO)I2·C6HsCH3 (0.38 g, 0.5 mmo!), 1,2-

benzenedithiol (0.1 g, 0.7 mmo!) and triethylamine (0.7 ml, 5 mmol) was refluxed for 

16 h. The deep blue solution which formed was evaporated to dryness under reduced 
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pressure and the solid obtained was dissolved in the minimum amount of 1: 1 chloroform 

: heptane and chromatographed on silica gel column with the same solvent mixture. The 

product came out as a deep blue band. The chromatographed product was crystallized 

by slow diffusion of heptane into a dichloromethane solution of the complex to yield 

deep blue crystals suitable for X-ray diffraction. IR (KBr): u(NO) = 1567 cm-I, u(BH) 

= 2550 cm-I. IH NMR (CDCI3) (all resonances singlets unless otherwise specified): 0 

1.52 (3H), 0 2.30 (6 H), 0 2.40 (3 H), 0 2.49 (6H), 0 5.63 (lH), 0 5.98 (2H), 0 7.27 

(doublet of doublets, 2H), 0 8.05 (doublet of doublets, 2H). 

111.3.2 Growth of Magnetically Dilute Crystals 

Deep blue rectangular crystals of LMo(NO)(bdt) containing 3 - 5% by moles of 

LMoO(bdt) were obtained by slow evaporation of a dichloromethane : heptane solution 

at room temperature. Similar procedure was followed to obtain the deep blue crystals 

of LMo(NO(tdt) containing 3 - 5% by moles of LMoO(bdt). The quality of crystals was 

much better for LMo(NO(tdt) as a diamagnetic host lattice than for LMo(NO)(bdt). In 

the preceding sections the nomenclature used for the doped crystals of LMoO(bdt) in 

LMo(NO)(bdt) and LMo(NO)(tdt) is LMo(NO){MoO}(bdt) and LMo(NO){MoO}(tdt), 

respectively. 

111.3.3 Crystal Structure Determinations 

Crystal data and details of the structure determinations are given in Table 111.1 and 

Table 111.2. Scattering factors were taken from Cromer and Waber,69 anomalous 

dispersion effects were included for all non-hydrogen atoms with the values of .1f' and 
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~f" taken from Cromer,1° and all calculations were performed on a VAX using MolEN 

(Enraf-Nonius) and SHELXS-86.103 The unit cell parameters for the diluted crystals 

were within 1 % to those for the pure hosts (Table III.3). 

111.3.4 EPR Spectroscopy 

First derivative EPR spectra were obtained at X-band frequency using a Bruker ESP 

300E spectrometer. Spectra at room temperature on randomly oriented doped single 

crystals of LMo(NO){MoO}(bdt) and LMo(NO){MoO}(tdt) in the EPR tube were 

obtained. 

111.4 Results and Discussion 

111.4.1 Syntheses 

The syntheses of LMo(NO)(bdt) and LMo(NO)(tdt) follows the literature 

method. IOO Slight modifications were made in the workup procedures to obtain pure 

compounds suitable for growing X-ray diffraction quality crystals. In the reported 

procedure the reaction mixture was evaporated to dryness under reduced pressure and 

the solid obtained was first purified by crystallization and subjected to column 

chromatography using CH2Cl2 as an eluant to attain further purification. In our workup 

procedure the reaction mixture was evaporated to dryness under reduced pressure and 

the solid obtained was dissolved in a 1: 1 CHCl3 : heptane mixture and subjected to 

column chromatography. The product comes out as a deep blue band well separated 

from elemental iodine, which does not separate well from the complex when eluted with 

CH2CI2• Further purification can be attained by crystallizing by slow diffusion of 
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Table 111.1 Crystal Data and Intensity Measurements of LMo(NO)(bdt) and 
LMo (NO) (tdt) 

A. Crystal Data 

Color 
Shape 
Formula 
F.W. 
F(OOO) 
Crystal dimensions 
Peak width 
at half-height 
Mo Ka radiation 
Temperature 
Crystal class 
Space group 
Cell parameters 

Calculated density 
Absorption cofficient 

LMo(NO)(bdt) 

Dark blue 
Triangular 
MoS20N7C21BH26 
563.37 
1152 
0.03 x 0.13 x 0.23 mm 

0.35" 
A. = 0.71073 A 
20±1° 
Monoclinic 
P2lc 
a = 11.1151 (6) A 
b = 13.667 (1) A 
c = 16.4100 (9) A 
P = 98.365 (5)" 
V = 2466.4 (3) A3 
Z=4 
P = 1.52 g/cm3 

J.l = 7.1 cm- I 

B. Intensity Measurements 

Diffractometer 
Monochromator 

Scan type 
Scan rate 
Scan width, deg. 
Maximum 26 
No. of refl. 

measured 
unique 

Corrections 
Reflection averaging 

Empirical absorption 

Enraf-Nonius CAD4 
Graphite crystal, 
incident beam 
00-26 
1 - 7°/min 
0.8 + 0.340 tan6 
50.0° 

4785 
4328 
Lorentz-polarization 
Agreement on 
1=3.8% 
From 0.90 to 1.00 on I 

LMo(NO)(tdt) 

Deep purple 
Irregular 
MoS20N7C22BH28 
577.39 
1184 
0.08 x 0.12 x 0.17 mm 

0.47° 
A. = 0.71073 A 
23±1° 
Monoclinic 
P21/n 
a = 15.579 (2) A 
b = 9.942 (1) A 
c = 16.527 (2) A 
P = 95.79 (1)" 
V = 2546.7 (4) A3 
Z=4 
P = 1.51 g/cm3 

J.l = 6.9 cm- I 

Enraf-Nonius CAD4 
Graphite crystal, 
incident beam 
00-26 
1 - Tlmin 
0.8 + 0.340 tan6 
50.0° 

4943 
4468 
Lorentz-polarization 
Agreement on 
1=1.7% 
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Table 111.2 Structure Solution and Refinement of LMo(NO)(bdt) and LMo(NO)(tdt) 

LMo(NO)(bdt) LMo(NO)(tdt) 

Solution Patterson method Patterson method 
Refinement Full-matrix Full-matrix 

least-squares least-squares 
Minimization function L w(IFol-IFcI)2 L w(IFol-IFcI)2 
Least-squares weights 4Fo2/a2(Fo2) 4Fo2/a2(Fo2) 
Anomalous dispersion All non-hydrogen All non-hydrogen 

atoms atoms 
Reflections included 2020 with 2732 with 

Fo2>3.0a(Fo2)2 Fo2>3.0a(Fo2)2 
Parameters refined 298 313 
Unweighted agreement factor 0.046 0.044 
Weighted agreement factor 0.049 0.053 
Factor including unobs. data 0.165 0.099 
Esd of obs. of unit weight 1.31 1.56 
Convergence, largest shift O.OOa 0.21a 
High peak in final diff. map 0.69(9)e-/A3 0.75(8)e-/A3 
Low peak in final diff. map -0. 19(9)e-1 A3 -0. 14(8)e-/A3 
Computer hardware VAX VAX 
Computer software MolEN MolEN 

(Enraf-Nonius) (Enraf-Nonius) 
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heptane into a dichloromethane solution of complex to yield X-ray diffraction quality 

crystals. 

111.4.2 Structure Determinations 

LMo(NO)(bdt) A view of the structure of the LMo(NO)(bdt) molecule along with 

the atomic labelling scheme used in the crystal structure determination is shown in 

Figure 111.2. Positional parameters, anisotropic thermal parameters and selected bond 

distances and angles are shown in Table IlIA, Table I1I.5 and Table I1I.6, respectively. 

The central molybdenum atom is bonded to one nitrosyl group, two sulfur atoms from 

the bidentate (SC6H4Sr2 ligand, and three nitrogen atoms of the sterically demanding 

anionic hydrotris(3,5-dimethyl-l-pyrazolyl)borate (L) ligand. As usual L, adopts jac

stereochemistry, leaving the Mo-NO and two Mo-S bonds mutually cis to complete the 

distorted octahedron. The molybdenum-nitrosyl fragment is almost linear with typical 

Mo-N and N-O bond lengths. The two chelated Mo-S dithiolene distances, 2.389(2) and 

2.372(3) A are slightly longer than other Mo-S distances for non-chelated thiolate 

ligands bound to the Mo-NO fragment in a similar oxidation state.98,104,105 

Surprisingly, this trend of Mo-S distances is the reverse of that for oxo-molybdenum(V) 

trispyrazolylborate complexes, where chelated Mo-S distances are smaller than the Mo-S 

non-chelated thiolate distances.50,lo6 The Mo-N(L) distances are similar to those 

found in other [LMo(NO)]+2 type complexes,98,99 reflecting the structural trans influence 

of the strong 7t-accepting nitrosyl ligand. A comparison of the structural data for 

LMoES(bdt), E = 0 or NO reveals that the Mo-S and Mo-N distances are almost 
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Figure 111.2 ORTEP drawing of LMo(NO)(bdt); the atoms are drawn as 50% 
probability ellipsoids and H atom radii have been reduced for clarity 
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Table 111.4 Positional Parameters and Their Estimated Standard Deviations for 
LMo(NO)(bdt) 

Atom x y Z B(A2) 

Mo 0.23799(6) 0.07323(5) 0.32872(5) 2.87(1) 
SI 0.2418(2) 0.2474(1) 0.3170(2) 3.77(5) 
S2 0.0289(2) 0.0907(2) 0.2757(2) 4.51(6) 
0 0.1572(6) 0.1077(5) 0.4882(4) 6.1(2) 
N 0.1883(6) 0.0898(4) 0.4284(3) 3.2(2) 
Nll 0.2505(5) -0.0846(4) 0.3321(4) 3.2(1) 
N12 0.3459(5) -0.1308(4) 0.3044(4) 2.7(1) 
N21 0.4326(5) 0.0589(4) 0.3725(4) 2.9(1) 
N22 0.5023(5) 0.0023(4) 0.3287(4) 2.9(1) 
N31 0.2900(5) 0.0567(4) 0.2011(4) 2.9(1) 
N32 0.3740(5) -0.0143(4) 0.1899(4) 2.7(1) 
Cl 0.0989(8) 0.2712(6) 0.3428(5) 3.8(2) 
C2 0.0059(8) 0.2014(7) 0.3257(6) 4.7(2) 
C3 -0.1093(8) 0.2257(8) 0.3455(6) 5.9(3) 
C4 -0.1325(9) 0.3139(7) 0.3783(7) 7.2(3) 
C5 -0.046(1) 0.3817(7) 0.3872(7) 7.5(3) 
C6 0.0680(9) 0.3632(7) 0.3700(6) 5.8(3) 
C13 0.3413(8) -0.2280(5) 0.3194(5) 3.3(2) 
C14 0.2411(8) -0.2456(6) 0.3572(5) 4.4(2) 
C15 0.1857(7) -0.1550(6) 0.3647(5) 4.0(2) 
C16 0.0755(7) -0.1338(7) 0.4014(6) 6.3(3) 
C17 0.4334(8) -0.2983(6) 0.2965(5) 4.9(2) 
C23 0.6200(7) 0.0137(6) 0.3605(5) 3.5(2) 
C24 0.6245(7) 0.0791(6) 0.4253(5) 3.7(2) 
C25 0.5069(7) 0.1050(5) 0.4316(5) 2.8(2) 
C26 0.4624(8) 0.1690(6) 0.4922(5) 4.1(2) 
C27 0.7198(7) -0.0372(6) 0.3269(6) 4.9(2) 
C33 0.3854(7) -0.0210(6) 0.1101(5) 3.2(2) 
C34 0.3105(7) 0.0477(6) 0.0703(5) 3.4(2) 
C35 0.2517(7) 0.0954(5) 0.1263(5) 3.0(2) 
C36 0.1604(8) 0.1739(6) 0.1096(5) 4.8(2) 
C37 0.4666(8) -0.0950(6) 0.0803(5) 5.4(2) 
B 0.4382(7) -0.0703(7) 0.2641(5) 3.0(2) 

Anisotropically refined atoms are given in the form of the isotropic equivalent 
displacement parameter defined as: (4/3) * [a2*B(1,I) + b2*B(2,2) + c2*B(3,3) + 
ab(cos y)*B(1,2) + ac(cos ~)*B(1,3) + bc(cos a)*B(2,3)] 
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Table 111.5 General Displacement Parameter Expressions - U's - of LMo(NO)(bdt) 

Name U(l,l) U(2,2) U(3,3) U(1,2) U(1,3) U(2,3) 

Mo 0.0302(3) 0.0292(3) 0.0519(4) 0.0018(4) 0.0127(3) -0.0012(4) 
SI 0.047(1) 0.034(1) 0.063(1) 0.001(1) 0.008(1) 0.001(1) 
S2 0.046(1) 0.057(1) 0.068(2) -0.000(1) 0.009(1) -0.004(1) 
0 0.078(4) 0.088(5) 0.072(4) 0.014(4) 0.026(3) -0.001(4) 
N 0.071(4) 0.026(3) 0.022(3) 0.006(3) -0.002(3) -0.005(3) 
Nll 0.028(3) 0.035(3) 0.062(4) -0.004(3) 0.015(3) -0.005(4) 
N12 0.026(3) 0.032(3) 0.045(4) 0.002(3) 0.004(3) -0.000(3) 
N21 0.043(3) 0.030(3) 0.039(3) 0.005(3) 0.015(3) 0.001(3) 
N22 0.028(3) 0.044(4) 0.040(4) 0.006(3) 0.005(3) 0.003(3) 
N31 0.034(3) 0.029(3) 0.046(4) 0.000(3) 0.010(3) -0.002(3) 
N32 0.032(3) 0.026(3) 0.042(4) 0.006(3) 0.004(3) 0.002(3) 
C1 0.051(5) 0.039(4) 0.052(5) 0.010(4) 0.002(4) -0.004(4) 
C2 0.039(5) 0.068(6) 0.072(6) 0.020(5) 0.011(5) 0.005(5) 
C3 0.047(6) 0.094(7) 0.084(7) 0.021(6) 0.006(5) 0.017(6) 
C4 0.074(6) 0.088(7) 0.115(8) 0.047(5) 0.022(6) -0.017(6) 
C5 0.124(8) 0.069(6) 0.091(8) 0.061(5) 0.012(7) -0.010(6) 
C6 0.076(7) 0.047(5) 0.094(8) 0.018(5) 0.008(6) -0.008(5) 
C13 0.058(5) 0.028(4) 0.039(5) 0.003(4) -0.002(4) -0.006(4) 
C14 0.065(6) 0.031(4) 0.071(7) -0.010(4) 0.005(5) 0.008(4) 
CIS 0.036(4) 0.044(5) 0.074(6) -0.009(4) 0.015(4) -0.001(5) 
C16 0.059(6) 0.052(6) 0.137(9) -0.019(5) 0.041(6) 0.005(6) 
C17 0.086(7) 0.035(4) 0.064(6) 0.023(5) 0.009(5) -0.001(5) 
C23 0.033(4) 0.046(5) 0.056(5) 0.003(4) 0.009(4) 0.018(4) 
C24 0.040(4) 0.053(4) 0.044(5) -0.024(4) 0.001(4) 0.001(5) 
C25 0.043(4) 0.033(4) 0.031(4) -0.012(4) 0.003(4) 0.002(3) 
C26 0.074(6) 0.039(4) 0.042(5) -0.011(5) 0.002(5) 0.002(4) 
C27 0.044(5) 0.063(5) 0.075(6) 0.005(5) -0.005(5) 0.003(6) 
C33 0.051(5) 0.039(4) 0.035(4) -0.005(4) 0.014(4) -0.005(4) 
C34 0.044(5) 0.060(5) 0.025(4) -0.000(4) 0.003(4) 0.011(4) 
C35 0.038(4) 0.043(5) 0.032(4) -0.003(4) 0.005(3) 0.006(4) 
C36 0.071(6) 0.057(6) 0.054(6) 0.014(5) 0.004(5) 0.006(5) 
C37 0.077(6) 0.072(7) 0.063(6) 0.017(5) 0.031(5) -0.001(5) 
B 0.034(4) 0.034(4) 0.047(5) -0.000(5) 0.014(4) -0.006(5) 

The form of the anisotropic displacement parameter is: exp[-2PI2{ h2a2U(1' 1) + k2b2U(2,2) 
+ 12c2U(3,3) + 2hkabU(1,2) + 2hlacU(1,3) + 2klbcU(2,3)}] where a,b, and c are reciprocal 
lattice constants. 



Table ID.6 Selected Bond Distances CA) and Angles C) for LMo(NO)(bdt) 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Mo SI 2.389(2) 0 N 1.114(8) 
Mo S2 2.372(3) N11 N12 1.367(8) 
Mo N 1.816(8) N12 B 1.54(1) 
Mo N11 2.162(7) N21 N22 1.371(8) 
Mo N21 2.187(7) N22 B 1.55(1) 
Mo N31 2.264(7) N31 N32 1.377(8) 
SI Cl 1.734(9) N32 B 1.52(1) 
S2 C2 1.76(1) 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

Sl Mo S2 84.2(1) Mo SI Cl 98.0(3) 
SI Mo N 87.7(2) Mo S2 C2 96.7(4) 
SI Mo N11 174.0(2) Mo N 0 174.4(7) 
SI Mo N21 95.0(2) Mo N11 N12 120.2(5) 
SI Mo N31 90.9(2) N11 N12 B 119.4(7) 
S2 Mo N 84.7(2) Mo N21 N22 119.1(5) 
S2 Mo N11 99.5(2) N21 N22 B 118.8(7) 
S2 Mo N21 177.6(2) Mo N31 N32 117.6(5) 
S2 Mo N31 92.3(2) N31 N32 B 119.6(7) 
N Mo N11 97.4(3) N12 B N22 108.7(7) 
N Mo N21 97.5(3) N12 B N32 110.4(7) 
N Mo N31 176.8(3) N22 B N32 109.9(7) 
N11 Mo N21 81.1(3) 
Nll Mo N31 84.3(3) 
N21 Mo N31 85.5(2) 

..-

.J::.. 
00 
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identical for both complexes, except the Mo-N(L) bond distance trans to the E (2.372(4) 

A for E = 0 and 2.264(7) A for E = NO). However, for LMoE(SPh)2' E = 0 or NO, 

the Mo-S distances are slightly longer for E = 0 than E = NO ( average: 2.382 A for 

E = 0 and 2.358 A for E = NO). The Mo-N(L) bond distances are also slightly longer 

in the complex with E = 0 than with E = NO (average: 2.382 A for E = 0 and 2.222 

A for E = NO), and this effect is more pronounced if only the Mo-N(L) bonds trans to 

the E ligands are considered (2.367 A for E = 0 and 2.244 A for E = NO). The 

effective coordination symmetry around the molybdenum center is approximately Cs' 

The two Sl-Mo-N and S2-Mo-N angles are 87.7(2) and 84.7(2f, respectively, almost 

equal due to the chelate effect of the benzenedithiolate ligand. The N-Mo-SI-Cl and 

N-Mo-S2-C2 torsion angles are -49.11 and 52.56° respectively, significantly different 

than in LMoO(bdt) complex, where O-Mo-SI-Cl and O-Mo-S2-C2 torsion angles are 

-81.12 and 81.84°, respectively. 

The unusual stability of the 16-electron complexes CpMo(NO)(SPhh and 

LMo(NO)(SPhh has been attributed to the d1t-p1t bonding interactions between the 

sulfur lone pairs, primarily S 3p in character, and the empty Mo 4 dxy orbita1.104,107 

The extent of this interaction is revealed by the NO-Mo-S-C torsion angle. A torsion 

angle of 0 or 180° maximizes the dxy-p overlap, whereas a torsion angle near 90° leads 

to an overlap of filled Mo dxz and dyz orbitals with S 3p orbitals and should not be 

favored, see Figure III.3. The torsion angles found in LMo(NO)(bdt) is such that it does 

not favor dxy-p overlap, because the benzenedithiolate chelate is forcing both S 3p 
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N-C 0-

Figure 111.3 Orbital diagram of [Mo(NO)S21 unit. Conformation A has a stabilizing d1t
p1t interaction 
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orbitals out of xy plane. The unusual structural feature of LMo(NO)(bdt) complex is 

that benzenedithiolate ligand is not coplanar with the molybdenum atom. The angle 

between the plane defined by Mo, S 1, S2 and the plane containing S 1, S2, C 1, C2 is 

42.4(2)·. This deformation angle is more than twice in LMoO(bdt) and LMoO(catCI4) 

complexes (21.3 and 18.4·, respectively), where steric inter~ctions between the methyl 

group of L and the carbon atoms of the chelate were proposed for this deformation.65 

This large dihedral angle cannot be explained by steric' reasons as C36 .. ·Cl and 

C36 .. ·C2 contact distances (4.20 and 4.18 A, respectively), are substantially more than 

the estimated van der Walls contact between a methyl group and an aromatic ring.74 

This unusual structural phenomenon might be explained by examining the dihedral and 

NO-Mo-S-C torsion angles. A torsion angle of 90· will lead to dihedral angle of about 

0·, i.e. the chelate ring will be coplanar with the molybdenum atom. Deviation of the 

torsion angle from 90· will lead to a significant dihedral angle. The large dihedral 

angle of 42.4· and the average torsion angle of 50.8· will increase the 1t-donation from 

the filled sulfur 3p orbitals to the empty dxy orbital of molybdenum through more 

effective overlap. However, the increased d1t-p1t bonding competes against the steric 

constraints imposed by benzenedithiolate chelate system, which is acting in the reverse 

direction. 

LMo(NO)(tdt) A view of the molecular structure of LMo(NO)(tdt) along with the 

atomic labelling scheme is shown in Figure m.4. Positional parameters and anisotropic 

thermal parameters are given in Table m.7 and Table m.8, respectively. Selected bond 



152 

distances and angles are listed in Table Ill.9. The structural parameters and features of 

LMo(NO)(tdt) are identical to that of LMo(NO)(bdt), except that there is a methyl group 

attached to the C4 carbon of the chelate. 

111.4.3 Infrared Spectra 

IR spectroscopy provided the evidence that doping of 3 - 5% of paramagnetic 

LMoO(bdt) complex into diamagnetic LMo(NO)(bdt) and LMo(NO(tdt) complexes has 

been successfully achieved. The paramagnetic LMoO(bdt) complex shows intense 

absorption at 931 cm-! due to u(Mo=O) stretching mode (Figure m.s and Figure m.6). 

Complexes LMo(NO)(bdt) and LMo(NO(tdt) exhibit absorption at 1561 cm-! due to 

u(NO) stretch, but there are no absorption bands present in the 931 cm-! region 

(Figure Ill.5 and Figure llI.6, respectively). The infrared spectra of the doped single 

crystals LMo(NO){MoO}(bdt) (Figure llI.5) and LMo(NO){MoO}(tdt) (Figure m.6) 

show a peak at 931 cm-! which is due to the u(Mo=O) stretch of the LMoO(bdt) 

complex. It is worth mentioning that the doped single crystals were carefully selected 

under the microscope for the IR experiments so that the observed u(Mo=O) stretch at 

931 cm-! is a property of cocrystallized LMoO(bdt) complex in the crystal lattice of 

LMo(NO)(bdt) and LMo(NO)(tdt) and not that of a bulk mixture of 3 - 5% of 

LMoO(bdt) with LMo(NO)(bdt) or LMo(NO(tdt). However, these IR experiments do 

not eliminate the presence of small domains of each complex in a visually apparent 

single crystal. 
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Figure 111.4 ORTEP drawing of LMo(NO)(tdt); the atoms are drawn as 50% probability 
ellipsoids and H atom radii have been reduced for clarity 
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Table 111.7 Positional Parameters and Their Estimated Standard Deviations for 
LMo(NO)(tdt) 

Atom x y Z B(A2) 

Mo -0.00094(3) 0.05840(5) 0.25475(3) 3.152(9) 
SI 0.0549(1) 0.0798(2) 0.12672(9) 4.51(4) 
S2 -0.0810(1) 0.2576(2) 0.2121(1) 4.21(3) 
0 0.1374(3) 0.2446(5) 0.3166(3) 5.5(1) 
Nl 0.0829(3) 0.1682(5) 0.2954(3) 3.8(1) 
N11 -0.0613(3) 0.0240(4) 0.3668(3) 3.2(1) 
N12 -0.0945(3) -0.1002(4) 0.3815(3) 3.3(1) 
N21 0.0664(3) -0.1241(4) 0.2937(3) 3.6(1) 
N22 0.0222(3) -0.2309(4) 0.3215(3) 3.8(1) 
N31 -0.1032(3) -0.0832(4) 0.1982(3) 3.5(1) 
N32 -0.1219(3) -0.1976(4) 0.2411(3) 3.4(1) 
Cl 0.0579(4) 0.2538(6) 0.1206(3) 4.0(1) 
C2 -0.0020(4) 0.3330(6) 0.1586(3) 4.1(1) 
C3 0.0007(5) 0.4748(6) 0.1485(4) 4.8(2) 
C4 0.0566(5) 0.5337(6) 0.1022(4) 5.1(2) 
C4A 0.0635(6) 0.6817(8) 0.0934(5) 8.3(3) 
C5 0.1125(5) 0.4568(7) 0.0623(4) 5.7(2) 
C6 0.1122(4) 0.3199(8) 0.0715(4) 5.5(2) 
C13 -0.1351(4) -0.0952(6) 0.4490(3) 4.0(1) 
C14 -0.1275(4) 0.0322(6) 0.4793(3) 4.1(1) 
C15 -0.0804(4) 0.1046(6) 0.4277(3) 3.5(1) 
C16 -0.0554(4) 0.2457(6) 0.4321(4) 4.7(1) 
C17 -0.1826(5) -0.2110(7) 0.4782(4) 6.0(2) 
C23 0.0783(4) -0.3313(6) 0.3425(4) 4.3(1) 
C24 0.1572(4) -0.2886(6) 0.3269(4) 5.1(2) 
C25 0.1499(4) -0.1591(6) 0.2974(4) 4.2(1) 
C26 0.2177(4) -0.0700(7) 0.2702(4) 5.6(2) 
C27 0.0512(5) -0.4633(6) 0.3729(4) 6.1(2) 
C33 -0.1820(4) -0.2721(6) 0.1986(4) 4.0(1) 
C34 -0.2032(4) -0.2060(6) 0.1270(4) 4.5(1) 
C35 -0.1543(4) -0.0905(6) 0.1277(3) 3.8(1) 
C36 -0.1558(4) 0.0130(7) 0.0628(4) 4.9(2) 
C37 -0.2162(5) -0.4003(6) 0.2284(4) 5.6(2) 
B -0.0762(5) -0.2218(7) 0.3262(4) 3.9(2) 

Anisotropically refined atoms are given in the form of the isotropic equivalent 
displacement parameter defined as: (4/3) * [a2*B(1,I) + b2*B(2,2) + c2*B(3,3) + 
ab(cos y)*B(1,2) + ac(cos ~)*B(1,3) + bc(cos a)*B(2,3)] 
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Table 111.8 General Displacement Parameter Expressions - U's - of LMo(NO)(tdt) 

Name U(I,I) U(2,2) U(3,3) U(I,2) U(1,3) U(2,3) 

Mo 0.0479(2) 0.0305(2) 0.0418(2) 0.0009(3) 0.0073(2) 0.0005(3) 
SI 0.071(1) 0.0492(9) 0.0528(8) 0.0026(9) 0.0165(8) -0.0022(8) 
S2 0.0625(9) 0.0435(8) 0.0549(9) 0.0080(8) 0.0097(8) 0.0040(8) 
0 0.071(3) 0.062(3) 0.076(3) -0.021(3) -0.000(2) -0.008(3) 
Nl 0.059(3) 0.039(3) 0.047(3) -0.010(3) 0.007(2) 0.001(2) 
Nll 0.044(3) 0.033(2) 0.045(2) -0.003(2) 0.007(2) 0.002(2) 
N12 0.048(3) 0.036(2) 0.043(2) -0.005(2) -0.002(2) 0.004(2) 
N21 0.048(3) 0.034(2) 0.054(3) 0.002(2) 0.004(2) 0.002(2) 
N22 0.064(3) 0.029(2) 0.050(3) 0.002(2) -0.001(2) 0.001(2) 
N31 0.052(3) 0.038(3) 0.041(2) 0.003(2) -0.002(2) -0.001(2) 
N32 0.051(3) 0.037(3) 0.041(2) -0.001(2) 0.001(2) -0.003(2) 
Cl 0.058(4) 0.057(4) 0.038(3) -0.007(3) 0.001(3) 0.006(3) 
C2 0.070(4) 0.047(3) 0.038(3) -0.002(3) -0.006(3) 0.007(3) 
C3 0.082(5) 0.047(4) 0.051(4) 0.005(4) -0.010(4) 0.003(3) 
C4 0.090(5) 0.045(4) 0.056(4) -0.018(4) -0.018(4) 0.015(3) 
C4A 0.143(8) 0.080(5) 0.088(5) -0.019(6) -0.001(6) 0.015(5) 
C5 0.084(5) 0.063(4) 0.071(4) -0.015(4) 0.009(4) 0.007(4) 
C6 0.069(4) 0.086(5) 0.054(4) -0.005(4) 0.008(3) 0.000(4) 
C13 0.055(3) 0.056(4) 0.039(3) -0.005(3) 0.006(3) 0.009(3) 
C14 0.056(4) 0.061(4) 0.038(3) -0.000(3) 0.009(3) -0.001(3) 
C15 0.048(3) 0.046(3) 0.038(3) 0.002(3) -0.005(3) -0.004(3) 
C16 0.077(4) 0.053(4) 0.049(3) 0.005(4) 0.014(3) -0.014(3) 
C17 0.089(5) 0.079(5) 0.059(4) -0.019(4) 0.011(4) 0.014(4) 
C23 0.068(4) 0.037(3) 0.055(3) 0.009(3) -0.004(3) -0.006(3) 
C24 0.065(4) 0.054(4) 0.074(4) 0.029(3) -0.002(4) -0.013(3) 
C25 0.052(4) 0.048(4) 0.057(4) 0.004(3) 0.003(3) -0.007(3) 
C26 0.051(4) 0.082(5) 0.079(4) 0.004(4) 0.008(3) 0.001(4) 
C27 0.117(6) 0.033(3) 0.076(4) 0.014(4) -0.012(5) 0.003(3) 
C33 0.041(3) 0.046(3) 0.066(4) -0.003(3) 0.011(3) -0.009(3) 
C34 0.048(4) 0.063(4) 0.059(4) -0.008(3) -0.006(3) -0.020(3) 
C35 0.047(3) 0.050(3) 0.047(3) 0.007(3) 0.006(3) -0.009(3) 
C36 0.067(4) 0.071(4) 0.044(3) 0.010(4) -0.010(3) -0.006(3) 
C37 0.069(4) 0.061(4) 0.084(5) -0.024(4) 0.006(4) -0.006(4) 
B 0.057(4) 0.033(4) 0.060(4) -0.006(3) 0.007(4) 0.007(3) 

The form of the anisotropic displacement parameter is: exp[ -2PI2{h2a2U(I, 1) + k2b2U(2,2) 
+ 12c2U(3,3) + 2hkabU(1,2) + 2hlacU(1 ,3) + 2k1bcU(2,3)}] where a,b, and c are reciprocal 
lattice constants. 



Table ID.9 Selected Bond Distances (A) and Angles C) for LMo(NO)(tdt) 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Mo SI 2.377(2) 0 Nl 1.167(6) 
Mo S2 2.408(2) NIl N12 1.370(6) 
Mo Nl 1.781(6) N12 B 1.559(8) 
Mo NIl 2.186(5) N21 N22 1.370(7) 
Mo N21 2.161(5) N22 B 1.546(9) 
Mo N31 2.257(5) N31 N32 1.385(6) 
SI Cl 1.734(7) N32 B 1.531(9) 
S2 C2 1.755(7) 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

SI Mo S2 83.78(6) Mo SI Cl 99.0(2) 
SI Mo Nl 87.8(2) Mo S2 C2 97.4(2) 
SI Mo NIl 174.3(1) Mo Nl 0 175.0(5) 
SI Mo N21 97.5(1) Mo NIl N12 119.6(3) 
SI Mo N31 89.7(1) NIl N12 B 120.0(5) 
S2 Mo Nl 86.8(2) Mo N21 N22 120.4(4) 
S2 Mo NIl 97.0(1) N21 N22 B 120.4(5) 
S2 Mo N21 177.8(1) Mo N31 N32 118.4(4) 
S2 Mo N31 93.9(1) N31 N32 B 119.8(5) 
Nl Mo NIl 97.9(2) N12 B N22 108.4(5) 
Nl Mo N21 95.0(2) N12 B N32 108.7(5) 
Nl Mo N31 177.2(2) N22 B N32 109.5(5) 
NIl Mo N21 81.6(2) 
NIl Mo N31 84.7(2) 
N21 Mo N31 84.3(2) 

..... 
l.Il 
0\ 
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Figure 111.5 IR spectra of LMoO(bdt) (top), LMo(NO)(bdt) (bottom) and 
LMo(NO){ MoO }(bdt) (middle) 
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Figure 111.6 IR spectra of LMoO(bdt) (top), LMo(NO)(tdt) (bottom) and 
LMo(NO){MoO}(tdt) (middle) 



111.4.4 Single Crystal EPR 

111.4.4.1 Overview 
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Detailed single crystal EPR experiments are beyond the scope of this study, but 

a brief overview of the theory of single crystal EPR is prerequisite to understanding the 

preliminary results obtained on the randomly oriented doped single crystals of 

LMo(NO) {MoO} (bdt) and LMo(NO) {MoO} (tdt). This review closely follows the 

presentation by Mabbs and Collison.78 

We confine our discussion to a simple arrangement of the paramagnet where the 

axes of the g tensor are the reference axes for the applied magnetic field as shown in 

Figure m.7. Thus the spin hamiltonian for the system becomes: 

H = I3c[BzgzzSz + BxgxxSx + BygyySy] (1) 

When the applied magnetic field is in an arbitrary direction specified by the polar angles 

as shown in Figure III.7 equation (1) becomes 

H = I3c[Bcos0gzzSz + Bsin0coscj>gxxSx + BSin0sincj>gyySy] (2) 

Forming the secular determinant by using spin operators and subsequently solving and 

expanding the secular determinant resulting from the perturbing spin doublet by the 

spin-Hamiltonian (equ 2) produces two new excited states at: 

El = -1/2[l3cB(g2zzcos20 + g2xxsin20cos2cj> + g\ysin20sin2cj»1I2] (3) 

E2 = +1I2[l3cB(g2zzcos20 + g2xxsin20cos2cj> + g2yysin20sin2cj»1I2] (4) 

For resonant absorption to occur we must satisfy the relationship 
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Figure 111.7 Relationship between the orthogonal principal axes of the g tensor and the 
magnetic field 
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hu = E2 - El = g(9,<I»~eB, where g(9,<I» is the effective g value at the orientation 

(9,<1», given by equation (5) 

(5) 

Equation (5) represents the general case, with the implication gxx "* gyy"* gzz, i.e rhombic 

systems, which is fulfilled by most of the low symmetry d-transition metal complexes 

including oxo-molybdenum(V) complexes. Equation (5) is valid for the determination 

of the g tensor in solids. 

Single crystal EPR data provides the relationship between g and A with respect 

to the atomic framework, but interpretation of single crystal data is complicated because 

we do not know a priori the orientation of the molecular frame with respect to the 

principal axes of the g tensor. Figure m.s illustrates the least complicated system that 

we can envisage, a single crystal in which the principal axes of the g tensors of all 

paramagnets in a unit cell are mutually parallel, but oriented in such a way that the 

applied magnetic field is not parallel to these axes. In order to construct the spin

Hamiltonian where the magnetic field is at a general orientation 11,Y with respect to the 

orthogonal pqr axes in the crystal, we need the component of the magnetic field parallel 

to each of the principal tensor axes. If gjj has direction cosines lip' miq,nir with respect 

to the pqr axes then: 

Bz = B(lzpsin11cosy + mzqsinllsiny + nzrcosll) 

Bx = B(lxpsinllcosy + mxqsinllsiny + nxrcosll) 

By = B(lypsinllcosy + myqsinllsiny + nyrcosll) 

(6) 

(7) 

(S) 
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Figure 111.8 Relative orientation of the principal axes of the g tensor with respect to the 
magnetic field and the orthogonal pqr reference axes 
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Comparing equations (6 - 8) with the spin-Hamiltonians (1) and (2) we have: 

(9) 

(10) 

(11) 

Substituting equations (9 - 10) for O,<1> functions in equation (5) produces general 

expression 

In more compact notation equation (12) is often written in the form: 

Where 2 _ 2[2 2[2 2[2 
g pp - g zz zp + g xx xp + g yy yp 

2_222222 
g qq - g zzm zq + g xxm xq + g yym yq 

2_222222 
g rr - g zzn zr + g xxn xr + g yyn yr 

2 _ 2[2 2[2 2[2 
g pq - g zz zpmzq + g xx xpmxq + g yy ypmyq 

2_2[2 2[2 2[2 g pr - g zz zpnzr + g xx xpnxr + g yy ypnyr 

(12) 

(13) 

The general equation (13) provides the basis of the method for the determination 

of the principal g values and their direction cosines with respect to a reference axis set. 

It consists of measuring the angular variation of the g value in the orthogonal crystal 

planes pq, pr and qr. These measurements permit the determination of the elements of 
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the i tensor in the pqr axis framework. This method was originally proposed by 

Schonland.108 

After developing the necessary mathematical techniques, attention should be 

focussed on understanding and interpreting the preliminary results obtained from the 

single crystal EPR experiments conducted on the doped monoclinic crystals. It is a 

frequent occurrence in crystals that the paramagnets are arranged in the unit cell such 

that they are differently oriented with respect to the crystallographic axis. The method 

discussed above is still applicable, but now the angular variation of g2 should be 

measured for each of the differently oriented but otherwise identical paramagnets. Such 

a situation arises from LMo(NO) {MoO}(bdt) which crystallizes in the monoclinic space 

group P2lc. There are four molecules in a unit cell and two pairs of molecules are 

related to each other by a two-fold screw axis parallel to the crystallographic b axis. 

This means that when the applied magnetic field is varied in the crystallographic ab and 

be'" planes, separate EPR spectra for each for the two sets of differently oriented 

paramagnets will be obtained because there are two sets of magnetically inequivalent 

paramagnets in ab and be'" crystallographic planes (Figure III.9 and Figure II!. 1 0). The 

angular variation of g2 in the ab and be'" planes will be measured for both paramagnets 

and the symmetry associated with the two-fold relationship between the paramagnets 

means that the angular variations of the resonance fields in the ab and be'" planes are 

symmetric with respect to the crystallographic axis as shown in Figure III.12(a) and 

Figure III.12(b). The angular variation of g2 in each of the planes will repeat every 
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Figure 111.9 Projection of the LMo(NO)(bdt) molecule in the ab plane 
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Figure 111.10 Projection of the LMo(NO)(bdt) molecule in the be'" plane 
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Figure 111.12 The angular variation of g2 in the planes (a) ab (b) bc· (c) ac·. 
Reproduced with permission from Mabbs et al. Copyright 1995, Elsevier Science 
Publishers B.V. 
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1800

, and the maximum and minimum values of g2 are 900 apart. At 0, 90 or 1800 the 

signals due to two sets of magnetically inequivalent paramagnets collapse together to 

give one signal. However, the two sets of paramagnets which are magnetically 

inequivalent in the ab and be'" planes are equivalent at all orientations in the ae'" plane 

(Figure m.ll). Thus, we observe the spectrum from one type of paramagnet only in 

this plane, see Figure III.12( c). 

111.4.4.2 Spectra 

The EPR spectrum of a randomly oriented single crystal of LMo(NO)(MoO)(bdt) 

is shown in Figure m.13. The two molybdenum(V) signals at g! = 2.002 and g2 = 

1.972 indicate that either the ab or be'" crystallographic planes lie in the applied 

magnetic field to give rise to two signals as explained above. The g values are within 

the gmnx - gmin range of the observed frozen spectrum of LMoO(bdt). The EPR 

spectrum of another randomly oriented single crystal of the same complex exhibits one 

molybdenum(V) signal as shown in Figure m.14. The single molybdenum(V) signal 

can be due to: I) the ae'" crystallographic plane lying in the applied magnetic field, 

where all the molecules in the unit cell become magnetically equivalent to give one EPR 

signal; or 2) the applied magnetic field is in ab or be'" planes, but coincidently at the 

specific angle where the two signals cross and hence give only one EPR signal (see 

Figure m.12). The g and A values observed in Figure III. 14 are 1.9888 and 39.55 x 10-4 

cm-!, respectively, which are within the gmnx - gmin and Amnx -Amin range of the frozen 

spectrum of LMoO(bdt). The observed linewidths of the EPR signals in Figure III.13 
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Figure 111.13 EPR spectrum of randomly oriented single crystal of 
LMo(NO){MoO} (bdt) 
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Figure 111.14 EPR spectrum of randomly oriented single crystal of 
LMo(NO){MoO}(bdt) 
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and Figure ill.14 are of the order of 6 - 8 G, which are similar in magnitude to the 

linewidths observed for solution spectra. Reasonably narrow linewidths are required in 

order to determine the anisotropic g and A components from the dilute single crystal 

EPR spectra. 

111.5 Conclusions 

This study has shown that LMo(NO)(bdt) and LMo(NO(tdt) can be successfully 

used as diamagnetic host lattices to perform a single crystal EPR study on LMoO(bdt). 

Sufficient theoretical groundwork has been laid to understand the preliminary single 

crystal EPR data obtained on the randomly oriented doped single crystals. Although this 

preliminary study does not provide the principal g and A tensor elements for LMoO(bdt) 

and their relationship with the atomic framework, the anisotropic g and A tensors 

obtained from the randomly oriented single crystals are within the range of anisotropic 

g and A components of the frozen solution of LMoO(bdt). Determination of the 

principal g and A tensors and a detailed interpretation of the single crystal EPR data will 

be subject of a future study. 

111.6 Future Work 

Determination of principal g and A tensors will require first determination of the 

ab, be", and ac" crystallographic planes by indexing the crystal faces on an X-ray 

diffractometer. The crystals of known faces will be mounted on a two-axis goniometer 

(to be constructed) and the angular variation of g2 in the known crystallographic planes 

will be measured for each of the three planes to obtain the principal g and A tensors. 
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CHAPTER IV 

MONONUCLEAR AND BINUCLEAR MOLYBDENUM COMPLEXES OF 

THE HYDROTRIS(3,5-DIMETHYL-I-PYRAZOLYL)METHANE LIGAND 

IV.l Introduction 

Facially coordinating tridentate nitrogen donor ligands are of current interest in 

bioinorganic chemistry because of their ability to mimic the trisimidazole binding sites 

of enzymes, provide protected binding pockets for small molecules, and control the 

nuclearity and reactivity pathways of metal centers.56,109,110 The coordination 

chemistry of hydrotris(3,S-dimethyl-l-pyrazolyl)boratelll (L) and 1,4,7-

triazacyclononane l12 (L') ligands has been extensively developed during the past 

several years. However, the related neutral ligand hydrotris(3,S-dimethyl-l

pyrazolyl)methane (L·) (Figure IV.1) has been little studied since the initial synthesis 

of L· and a few metal complexes were first reported by Trofimenko96 in 1970. Recently 

a much improved synthesis of L· has been developed by A vila and coworkers97 that 

gives up to 60% yield of high purity L·. This new procedure opens up the coordination 

chemistry of L· with various metals, and enables metal complexes of L· to be compared 

to the extensively studied complexes of Land L'. Here we report the syntheses, X-ray 

structure determinations, spectroscopic characterization, and chemical reactivity of 

several mononuclear and binuclear molybdenum complexes of L·, and compare the 

molybdenum chemistry of L'" to that of the hydrotris(3,S-dimethyl-l-pyrazolyl)borate (L) 

and N-alkylated-triazacyclononane (L') ligands. The X-ray crystal structure of 
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Figure IV.1 Structures of the facially coordinating tridentate ligands discussed in this 
chapter 



L'Mo(COh was determined and compared to that of L *MoI3. 

IV.2 Experimental Section 
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Reactions were carried out under an atmosphere of pure argon; solvents were 

thoroughly degassed before use. Solvents were purified by distillation: tetrahydrofuran 

from sodium benzophenone; acetonitrile from calcium hydride; chloroform from 

anhydrous calcium chloride; anhydrous N,N-dimethylformamide was obtained from 

Aldrich Chemical Co. and used as received. Hydrotris(3,5-dimethyl-l

pyrazolyl)methane97 (L*) was prepared by the literature method. 1,4,7-Trimethyl-l,4,7-

triazacyclononane (L') and molybdenum pentachloride were obtained from Aldrich 

Chemical Co and used as received. Elemental analyses were performed by Desert 

Analytics, Tucson, AZ. 

IV.2.1 Preparation of Complexes 

L *MO(CO)3 The synthesis of L *MO(CO)3 followed the literature method.96 A solution 

·of MO(CO)6 (0.25 g) and L* (0.3 g) was heated (100-110°) in dry DMF for 8 h under 

an argon atmosphere. The yellow precipitate was collected by filtration, washed with 

ether and air dried. Yield 70%. Anal. Calcd for C19H22N603Mo: C, 47.69; H, 4.60; N, 

17.58. Found: C, 47.92; H, 4.60; N, 17.58. 

L'Mo(COh The synthesis of L'Mo(COh followed the literature method. I 13 

Rectangular yellow crystals of L'Mo(CO)3 suitable for X-ray structure determination 

were obtained by slow evaporation of an acetonitrile solution. 
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L*MoCI3 L*Mo(CO)3 (0.12 g) was suspended in 10 mL of CHCl3 under an argon 

atmosphere, and SOCl2 (2 mL) was added dropwise with stirring. The suspension was 

refluxed for approximately 6 h, the yellow precipitate removed by filtration, washed 

with CHCl3 and ether, then air dried; yield 80%. The complex is soluble in DMF, 

DMSO and CH3CN and was recrystallized from CH3CN. Anal. Calcd for 

C16H22N6C13Mo: C, 38.36; H, 4.39; N, 16.78. Found: C, 38.58; H, 4.30; N, 16.80. 

L*MoBr3 L*Mo(CO)3 (0.12 g) was suspended in 10 mL of CHCl3 under an argon 

atmosphere, and Br2 (28 J.1L) dissolved in CHCl3 was added dropwise with stirring to 

the reaction mixture. The suspension was refluxed for approximately 10 h, the deep 

yellow precipitate was removed by filtration, washed with CHCl3 and ether, then air 

dried; yield 90%. The complex is soluble in DMF, DMSO and CH3CN and was 

recrystallized from CH3CN. Anal. Calcd for C16H22N6Br3Mo: C, 30.29; H, 3.47; N, 

13.25. Found: C, 30.32; H, 3.51; N, 13.28. 

L *MoI3 A suspension of L *Mo(COh (0.24 g) and elemental iodine (0.032 g) in 10 mL 

of concentrated HI was refluxed for 5 h. After cooling and addition of 5 mL of H20 the 

reaction mixture was again refluxed for 2 h. The orange precipitate was removed by 

filtration, washed with ethanol and ether, then air dried; yield 90%. The complex is 

soluble in DMF, DMSO and CH3CN and was recrystallized from CH3CN. Anal. Calcd 

for CI6H22N6I3Mo-CH3CN: C, 26.47; H, 3.06; N, 12.00. Found: C, 26.21; H, 3.20, N, 

12.00. 
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L*Mo03 L"'Mo(COh (0.12 g) was added to 1 M HN03 (10 mL) and the reaction 

mixture was stirred in the presence of air for about 48 h. The white precipitate was 

removed by filtration and washed with water and ether. The complex is insoluble in all 

organic solvents. 

L *Mo20 4CI2 A solution of Mo02Cl2 (0.2 g), PPh3 (0.26 g) and L'" (0.32 g) in dry DMF 

was stirred overnight at room temperature. An orange precipitate formed and was 

removed by filtration, washed with acetone and ether and air-dried; yield 50%. Suitable 

X-ray quality crystals were obtained by slow evaporation of a CH3CN solution. This 

complex can be alternatively obtained by heating a solution of L'" (0.15 g) and 

MoCI4(CH3CNh (0.08 g) to 50· in THF (6 mL) for 3 h in the presence of a slight 

excess of degassed water (4-5 drops). 

[L *MoOCI2]+Cr To MoCls (0.55 g) in a 100 mL Schlenk flask at -77·C was slowly 

added 50 mL of THF with vigorous stirring. The reaction mixture was gradually 

brought to room temperature with continuous stirring. Near room temperature the color 

of the reaction mixture changed from dark red-brown to green. To the green solution, 

under argon atmosphere, was added L* (0.60 g) and the mixture was heated to 50·C for 

12 h with stirring. The resultant green precipitate was filtered under an argon 

atmosphere and washed with a small amount of THF; yield 58%. The product is very 

air and moisture sensitive and tends to form dimers. Suitable elemental analysis results 

could not be obtained because the complex is always contaminated with trace amounts 

of dimers. 
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L*Mo20iOC6H40) To a solution of [L*MoOcl2tcr (0.13 g) and HOC6H40H (0.036 

g) in 15 mL acetonitrile was added Et3N (100 flL) dropwise with stirring. The reaction 

mixture turned deep green immediately. After a few days the reaction mixture became 

purple, and purple crystals deposited at the bottom of the flask. The crystals were 

washed with ether and acetonitrile then air dried; yield 35%. 

IV.2.2 Physical Measurements 

Infrared spectra were obtained in KBr pellets and in solution IR cells on a Perkin

Elmer PE983 spectrometer. Optical spectra were recorded on an On-Line Instrument 

Systems (OLIS) 4300S modified Cary 14 spectrometer using quartz cells (1.0 cm path 

length). EPR spectra as either fluid solutions or frozen glasses were obtained with a 

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

measured with a Systron Donner-6530 frequency counter. Liquid nitrogen temperature 

was maintained using a quartz immersion Dewar. Simulation of the frozen solution EPR 

spectrum was done using a modified version of the program QPOW written by Prof. 

R.L. Belford and co-workers.67•68 The 1=5/2 (95.97Mo isotopes, 25% abundant) and 1=0 

(92.94.96.98Mo isotopes, 75% abundant) components were simulated separately and then 

summed to obtain the complete spectrum. Cyclic voltammograms were recorded on a 

BAS CV-50W system at 100-150 mV/s in acetonitrile solutions (1-2 mM). The 

reference electrode was silver/silver chloride, a BAS Model MF-2063 platinum electrode 

was used as the working electrode, and a platinum wire served as the counter electrode. 

The supporting electrolyte was a 0.1 M solution of tetramethylammonium 
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hexafluorophosphate in acetonitrile. All half-wave potentials were internally referenced 

against the ferroceniumlferrocene (Fc+/Fc) couple. 95Mo NMR spectra were recorded 

on a Bruker AM250 spectrometer.114 Chemical shifts were referenced to external 2 

M N~Mo04 solution in D20 (pH = 11). 

IV.2.3 Structure Determinations 

Crystal data and details of the structure determinations are given in Table IV.l, 

Table IV.2, Table IV.3 and Table IV.4. Scattering factors were taken from Cromer and 

Waber,69 anomalous dispersion effects were included for all non-hydrogen atoms with 

the values of df' and dr' taken from Cromer,70 and all calculations were performed on 

a VAX using MolEN (Enraf-Nonius) and SHELXS-86. 103 

. IV.3 Results and Discussion 

IV.3.t Syntheses 

The syntheses of various mononuclear molybdenum(O,m, VI) complexes of the 

neutral tridentate hydrotris(3,5-dimethyl-l-pyrazolyl)methane (L*) ligand are summarized 

in Figure IV.2. Prolonged refluxing of L*Mo(CO)3 with the appropriate halogenating 

agent leads to oxidation-decarbonylation reactions and formation of molybdenum(III) 

complexes of the type L *MOX3 (X= CI, Br, I). These complexes are air stable and 

soluble in polar organic solvents (DMSO, DMF, acetonitrile). The monomeric nature 

of the L *MOX3 complexes was proven by the determination of the structure of LMoI3 

(Figure IV.3) (vide infra). Exhaustive oxidation of L*Mo(CO)3 with nitric acid yields 

the colorless molybdenum(VI) complex L*Mo03, which is insoluble in all common 
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Table IV.1 Crystal Data and Intensity Measurements of L*MoI3 and L*Mo20 4CI2 

A. Crystal Data CMol3 CM020 4Cl2 

Color Orange Amber 
Shape Trapezoidal Triangular 
Formula 13MoN6CI6H22·CH3CN M02C1204N6C16H22·CH3CN 
F.W. 816.10 663.23 
F(OOO) 1532 2656 
Crystal dimensions 0.10 x 0.25 x 0.60 mm 0.33 x 0.33 x 0.33 mm 
Peak width at half-height 0.15" 0.16" 
Mo Ka radiation A = 0.71073 A A = 0.71073 A 
Temperature 21±1" 20±1" 
Crystal class Monoclinic Orthorhombic 
Space group P21/n Pbca 
CeII parameters a = 15.756 (1) A a = 12.800 (1) A 

b = 9.971 (1) A b = 18.530 (1) A 
c = 16.822 (1) A c = 21.197 (1) A 
~ = 102.752 (6)" 
V = 2577.3(6) A3 V = 5027.6(6) A3 
Z=4 Z=8 

Calculated density p = 2.10 g/cm3 p = 1.76 g/cm3 
Absorption cofficient J.l = 40.7 cm-I J.l = 12.3 cm-I 

B. Intensity Measurements 

Diffractometer Enraf-Nonius CAD4 Enraf-Nonius CAD4 
Monochromator Graphite crystal, Graphite crystal, 

incident beam incident beam 
Attenuator Zr foil, factor 13.6 Zr foil, factor 13.6 
Take-off angle 2.8" 2.8" 
Detector aperture 2.4 - 2.9 mm horizontal 2.4 - 2.9 mm horizontal 

2.0 mm vertical 2.0 mm vertical 
Crystal-detector dist. 21 cm 21cm 
Scan type 00-26 00-26 
Scan rate 1-7" /min (in omega) 2_7" /min (in omega) 
Scan width, deg. 0.8 + 0.340 tan6 0.8 + 0.340 tan6 
Maximum 26 50.0" 50.0" 
No. of refl. 

measured 4997 4933 
unique 4520 4418 

Corrections Lorentz-polarization Lorentz-polarization 
Reflection averaging Agreement on I = 1.5% -
Empirical absorption From 0.74 to 1.00 on I -
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Table IV.2 Structure Solution and Refinement of L*MoI3 and L*Mo20 4CI2 

L*MoI3 L*Mo20 4CI2 

Solution Patterson method Direct methods 
Refinement Full-matrix Full-matrix 

least-squares least-squares 
Minimization function L w(IFol-IFcI)2 L w(IFol-IFcI)2 
Least-squares weights 4Fo2/0'2(Fo2) 4Fo2/0'2(Fo2) 
Anomalous dispersion All non-hydrogen All non-hydrogen 

atoms atoms 
Reflections included 3833 with 3332 with 

F02>3.00'(Fo2) F02>3.00'(Fo2) 
Parameters refined 262 298 
Un weighted agreement factor 0.024 0.034 
Weighted agreement factor 0.036 0.047 
Factor including unobs. data 0.034 0.053 
Esd of obs. of unit weight 1.33 1.57 
Convergence, largest shift 0.210' 0.200' 
High peak in final diff. map 0.52( 10)e-1 A3 O.67(8)e-/A3 
Low peak in final diff. map -0.20(1O)e-/A3 -0. 16(8)e-/A3 
Computer hardware VAX VAX 
Computer software MolEN MolEN 

(Enraf-Nonius) (Enraf-Nonius) 
SHELXS-86 SHELXS-86 



182 

Table IV.3 Crystal Data and Intensity Measurements of L*Mo20iOC6H40) and 
L'Mo(CO)3 

A. Crystal Data L *M020 4(OC6H4O) 
Color Orange red 
Shape Rectangular 
Formula M0206N6C22H26·CH3CN 
F.W. 703.42 
F(OOO) 1416 
Crystal dimensions 0.25 x 0.33 x 0.50 mm 
Peak width at half-height 0.30· 
Mo Ka. radiation A. = 0.71073 A 
Temperature 21±1· 
Crystal class Orthorhombic 
Space group P2!2!2! 
Cell parameters a = 7.979 (1) A 

b = 16.166 (1) A 
c = 21.767 (3) A 
V = 2807.7 (4) A3 
Z=4 

Calculated density p = 1.66 g/cm3 

Absorption cofficient J.l = 9.1 cm-! 

B. Intensity Measurements 

Diffractometer 
Monochromator 

Attenuator 
Take-off angle 
Detector aperture 

Crystal-detector dist. 
Scan type 
Scan rate 
Scan width, deg. 

Maximum 28 
No. of refl. 

measured 
unique 

Corrections 
Reflection averaging 
Empirical absorption 

Enraf-Nonius CAD4 
Graphite crystal, 
incident beam 
Zr foil, factor 13.6 
2.8· 
2.4 - 2.9 mm horizontal 
2.0 mm vertical 
21cm 
00-28 
1 - 7·/min (in omega) 
0.8 + 0.340 tanS 

50.0· 

2970 
2826 
Lorentz-polarization 
Agreement on I = 2.1 % 
From 0.88 to 1.00 on I 

L'Mo(CO)3 
Yellow 
Rectangular 
Mo03N3C!2H2! 
351.26 
720 
0.12 x 0.23 x 0.12 mm 
0.30· 
A. = 0.71073 A 
23±1· 
Orthorhombic 
Pnma 
a = 13.913 (7) A 
b = 13.015 (7) A 
c = 8.356 (4) A 
V = 1513 (2) A3 
Z=4 
p = 1.54 g/cm3 

J.l = 8.5 cm-! 

Syntex P2!, Crystal Logics 
Graphite crystal, 
incident beam 

00-28 
3.0·/min 
From (28Ka.!-1.3) to 
(28K<Xz+ 1.6) 
50.0· 

1563 
1391 
Lorentz-polarization 
Agreement on I = 1.6% 
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Table IV.4 Structure Solution and Refinement of L*Mo20 4(OC6H40) and L'Mo(COh 

L *Mo20 4(OC6H4O) L'Mo(CO)3 

Solution Direct methods Patterson method 
Refinement Full-matrix Full-matrix 

least squares least-squares 
Minimization function L w(IFol-IFcI)2 L wClFol-IFcI)2 
Least-squares weights 4Fo2/cr2(Fo2) 4Fo2/cr2(Fo2) 
Anomalous dispersion All non-hydrogen All non-hydrogen 

atoms atoms 
Reflections included 2663 with 1206 with 

Fo2>3.0cr(Fo2) Fo2>3.0cr(Fo2) 
Parameters refined 352 94 
Unweighted agreement factor 0.031 0.038 
Weighted agreement factor 0.048 0.062 
Factor including unobs. data 0.035 0.047 
Esd of obs. of unit weight 1.88 1.94 
Convergence, largest shift 0.06cr 0.02cr 
High peak in final diff. map 0.89(8)e-/A3 0.58(9)e-/A3 
Low peak in final diff. map -0. 16(8)e-/ A3 -0.50(9)e-/ A3 
Computer hardware VAX VAX 
Computer software MolEN MolEN 

(Enraf-Nonius) (Enraf-Nonius) 
SHELXS-86 
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Figure IV.2 Schematic representation of the reactions of L*Mo(CO)3 
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Figure IV.3 ORTEP drawing of L*MoI3; the atoms are drawn as 50% probability 
ellipsoids and H atom radii have been reduced for clarity 
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organic solvents. This complex shows similar oxo-molybdenum stretching frequencies 

to those reported for L'Mo03 (R = isopropyl).llS The molybdenum(O, III and VI) 

compounds ofL* in Figure IV.2 parallel the analogous molybdenum complexes ofL,}13 

The cationic monooxo-molybdenum(V) complex [L *MoOCI2]+Cr is accessible by 

the synthetic route used to prepare LMoOCI/o The product has similar UV -Vis, IR and 

EPR spectra to LMoOCI2,sO but [L*MoOCI2]+Cr and LMoOCl2 exhibit very different 

chemical properties. LMoOCl2 is indefinitely stable in solution and substitution 

reactions of the cr ligands require prolonged refluxing times. However, 

[L *MoOcl2tcr is air and moisture sensitive; substitution reactions are facile and 

proceed readily at room temperature. Reaction of [L *MoOCI2]+Cr with catechol, 

tetrachlorocatechol or one equivalent of ethanedithiol in acetonitrile in the presence of 

base initially forms mononuclear monooxo-molybdenum(V) complexes in solution of 

the type [L*MoOX2r (X2 = dianion of catechol, tetrachlorocatechol, ethanedithiol) as 

shown in Figure IV.4. The formulation of these compounds is based upon the similarity 

of their EPR spectral parameters (vide infra) to the well known mononuclear monooxo

molybdenum(V) complexes of the type LMoOxlo.6S.106 

Addition of two or more equivalents of ethanedithiol to [L *MoOcl2tcr leads to 

the formation of [MoO(SCH2CH2S)2r which was identified by comparison of its EPR 

spectrum to an authentic sample synthesized independently.64 The formation of 

[MoO(SCH2CH2hr in the presence of excess ethanedithiol implies that the neutral bulky 

L * ligand is quite labile. This substitution behavior contrasts with the anionic L ligand 
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Figure IV.4 Schematic representation of the reactions of [L*MoOCI2]+Cr 
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which remains coordinated to LMoOXY complexes even at elevated temperatures. 

Initial attempts to synthesize L *MoIVOCI2 by reaction of Mo02Cl2 with PPh3 

yielded an orange colored complex, which was later characterized by X-ray diffraction 

to be the unsymmetrical dimer L*M020 4C12 (Figure N.S) having a [M020 4]+2 core. 

This product was also isolated when the reaction mixtures of Figure IV.4 were allowed 

to stand for several hours. This facile formation of binuclear complexes precluded 

isolation of the monomeric oxo-molybdenum(V) species from the reaction mixtures in 

Figure N.4. The unsymmetrical dimer, [L*M020 4(OC6H40)], (Figure N.6) was isolated 

from the reaction mixture of catechol and [L *MoOCI2]+Cr in CH3CN in the presence 

of Et3N. The pathway for the formation of these unsymmetrical dimers is not yet 

understood, but the liability of the ligand (L *) is likely one of the reasons for the 

formation of these complexes possessing the thermodynamically stable [M020 4r 2 core. 

IV.3.2 Structure Determinations 

To our knowledge there are no prior reports of structural studies of metal 

complexes of L*. However, several bis-ligand complexes of the parent 

hydrotris(pyrazolyl)methane ligand (no methyl groups) with first row transition metals 

have been structurally characterized.1I6•117 Each of the compounds investigated 

except L'Mo(COh (Table IV.3 and Table IVA) crystallizes with one well ordered 

solvent molecule of CH3CN per molecule of complex. 
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Figure IV.S ORTEP drawing of L*Mo20 4C12; the atoms are drawn as 50% probability 
ellipsoids and H atom radii have been reduced for clarity 
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Figure IV.6 ORTEP drawing of L"'Mo20iOC6H40); the atoms are drawn as 50% 
probability ellipsoids and H atom radii have been reduce for clarity 
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IV.3.2.1 L *MoI3 

The structure of L*MoI3 determined by single crystal X-ray diffraction is shown 

in Figure IV.3. The coordination of the molybdenum(1ll) center is pseudooctahedral 

with the neutral tridentate hydrotris(3,5-dimethyl-l-pyrazolyl)methane (L *) bonding 

facially and other the other three sites occupied by iodine ligands. The local symmetry 

around the molybdenum center is approximately C3v' Positional parameters, anisotropic 

thermal parameters and selected bond distances and angles are shown in Table IV.5, 

Table IV.6 and Table IV.7, respectively. The low solubility of L*Mo(CO)3 thwarted all 

attempts to grow diffraction quality crystals for direct structural comparison to 

[LMo(COhr, but the structural similarities between Land L* are apparent in 

Figure IV.7 which compares the average distances and angles for 

[Et4N][LMo(CO)3] 118 and L *MoI3. The major difference between the two systems 

is that the B-N distance of L is -0.1 A longer than the corresponding C-N distance of 

L*. The difference in the Mo-N distances between the two systems of Figure IV.7 is 

probably a consequence of their different oxidation states (Mo(O) and Mo(ll), 

respectively) because the average Mo-N distance in L*MoIlII3 (2.200 A) is similar to that 

in the preliminary report of the structure of [LMoIlICI3r.93 Structural data of several 

trigonal complexes of L, L' and L * with molybdenum in various oxidation states are 

summarized in Table IV.8. 



192 

Table IV.S Positional Parameters and Their Estimated Standard Deviations for 
L *MoI3eCH3CN 

Atom x y Z B(A2) 

Mo 0.53957(2) 0.29562(3) 0.29836(2) 2.433(6) 
11 0.66196(2) 0.11004(3) 0.27324(2) 4.020(6) 
12 0.40298(2) 0.16388(3) 0.19555(2) 3.744(6) 
13 0.51065(2) 0.16967(3) 0.43560(2) 4.767(7) 
Nll 0.4536(2) 0.4636(3) 0.3147(2) 2.86(7) 
N12 0.4841(2) 0.5901(3) 0.3071(2) 2.61(6) 
C13 0.4275(3) 0.6848(4) 0.3196(3) 3.46(9) 
C14 0.3582(3) 0.6169(5) 0.3350(3) 4.1(1) 
CIS 0.3755(3) 0.4825(5) 0.3322(3) 3.58(9) 
C16 0.3171(3) 0.3704(6) 0.3451(3) 5.0(1) 
C17 0.4439(4) 0.8333(5) 0.3146(4) 5.1 (1) 
N21 0.6414(2) 0.4235(3) 0.3715(2) 2.71(6) 
N22 0.6366(2) 0.5575(3) 0.3545(2) 2.73(6) 
C23 0.6980(3) 0.6287(4) 0.4064(3) 3.21(8) 
C24 0.7450(3) 0.5350(5) 0.4575(3) 3.75(9) 
C25 0.7087(3) 0.4113(5) 0.4354(2) 3.16(8) 
C26 0.7366(3) 0.2814(5) 0.4761(3) 4.4(1) 
C27 0.7058(3) 0.7759(5) 0.4019(4) 5.0(1) 
N31 0.5628(2) 0.4207(3) 0.1976(2) 2.53(6) 
N32 0.5734(2) 0.5555(3) 0.2124(2) 2.48(6) 
C33 0.5843(3) 0.6232(4) 0.1453(3) 3.00(8) 
C34 0.5837(3) 0.5304(4) 0.0866(2) 3.22(8) 
C35 0.5682(2) 0.4045(4) 0.1194(2) 2.82(8) 
C36 0.5597(3) 0.2748(5) 0.0765(3) 4.0(1) 
C37 0.5948(3) 0.7724(5) 0.1442(3) 4.2(1) 
C10 0.5685(2) 0.6094(4) 0.2893(2) 2.65(7) 
N 0.3704(4) 0.6730(7) 0.1118(3) 7.9(2) 
Cl 0.3168(4) 0.5991(7) 0.1158(4) 5.8(1) 
C2 0.2478(4) 0.5110(7) 0.1225(4) 6.9(2) 

Anisotropically refined atoms are given in the form of the isotropic equivalent 
displacement parameter defined as: (4/3) * [a2*B(I,I) + b2*B(2,2) + c2*B(3,3) + 
ab(cos y)*B(I,2) + ac(cos P)*B(1,3) + bc(cos a)*B(2,3)] 
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Table IV.6 General Displacement Parameter Expressions - U's - of L"'MoI3-CH3CN 

Name U(I,I) U(2,2) U(3,3) U(I,2) U(l,3) U(2,3) 

Mo 0.0354(2) 0.0254(1) 0.0290(2) -0.0013(1) 0.0013(1) 0.0032(1) 
11 0.0542(2) 0.0384(1) 0.0542(2) 0.0147(1) -0.0010(1) -0.0021(1) 
12 0.0431(1) 0.0459(2) 0.0473(2) -0.0107(1) -0.0028(1) -0.0014(1) 
13 0.0766(2) 0.0584(2) 0.0433(2) -0.0177(2) 0.0071(1) 0.0192(1) 
N11 0.036(1) 0.033(2) 0.040(2) -0.002(1) 0.010(1) 0.002(1) 
N12 0.036(1) 0.027(1) 0.036(2) 0.001(1) 0.008(1) 0.002(1) 
C13 0.048(2) 0.039(2) 0.045(2) 0.010(2) 0.011(2) -0.005(2) 
C14 0.046(2) 0.053(3) 0.061(3) 0.009(2) 0.022(2) -0.006(2) 
C15 0.040(2) 0.053(2) 0.045(2) -0.002(2) 0.013(2) -0.002(2) 
C16 0.053(2) 0.067(3) 0.079(3) -0.007(2) 0.035(2) 0.002(3) 
C17 0.075(3) 0.037(2) 0.084(4) 0.015(2) 0.023(3) -0.003(2) 
N21 0.038(2) 0.034(2) 0.028(1) -0~002(1) 0.000(1) 0.003(1) 
N22 0.038(2) 0.031(2) 0.032(2) -0.002(1) 0.001(1) -0.002(1) 
C23 0.039(2) 0.045(2) 0.035(2) -0.009(2) 0.003(2) -0.009(2) 
C24 0.043(2) 0.060(3) 0.035(2) -0.009(2) -0.002(2) -0.004(2) 
C25 0.039(2) 0.052(2) 0.027(2) 0.001(2) 0.000(2) 0.002(2) 
C26 0.059(3) 0.062(3) 0.036(2) 0.010(2) -0.011(2) 0.008(2) 
C27 0.064(3) 0.045(3) 0.070(3) -0.014(2) -0.008(3) -0.010(3) 
N31 0.033(1) 0.031(1) 0.031(1) 0.001(1) 0.004(1) 0.001(1) 
N32 0.036(1) 0.028(1) 0.030(1) -0.002(1) 0.005(1) 0.002(1) 
C33 0.035(2) 0.037(2) 0.040(2) -0.003(2) 0.004(2) 0.008(2) 
C34 0.045(2) 0.047(2) 0.029(2) -0.003(2) 0.006(2) 0.008(2) 
C35 0.035(2) 0.044(2) 0.027(2) 0.001(2) 0.003(1) -0.001(2) 
C36 0.066(3) 0.049(2) 0.035(2) 0.004(2) 0.012(2) -0.006(2) 
C37 0.069(3) 0.042(2) 0.049(2) -0.010(2) 0.014(2) 0.012(2) 
ClO 0.039(2) 0.025(2) 0.035(2) -0.001(1) 0.004(2) 0.002(2) 
N 0.073(3) 0.162(6) 0.069(3) -0.018(3) 0.021(2) 0.009(4) 
Cl 0.055(3) 0.110(5) 0.053(3) 0.020(3) 0.010(2) 0.007(3) 
C2 0.092(4) 0.074(4) 0.091(5) 0.009(4) 0.009(4) -0.003(4) 

The form of the anisotropic displacement parameter is: exp[ -2PI2{ h2a2U(1, 1) + k2b2U(2,2) 
+ 12c2U(3,3) + 2hkabU(1 ,2) + 2hlacU(1,3) + 2klbcU(2,3)}] where a,b, and c are reciprocal 
lattice constants. 



Table IV.7 Selected Bond Distances (A) and Angles C) for L*MoI3-CH3CN 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Mo II 2.7714(5) Mo 12 2.7758(4) 
Mo 13 2.7532(5) Mo NIl 2.209(3) 
Mo N21 2.200(3) Mo N31 2.199(3) 
NIl N12 1.366(5) N31 N32 1.371(5) 
N21 N22 1.366(5) N12 ClO 1.440(5) 
N22 ClO 1.450(5) N32 ClO 1.418(5) 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

II Mo 12 93.38(1) II Mo 13 94.17(2) 
II Mo NIl 172.57(9) II Mo N21 91.51(9) 
II Mo N31 91.21(9) 12 Mo 13 93.30(1) 
12 Mo NIl 91.37(9) 12 Mo N21 172.72(9) 
12 Mo N31 91.50(9) 13 Mo NIl 91.25(9) 
13 Mo N21 91.73(9) 13 Mo N31 172.56(9) 
NIl Mo N21 83.2(1) NIl Mo N31 82.9(1) 
N21 Mo N31 83.0(1) Mo NIl N12 116.8(2) 
Mo N31 N32 116.8(2) N12 ClO N32 112.2(3) 
N12 ClO N22 110.9(3) N22 ClO N32 112.0(3) 

-~ 
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Figure IV.7 Structural comparison of the [LMo(CO)3r and L*MoI3 complexes 
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Table IV.8 Comparison of Structural Data for Trigonal Mo Complexes of Tripodal 
Nitrogen Ligands 

Complex Mo-N (avg.) A N-Mo-N (avg)" Ref. 

[L*MoI3] 2.200(3) 83.0(1) This work 

[LMoCI3r 2.198(5)* 85.67(13)* 93 

[LMo(COhr 2.263(5) 81.3(2) 118 

[L'MoBr3]+ 2.236(15) 77.4(6) 113 

[L'Mo(CO)3] 2.311(4) 75.9(2) This work 

[L'nMo(COh] 2.369(2) 76.9(1) 115 

[L,nMo03] 2.438(3) 73.3(1) 115 

L'n R = Isopropyl, * Only one value given. 

The binuclear structure of L*Mo20 4CI2 is unusual in that it exhibits two distinctly 

different oxomolybdenum centers (Figure IV.5). Mol is five-coordinate with square 

pyramidal coordination, one terminal oxo ligand, two equatorial oxo bridges to Mo2 and 

two equatorial terminal chlorine atoms. The sixth coordination site of Mo I is blocked 

by a methyl group (Mol-C26 = 3.572 A) from the L* ligand coordinated to Mo2. The 

five-coordinate Mol center has Mol-Ol = 1.655(4) A. The oxygen atoms bridging to 

Mo2 are at distances of 1.930(3) A and 1.928(3) A from Mol while Mol-Cll and Mol

Cl2 distances are 2.387(1) A and 2.408(1) A, respectively. The Mo2 atom has distorted 
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octahedral coordination geometry, with the neutral tridentate ligand (L *) occupying one 

trigonal face. A terminal oxo ligand (Mo2-02 = 1.668(3) A) and two bridging oxo 

ligands (Mo2-03 = 1.906(3) A; Mo2-04 = 1.912(3) A) occupy the opposite face. The 

central [M020 4]+2 unit exhibits syn stereochemistry, and the Mo-Mo distance of 

2.5633(5) A is consistent with the known Mo-Mo distances of di-Jl-oxo 

dimers. 119,120 The bond distances and angles involving L * are similar to those 

observed for L *MoI3' Positional parameters, anisotropic thermal parameters and selected 

bond distances and angles of L*Mo20 4CI2 are given Table IV.9, Table IV.lO and 

Table IV.ll, respectively. 

1".3.2.3 ~*rYlo2()4()~6114(» 

The molecular structure ofL*Mo20iOC6H40) is shown in Figure IV.6; positional 

parameters, anisotropic thermal parameters and selected distances and angles appear in 

Table IV.12, Table IV.13 and Table IV.14, respectively. This dinucIear complex is 

structurally similar to L*Mo20 4CI2 (Figure IV.5) with the two terminal chlorine atoms 

replaced by a catecholate moiety. The Mol-0(catechol) distances are 2.013(5) A and 

2.006(5) A, slightly longer than the average Mo-O(catechol) distance of 1.986(3) A in 

the mononuclear six-coordinate LMoO(catCI4) complex.65 The average Mol-0(catechol) 

length of L*Mo20 4(OC6H40) falls within the range of Mo(VI)-O lengths (2.014(5) A 

to 1.956(5) A) for structurally characterized mononuclear mono-oxo Mo(VI)(cat) 

complexes. 121,122,123 The coordination geometry and bond distances and angles 

of Mo2 are nearly identical to Mo2 in L*Mo20 4CI2. 
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Table IV.9 Positional Parameters and Their Estimated Standard Deviations for 
L*Mo20 4C12-CH3CN 

Atom x y Z B(A2) 

Mol 0.22568(3) 0.18282(2) 0.11418(2) 2.984(8) 
Mo2 0.22875(3) 0.14192(2) -0.00133(2) 2.498(7) 
Cll 0.3655(1) 0.20364(9) 0.18645(6) 5.19(3) 
Cl2 0.1385(1) 0.12981(9) 0.20352(6) 5.03(3) 
01 0.1679(3) 0.2625(2) 0.1086(2) 4.34(8) 
02 0.1697(3) 0.2131(2) -0.0338(2) 3.63(7) 
03 0.1463(2) 0.1112(2) 0.0686(1) 3.08(6) 
04 0.3369(2) 0.1762(2) 0.0532(1) 3.06(6) 
C 0.2998(3) 0.0168(3) -0.1066(2) 3.2(1) 
Nll 0.1388(3) 0.0682(2) -0.0644(2) 2.94(8) 
N12 0.1873(3) 0.0228(2) -0.1056(2) 2.86(7) 
C13 0.1171(4) -0.0170(2) -0.1391(2) 3.1(1) 
C14 0.0211(4) 0.0054(3) -0.1192(2) 3.6(1) 
C15 0.0365(3) 0.0577(3) -0.0739(2) 3.3(1) 
C16 -0.0433(4) 0.0994(3) -0.0389(2) 4.9(1) 
C17 0.1479(4) -0.0705(3) -0.1876(2) 4.5(1) 
N21 0.3124(3) 0.0269(2) 0.0067(2) 3.10(8) 
N22 0.3366(3) -0.0098(2) -0.0471(2) 3.36(8) 
C23 0.3837(4) -0.0743(3) -0.0350(3) 4.1(1) 
C24 0.3888(4) -0.0779(3) 0.0287(3) 5.0(1) 
C25 0.3453(4) -0.0152(3) 0.0530(2) 3.9(1) 
C26 0.3328(5) 0.0050(3) 0.1210(2) 5.5(1) 
C27 0.4147(5) -0.1258(3) -0.0847(3) 5.8(2) 
N31 0.3432(3) 0.1407(2) -0.0799(2) 2.76(7) 
N32 0.3483(3) 0.0849(2) -0.1214(2) 3.05(8) 
C33 0.4079(4) 0.1023(3) -0.1723(2) 3.8(1) 
C34 0.4416(4) 0.1704(3) -0.1621(2) 4.0(1) 
C35 0.4000(4) 0.1938(3) -0.1050(2) 3.2(1) 
C36 0.4134(4) 0.2639(3) -0.0733(3) 4.6(1) 
C37 0.4251(4) 0.0521(3) -0.2260(2) 5.6(1) 
Nl 0.1800(5) 0.3943(3) 0.2526(3) 7.2(1) 
Cl 0.1645(5) 0.3419(3) 0.2769(3) 4.7(1) 
C2 0.1487(6) 0.2752(3) 0.3099(3) 7.4(2) 

Anisotropically refined atoms are given in the form of the isotropic equivalent 
displacement parameter defined as: (4/3) * [a2*B(1,I) + b2*B(2,2) + c2*B(3,3) + 
ab(cos y)*B(1,2) + ac(cos ~)*B(1,3) + bc(cos a)*B(2,3)] 
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Table IV.tO General Displacement Parameter Expressions - U's - of 
L *Mo20 4C12eCH3CN 

Name U(1,I) U(2,2) U(3,3) U(1,2) U(1,3) U(2,3) 

Mol 0.0334(2) 0.0506(2) 0.0294(2) -0.0036(2) -0.0004(2) -0.0078(2) 
Mo2 0.0308(2) 0.0377(2) 0.0264(2) 0.0003(2) -0.0015(2) -0.0018(2) 
Cll 0.0496(7) 0.107(1) 0.0409(6) -0.0181(8) -0.0097(6) -0.0097(7) 
Cl2 0.0619(8) 0.097(1) 0.0323(6) -0.0262(7) 0.0076(6) -0.0081(7) 
01 0.054(2) 0.061(2) 0.051(2) 0.006(2) -0.001(2) -0.015(2) 
02 0.052(2) 0.047(2) 0.039(2) 0.006(2) -0.004(2) -0.002(2) 
03 0.036(2) 0.057(2) 0.024(1) -0.008(2) -0.000(1) -0.005(1) 
04 0.032(2) 0.049(2) 0.036(2) -0.007(1) -0.002(1) -0.005(1) 
C 0.034(2) 0.045(2) 0.044(3) 0.000(2) 0.001(2) -0.013(2) 
N11 0.034(2) 0.044(2) 0.034(2) -0.001(2) 0.003(2) -0.007(2) 
N12 0.030(2) 0.045(2) 0.034(2) -0.004(2) 0.000(2) -0.005(2) 
C13 0.045(3) 0.043(3) 0.030(2) -0.010(2) -0.002(2) -0.003(2) 
C14 0.037(2) 0.067(3) 0.032(2) -0.014(2) -0.005(2) -0.002(2) 
C15 0.031(2) 0.057(3) 0.036(2) 0.000(2) -0.001(2) -0.003(2) 
C16 0.035(3) 0.093(4) 0.058(3) -0.001(3) 0.001(3) -0.026(3) 
C17 0.058(3) 0.069(3) 0.045(3) -0.014(3) 0.001(3) -0.023(3) 
N21 0.040(2) 0.042(2) 0.036(2) 0.003(2) -0.002(2) 0.002(2) 
N22 0.040(2) 0.037(2) 0.051(2) 0.005(2) -0.001(2) 0.001(2) 
C23 0.042(3) 0.031(2) 0.082(4) -0.000(2) 0.004(3) -0.004(3) 
C24 0.058(3) 0.049(3) 0.084(4) 0.011(3) -0.010(3) 0.023(3) 
C25 0.039(3) 0.055(3) 0.054(3) 0.005(2) -0.002(2) 0.017(2) 
C26 0.077(4) 0.083(4) 0.049(3) 0.005(4) -0.014(3) 0.022(3) 
C27 0.059(4) 0.046(3) 0.114(5) 0.008(3) 0.003(4) -0.006(4) 
N31 0.035(2) 0.037(2) 0.033(2) -0.005(2) 0.001(2) -0.003(2) 
N32 0.035(2) 0.045(2) 0.036(2) -0.004(2) 0.008(2) -0.006(2) 
C33 0.042(2) 0.067(3) 0.034(2) -0.012(3) 0.010(2) -0.011(2) 
C34 0.045(3) 0.072(3) 0.033(2) -0.012(3) 0.011(2) 0.004(2) 
C35 0.039(2) 0.047(3) 0.038(2) -0.003(2) -0.000(2) 0.003(2) 
C36 0.063(3) 0.048(3) 0.065(3) -0.016(3) 0.010(3) -0.005(3) 
C37 0.061(3) 0.103(4) 0.048(3) -0.022(3) 0.022(3) -0.024(3) 
Nl 0.102(4) 0.084(3) 0.088(3) 0.001(4) -0.019(3) 0.021(3) 
Cl 0.061(3) 0.069(3) 0.051(3) 0.002(3) -0.014(3) -0.007(3) 
C2 0.129(6) 0.082(4) 0.068(4) -0.029(4) -0.015(4) -0.014(4) 

The form of the anisotropic displacement parameter is: exp[ -2PI2{ h2a2U(1, 1) + k2b2U(2,2) 
+ 12c2U(3,3) + 2hkabU(1,2) + 2hlacU(1,3) + 2klbcU(2,3)}] where a,b, and c are reciprocal 
lattice constants. 



Table IV.ll Selected Bond Distances (A) and Angles C) for L*Mo20 4CI2-CH3CN 

Atom I Atom 2 Distance Atom I Atom 2 Distance 

Mol Mo2 2.5633(5) Mol Cll 2.387(1) 
Mol Cl2 2.408(1) Mol 01 1.655(4) 
Mol 03 1.930(3) Mol 04 1.928(3) 
Mo2 02 1.668(3) Mo2 03 1.906(3) 
Mo2 04 1.912(3) Mo2 Nll 2.232(4) 
Mo2 N21 2.391(4) Mo2 N31 2.217(4) 
C NI2 1.446(6) C N22 1.433(6) 
C N32 1.440(6) N11 NI2 1.363(5) 
N21 N22 1.364(5) N31 N32 1.360(5) 

Atom 1 Atom 2 Atom 3 Angle Atom I Atom 2 Atom 3 Angle 

Mo2 Mol Cll 130.49(4) 02 Mo2 N31 89.9(2) 
Mo2 Mol Cl2 129.63(4) 03 Mo2 04 91.8(1) 
Mo2 Mol 01 101.7(1) 03 Mo2 N11 89.8(1) 
Mo2 Mol 03 47.67(9) 03 Mo2 N21 85.8(1) 
Mo2 Mol 04 47.86(9) 03 Mo2 N31 161.1(1) 
Cll Mol Cl2 84.76(5) 04 Mo2 NIl 159.9(1) 
Cll Mol 01 103.7(1) 04 Mo2 N21 85.9(1) 
Cll Mol 03 145.8(1) 04 Mo2 N31 88.8(1) 
Cll Mol 04 83.5(1) N11 Mo2 N21 74.2(1) 
Cl2 Mol 01 102.3(1) Nll Mo2 N31 83.4(1) 
Cl2 Mol 03 82.5(1) N21 Mo2 N31 75.4(1) 
Cl2 Mol 04 147.6(1) Mol 03 Mo2 83.8(1) 
01 Mol 03 110.0(2) Mol 04 Mo2 83.8(1) 
01 Mol 04 109.8(2) NI2 C N22 110.0(4) 
03 Mol 04 90.5(1) NI2 C N32 111.4(4) 
Mol Mo2 02 98.8(1) N22 C N32 110.5(4) 
Mol Mo2 03 48.48(9) Mol Mo2 04 48.38(9) 

N 
0 
0 
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Table IV.12 Positional Parameters and Their Estimated Standard Deviations for 
L "'Mo20 4(OC6H4O)-CH3CN 

Atom x y Z B(A2) 

Mol 0.15927(7) 0.46571(3) 0.64422(2) 2.479(9) 
Mo2 0.10190(6) 0.31718(3) 0.67958(2) 2.142(8) 
01 0.0797(7) 0.5249(3) 0.7010(2) 3.7(1) 
02 -0.0008(7) 0.3369(3) 0.7455(2) 3.50(9) 
03 0.3029(5) 0.3829(3) 0.6791(2) 2.95(8) 
04 0.0003(6) 0.3851(3) 0.6161(2) 2.67(8) 
05 0.0936(7) 0.5238(3) 0.5660(2) 3.8(1) 
06 0.3797(6) 0.5142(3) 0.6183(2) 3.46(9) 
N11 0.2435(7) 0.2162(3) 0.7249(2) 2.6(1) 
N12 0.2340(7) 0.1353(3) 0.7065(2) 2.6(1) 
N21 0.2261(7) 0.2407(3) 0.5972(2) 2.6(1) 
N22 0.2215(7) 0.1563(3) 0.5990(2) 2.6(1) 
N31 -0.0784(7) 0.2162(3) 0.6572(2) 2.6(1) 
N32 -0.0300(7) 0.1352(3) 0.6543(2) 2.7(1) 
Cl 0.215(1) 0.5735(4) 0.5414(3) 3.1(1) 
C2 0.189(1) 0.6255(5) 0.4939(3) 5.0(2) 
C3 0.325(2) 0.6745(5) 0.4741(4) 6.3(2) 
C4 0.479(1) 0.6658(5) 0.5002(4) 5.7(2) 
C5 0.507(1) 0.6111(5) 0.5488(3) 4.8(2) 
C6 0.372(1) 0.5654(4) 0.5696(3) 3.6(1) 
ClO 0.1456(8) 0.1146(4) 0.6507(3) 2.6(1) 
C13 0.3218(9) 0.0858(4) 0.7449(3) 2.9(1) 
C14 0.386(1) 0.1354(5) 0.7895(3) 3.9(1) 
C15 0.339(1) 0.2162(4) 0.7749(3) 3.3(1) 
C16 0.370(1) 0.2944(5) 0.8097(3) 5.0(2) 
C17 0.333(1) -0.0068(4) 0.7377(4) 5.2(2) 
C23 0.290(1) 0.1221(4) 0.5471(3) 3.5(1) 
C24 0.343(1) 0.1866(4) 0.5118(3) 3.6(1) 
C25 0.3004(8) 0.2594(4) 0.5441(3) 2.5(1) 
C26 0.334(1) 0.3438(4) 0.5233(3) 3.9(1) 
C27 0.297(1) 0.0318(4) 0.5363(4) 5.3(2) 
C33 -0.1637(9) 0.0853(4) 0.6485(3) 3.4(1) 
C34 -0.2993(9) 0.1343(4) 0.6486(3) 3.8(1) 
C35 -0.2451(8) 0.2155(4) 0.6540(3) 3.1(1) 
C36 -0.344(1) 0.2940(4) 0.6586(4) 4.8(2) 
C37 -0.149(1) -0.0072(4) 0.6431(4) 4.9(2) 
N 0.241(1) -0.1395(5) 0.6270(4) 7.7(2) 
C51 0.189(1) -0.2027(5) 0.6386(4) 5.5(2) 
C52 0.135(2) -0.2833(5) 0.6551(5) 8.1(3) 
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Table IV.13 General Displacement 
L *M020iOC6H40)eCH3CN 

Parameter Expressions - U's - of 

Name U(1,l) U(2,2) U(3,3) U(1,2) U(1,3) U(2,3) 

Mol 0.0329(3) 0.0254(2) 0.0358(2) -0.0011(2) -0.0037(3) 0.0000(2) 
Mo2 0.0250(2) 0.0248(2) 0.0316(2) 0.0008(2) -0.0008(2) -0.0005(2) 
01 0.054(3) 0.029(2) 0.056(3) -0.000(2) -0.002(3) -0.005(2) 
02 0.052(3) 0.034(2) 0.047(2) 0.002(2) 0.009(2) 0.000(2) 
03 0.031(2) 0.042(2) 0.039(2) -0.005(2) -0.006(2) 0.004(2) 
04 0.030(2) 0.035(2) 0.037(2) -0.002(2) -0.010(2) -0.000(2) 
05 0.053(3) 0.036(2) 0.056(2) -0.009(2) -0.015(3) 0.009(2) 
06 0.040(3) 0.045(2) 0.046(2) -0.007(2) -0.005(2) 0.003(2) 
NIl 0.040(3) 0.022(2) 0.037(3) 0.003(2) -0.002(3) -0.002(2) 
N12 0.029(3) 0.035(2) 0.035(2) -0.003(2) -0.006(2) 0.004(2) 
N21 0.032(3) 0.028(2) 0.038(2) 0.009(2) -0.000(2) -0.000(2) 
N22 0.035(3) 0.024(2) 0.041(3) -0.001(2) 0.006(3) -0.002(2) 
N31 0.033(3) 0.024(2) 0.040(2) 0.001(2) 0.003(2) 0.002(2) 
N32 0.025(2) 0.037(2) 0.042(3) -0.003(2) -0.002(3) 0.002(2) 
C1 0.059(4) 0.024(3) 0.034(3) -0.013(3) 0.003(3) -0.004(3) 
C2 0.080(6) 0.062(4) 0.045(4) -0.002(5) -0.001(5) 0.009(4) 
C3 0.139(8) 0.057(4) 0.044(4) -0.031(6) 0.024(5) 0.013(4) 
C4 0.098(6) 0.059(5) 0.058(4) -0.028(5) 0.023(5) 0.003(4) 
C5 0.078(6) 0.062(4) 0.044(4) -0.026(5) 0.016(4) -0.013(4) 
C6 0.067(5) 0.031(3) 0.038(3) -0.013(4) 0.011(4) -0.003(3) 
CIO 0.034(3) 0.034(3) 0.032(3) 0.012(3) 0.001(3) -0.000(3) 
C13 0.033(3) 0.033(3) 0.044(3) 0.009(3) 0.003(3) 0.009(3) 
C14 0.055(4) 0.053(4) 0.041(3) 0.020(4) -0.015(4) 0.009(3) 
C15 0.053(4) 0.043(3) 0.029(3) -0.005(4) -0.006(3) 0.005(3) 
C16 0.089(6) 0.056(4) 0.044(3) 0.013(5) -0.024(4) -0.001(3) 
C17 0.077(6) 0.043(4) 0.079(5) 0.015(5) -0.012(5) 0.017(4) 
C23 0.043(4) 0.046(3) 0.044(3) 0.006(3) 0.009(3) -0.012(3) 
C24 0.049(4) 0.055(4) 0.034(3) 0.014(4) 0.008(3) -0.005(3) 
C25 0.026(3) 0.039(3) 0.029(3) -0.004(3) 0.001(3) -0.002(3) 
C26 0.056(4) 0.051(4) 0.042(3) 0.000(4) 0.018(4) 0.004(3) 
C27 0.079(6) 0.050(4) 0.071(5) 0.015(5) 0.023(5) -0.021(4) 
C33 0.047(4) 0.033(3) 0.049(3) -0.019(3) 0.003(4) -0.003(3) 
C34 0.027(3) 0.049(3) 0.069(4) -0.013(3) -0.000(4) -0.002(4) 
C35 0.026(3) 0.042(3) 0.050(4) -0.002(3) 0.002(3) -0.000(3) 
C36 0.030(3) 0.056(4) 0.097(6) 0.003(4) 0.004(4) 0.004(5) 
C37 0.053(5) 0.050(4) 0.083(5) -0.020(4) -0.001(5) 0.001(4) 
N 0.119(8) 0.074(4) 0.101(6) -0.018(6) -0.026(6) 0.011(5) 
C51 0.088(6) 0.068(5) 0.054(4) 0.001(5) -0.007(5) -0.010(4) 
C52 0.15(1) 0.047(4) 0.115(7) 0.011(7) 0.047(8) -0.018(5) 



Table IV.I4 Selected Bond Distances CA) and Angles C) for L*Mo20iOC6H40)eCH3CN 

Atom I Atom 2 Distance Atom I Atom 2 Distance 

Mol Mo2 2.5627(8) Mol 01 1.686(5) 
Mol 03 1.919(5) Mol 04 1.919(5) 
Mol 05 2.013(5) Mol 06 2.006(5) 
Mo2 02 1.683(5) Mo2 03 1.924(5) 
Mo2 04 1.941(4) Mo2 Nll 2.217(6) 
Mo2 N21 2.392(5) Mo2 N31 2.230(6) 
05 CI 1.367(9) 06 C6 1.346(9) 
Nll NI2 1.369(8) NI2 CIO 1.445(9) 
N21 N22 1.365(7) N22 CIO 1.446(9) 
N31 N32 1.366(8) 

Atom I Atom 2 Atom 3 Angle Atom I Atom 2 Atom 3 Angle 

02 Mo2 N31 90.6(2) 03 Mo2 04 91.8(2) 
03 Mo2 Nll 89.1(2) 03 Mo2 N21 86.4(2) 
03 Mo2 N31 160.2(2) 01 Mol 03 109.3(2) 
04 Mo2 Nll 161.0(2) 01 Mol 04 111.7(2) 
04 Mo2 N21 86.1(2) 01 Mol 05 104.9(2) 
04 Mo2 N31 89.4(2) 01 Mol 06 108.3(2) 
01 Mol 06 108.3(2) Nll Mo2 N21 75.0(2) 
03 Mol 04 92.7(2) Nll Mo2 N31 83.5(2) 
03 Mol 05 144.6(2) N21 Mo2 N31 74.0(2) 
03 Mol 06 82.0(2) Mol 03 Mo2 83.7(2) 
04 Mol 05 82.8(2) Mol 04 Mo2 83.2(2) 
04 Mol 06 139.1(2) Mol 05 CI 114.9(5) 
05 Mol 06 78.9(2) Mol 06 C6 114.9(5) 
02 Mo2 03 107.8(2) Mo2 N21 N22 119.0(4) 
02 Mo2 04 107.2(2) 02 Mo2 NIl 90.5(2) 
02 Mo2 N21 159.8(2) Mo2 N31 N32 121.9(4) 
NI2 CIO N22 110.0(6) NI2 CIO N32 112.0(6) 

tv 
0 
Vol 
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IV.3.2.4 L'Mo(CO)3 

The molecular geometry and the atomic labelling scheme for L'Mo(COh are 

shown in Figure IV.8. Positional parameters, anisotropic thermal parameters and 

selected bond distances and angles are given in Table IV.15, Table IV.16 and 

Table IV .17, respectively. The molybdenum(O) center is in pseudooctahedral 

environment of the facially bound cyclic triamine and three carbonyl ligands. The 

molecule possesses a crystallographically imposed mirror plane; atoms Mo, Cl, 01, Nl 

and C3 lie on this plane. The Mo-C distances of 1.994(5) A for Mo-C2 and 1.798(7) 

A for Mo-Cl are similar to the average Mo-C distance in L'Mo(CO)3' R = isopropyl 

complex. It is noted that the average Mo-C bond distance decreases as a function of 

decreasing 1t-acceptor ability of the donor atoms in the trans position relative to the 

carbonyl groups. The average bond length in L'Mo(CO)3' R = methyl, isopropyl is the 

shortest at 1.92 A; in the 1,4,7-trithiacyclononane analogue this distance is at 1.947 

A.124 The Mo-C distance observed in 1,5,9-triphosphacyclododecane is 1.977 A,125 

and in Mo(CO)6 it is 2.06 A.126 The nitrogen atoms in L'Mo(COh, R = methyl, 

isopropyl are pure 0' donors whereas the carbonyl group and phosphate ligand are 1t 

acceptors; the thioether ligand displays only moderate 1t-acceptor ability as has been 

proposed by Ashby and Lichtenberger. 124 The Mo-N bond distances in L'Mo(COh are 

similar to those observed in several cyclic triamine complexes.1I2 Due to the steric 

constraints of the cyclic triamine the Mo-N bond lengths do not vary extensively as a 

fuction of the oxidation state of the molybdenum center. I 12 



205 

H4A 
H4A 

Figure IV.8 ORTEP drawing of L'Mo(CO)3; the atoms are drawn as 50% probability 
ellipsoids and H atom radii have been reduced for clarity 
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Table IV.IS Positional Parameters and Their Estimated Standard Deviations for 
L'Mo(CO)3 

Atom x y Z B(A2) 

Mo 0.11942(3) 0.250 0.02542(5) 2.74(1) 
01 -0.0994(4) 0.250 -0.0245(7) 9.2(3) 
02 0.0811(3) 0.0951(3) 0.3007(5) 6.25(9) 
Nl 0.2860(4) 0.250 0.0209(6) 4.1(1) 
N2 0.1575(3) 0.1399(3) -0.1832(5) 5.37(9) 
Cl -0.0175(5) 0.250 -0.0037(8) 4.8(2) 
C2 0.0978(3) 0.1507(3) 0.1939(5) 3.91(9) 
C3 0.3266(5) 0.250 0.1826(8) 5.9(2) 
C4 0.0928(4) 0.0493(4) -0.1860(9) 7.6(1) 
C5 0.3161(4) 0.1571(5) -0.0665(7) 8.9(2) 
C6 0.2571(4) 0.1099(6) -0.169(1) 14.5(2) 
C7 0.1490(6) 0.1973(6) -0.3298(6) 12.0(2) 

Anisotropically refined atoms are given in the form of the isotropic equivalent 
displacement parameter defined as: (4/3) * [a2*B(1,l) + b2*B(2,2) + c2*B(3,3) + 
ab(cos y)*B(1,2) + ac(cos P)*B(1,3) + bc(cos a)*B(2,3)] 
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Table IV.16 General Displacement Parameter Expressions - U's - of L'Mo(CO)3 

Name U(I,I) U(2,2) U(3,3) U(1,2) U(1,3) U(2,3) 

Mo 0.0292(2) 0.0451(3) 0.0298(3) 0 -0.0001(2) 0 
01 0.030(2) 0.27(1) 0.052(3) 0 -0.005(2) 0 
02 0.097(2) 0.079(2) 0.062(2) -0.024(2) -0.004(2) 0.025(2) 
Nl 0.033(2) 0.073(4) 0.049(3) 0 -0.010(2) 0 
N2 0.053(2) 0.084(2) 0.067(2) -0.019(2) 0.017(2) -0.040(2) 
Cl 0.041(3) 0.115(6) 0.026(2) 0 -0.001(2) 0 
C2 0.054(2) 0.052(2) 0.043(2) -0.005(2) -0.001(2) 0.001(2) 
C3 0.046(3) 0.119(6) 0.060(4) 0 -0.019(3) 0 
C4 0.087(3) 0.095(3) 0.107(4) -0.035(3) 0.023(3) -0.061(3) 
C5 0.077(3) 0.175(5) 0.087(4) 0.080(3) -0.025(3) -0.052(4) 
C6 0.062(3) 0.179(5) 0.311(8) 0.021(3) 0.004(4) -0.184(4) 
C7 0.194(6) 0.231(8) 0.030(3) -0.123(5) 0.010(3) -0.027(3) 

The form of the anisotropic displacement parameter is: exp[ -2PI2{ h2a2U(1, 1) + k2b2U(2,2) 
+ 12c2U(3,3) + 2hkabU(I,2) + 2hlacU(1,3) + 2k1bcU(2,3)}] where a,b, and c are reciprocal 
lattice constants. 



Table IV.I7 Selected Bond Distances (A) and Angles C) for L'Mo(CO)3 

Atom I Atom 2 Distance Atom 1 Atom 2 

Mo Nl 2.317(6) Nl C3 
Mo N2 2.318(4) Nl C5 
Mo Cl 1.920(7) N2 C4 
Mo C2 1.935(5) N2 C6 
01 Cl 1.15(1) N2 C7 
02 C2 1.172(6) C5 C6 

C7 C7 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 

N1 Mo N2 76.1(2) C5 N1 C5 
Nl Mo C1 171.8(2) Mo N2 C4 
Nl Mo C2 99.6(2) Mo N2 C6 
N2 Mo N2 76.4(3) Mo N2 C7 
N2 Mo C1 97.6(2) C4 N2 C6 
N2 Mo C2 99.8(2) C4 N2 C7 
N2 Mo C2 174.7(2) C6 N2 C7 
Cl Mo C2 86.4(2) Mo Cl 01 
C2 Mo C2 83.8(3) Mo C2 02 
Mo Nl C3 111.8(5) Nl C5 C6 
Mo Nl C5 107.0(4) N2 C6 C5 
C3 Nl C5 110.3(4) N2 C7 C7 

Distance 

1.465(9) 
1.474(8) 
1.483(7) 
1.444(8) 
1.440(9) 
1.34(1) 
1.37(2) 

Angle 

110.3(9) 
111.3(4) 
109.0(4) 
107.5(5) 
111.6(6) 
110.4(6) 
106.8(7) 
178.6(6) 
175.7(5) 
121.3(6) 
121.2(6) 
121.3(4) 

tv 
o 
00 
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The carbon atoms of the five-membered Mo-N-C-C-N rings exhibit unusually 

large anisotropic thermal parameters and remarkably short C-C bond lengths. The five

membered rings can have (A'A'A) or (BBB) conformations and it is conceivable that the 

above structure is disordered due to the presence of a statistical mixture of both 

conformers in the molecule, which produces the artificially large anisotropic thermal 

parameters of the ring carbon atoms. This phenomenon is also observed in related 

cyclic triamine complexes.112 All attempts to uniquely model the disorder were 

unsuccessful. 

IV.3.3 Spectroscopy 

IV.3.3.1 9sMo NMR 

Complexes L*Mo20 4CI2 and L*Mo20 4(OC6H40) are diamagnetic in solution and 

exhibit single 95Mo resonances at B 565 and 124 as shown in Figure IV.9 and 

Figure IV.lO, respectively. The linewidths observed for these complexes are 320 and 

100 Hz, respectively. Observation of 95Mo NMR signals depend on various 

factors,127 and 95Mo NMR data on a wide variety of mononuclear and polynuclear 

molybdenum complexes in various oxidation states have been tabulated. 128 

Symmetrical binuclear Mo(V) complexes possessing the [M020 4f+ core often exhibit 

narrow line widths, but to the best of our knowledge there are no 95Mo NMR data 

available for unsymmetrical [Mo20 4f+ dimers. Observation of a single relatively sharp 

peak in the 95Mo NMR spectrum for each of the dimers of Figure IV.5 and Figure IV.6 

indicates that only one of their two chemically inequivalent molybdenum atoms is 
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detectable by 95Mo NMR. From the substantial difference in chemical shift between the 

two molecules, the most reasonable assignment for the observed resonance is Mol, 

whose coordination differs in the two compounds. If each metal center obeys the 

electroneutrality principlel29 then the Mol centers are formally Mo(VI), whereas the 

M02 centers are formally Mo(IV). Consistent with this view, oxo-Mo(VI) complexes 

are usually easily detectable by 95Mo NMR and exhibit chemical shifts in the range 

observed here; oxo-Mo(IV) compounds are often difficult to detect by 95Mo NMR 

because they typically exhibit very large line widths and consequently require high 

concentrations of sample (0.2 M - 0.6 M) to be observed.127 Thus, the 95Mo NMR data 

favor describing these unsymmetrical diamagnetic dimers as possessing six-coordinate 

oxo-Mo(IV) and five-coordinate oxo-Mo(VI) centers. 

IV.3.3.2 Electronic Absorption 

In acetonitrile solution the L*MoX3 (X = CI, Br, I) complexes exhibit absorption 

maxima (Table IV.18) in agreement with other octahedral molybdenum(ill) complexes 

with an S=3/2 ground state. 113,120 The electronic spectrum of [L*MoOCI2]+Cr is similar 

to that observed for LMoOCI2•5o Detailed interpretation of the electronic spectra of 

LMoOX2 complexes is given elsewhere,77 by analogy, the first and second bands of 

[L*MoOCI2]+Cr at 12980 cm-l (e = 40 M-I cm-l) and 27700 cm-l (e = 1000 M- I cm-I) 

are assigned as d~d transitions. The third band at 32200 cm-l (e = 3200 M- I cm-l) is 

assigned as a ligand to metal charge transfer transition. The unsymmetrical di-fl-OXO 

complexes both exhibit strong absorption in the visible region (~25000 cm-l), probably 



Complex 

[L*Mo(COh] 

[L*MoCI3] 

[L*MoBr3] 

[L*MoI3] 

[L*MOO3] 

[L *MoOcl2tcr 

[L *Mo20 4CI2] 

[L *M020iOC6H40)] 

a Not soluble. 

UV-Vis [EJruIX' 103 em-I (E, 103 L morl em-I)] 

a 

12.97 (0.048), 28.24 (1.07), 34.72 (3.12), 
45.57 (22.17) 

14.08 (0.007), 22.78 (0.833), 36.23 (14.23), 
47.17 (26.53) 

13.35 (0.081), 24.63 (6.77), 30.86 (10.50) 

a 

12.98 (0.04),27.7 (1.68),32.2 (3.2) 

24.75 (0.425), 31.84 (4.39), 45.24 (20.5) 

26.11 (1.23),33.44 (11.34), 47.17 (48.88) 

IR (em-I) 

u(CO): 1900, 1763 

u(Mo=O): 898, 863, 840 

u(Mo=O): 979 

u(Mo=O): 918 ,945 ,984, u(Mo02Mo): 742 

u(Mo=O): 914 ,940 ,959, u(Mo02Mo): 750 
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due to a charge transfer transition involving the bridging oxo ligands. 

IV.3.3.3 Infrared Spectra 
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The infrared spectra of L*Mo(CO)3 exhibits two u(CO) bands (Table IV.I8) 

consistent with the usym(A I ) and uasym(E) stretching modes in C3v symmetry. Similar 

u(CO) stretching frequencies were observed for [Et4N][LMo(CO)3] 130 and 

L'Mo(CO)3 113 complexes, indicating similar overall donor-acceptor properties for the 

three different ligands. The IR spectrum of L *Mo03 in the solid state shows three 

u(Mo=O) frequencies, indicating that the degeneracy of E mode is lifted in L*Mo03. 

Similar behavior is observed in the L'Mo03 (R = isopropyl)IIS complex. 

The IR spectrum of [L *MoOCI2]+Cr shows a characteristic u(Mo=O) stretch at 

979 cm- I . The analogous LMoOCl2 complex shows u(Mo=O) stretch at 960 cm- I , 

whereas [L'MoOCI2]+[PF6l" shows a u(Mo=O) stretch at 970 cm-I• The unsymmetrical 

di-fl-OXO dimers L*M020 4C12 and L*M020 4(OC6H40) exhibit infrared stretching 

frequencies in the 900-1000 cm- I and 750 cm- I region that are characteristic of the 

[M020 4]+2 core. 120 In principle, two u(Mo=O) frequencies should be observed for these 

asymmetric dimers. The very strong band in the 900-1000 cm- I is clearly one of these 

vibrations. The 23 cm- I shift of this band between the two compounds implies that it 

is primarily centered on Mo 1, whose coordination differs in the two compounds. One 

of the two medium intensity bands in this region could be a u(Mo=O) stretching 

frequency. However, ligand bands may also occur in this region. 131 Isotopic labeling 

experiments would be required to unambiguously assign the two medium intensity bands 
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in the 900-1000 cm-! region. Both dimers exhibit U(Mo02Mo) stretching frequencies 

near 750 cm-!. 

IV.3.3.4 EPR Spectra 

The isotropic and anisotropic g values and the isotropic and anisotropic 95.97Mo 

hyperfine parameter, A, for several molybdenum(V) species appear in Table IV.19. The 

frozen X-band EPR spectrum of [L*MoOCI2]+Cr is nearly axial and closely resembles 

the EPR spectrum ofLMoOCI2• Figure IV.11, Figure IV.12 and Figure IV.13 show the 

experimental frozen X-band EPR spectrum (top) and the simulated spectra (I = 0 

component only, Figure IV.ll bottom; 1= 5/2 component only, Figure IV.12 bottom; 

composite simulation, Figure N.13 bottom). The g and A parameters of 

[L *MoOCI2]+Cr obtained by simulation (Table IV.19) are similar to those for 

LMoOCI2,54.75 indicating that the EPR parameters are primarily governed by the local 

coordination environment at the molybdenum center. This similarity of EPR parameters 

for LMoOCl2 and [L *MoOCI2]+ extends to other analogous pairs of oxo-molybdenum(V) 

complexes of Land L *, and the solution formulations of the other complexes of L * 

shown in Figure IV.4 are based upon the close similarity of their EPR parameters to 

those of analogous well characterized molybdenum complexes of L.50 

The fluid solution EPR spectrum for the proposed [L*MoO(catCI4)]+ species 

Figure IV.4 shows <g> ::::: 1.942 and <A> = 42.33 X 10-4 cm-!; the qualitative and 

quantitative similarity of its frozen solution EPR spectrum (Figure IV. 14) to that of the 

analogous [LMoO(catCI4)] complex supports the [L*MoO(catCI4)]+ formulation. The 



Compound g] g2 g3 <g> A a 
1 Az A3 <A> a b 

LMoOCl2 1.971 1.941 1.934 1.948 71.40 18.10 38.10 42.53 0 

[L *MoOcl2tcr 1.976 1.949 1.934 1.953 73.38 21.34 40.02 44.91 0 

LMoO(eatCl4t 1.969 1.967 1.927 1.955 32.02 18.01 68.38 39.47 0 

L*MoO(eatCI4t 1.956 1.955 1.926 1.942 - - - 42.33 -

[MoO(SCH2CH2S}zr 2.012 1.997 1.975 1.999 - - - 30.30 -

[MoO(SCH2CH2S}zr 2.052 1.983 1.979 2.003 49.40 18.67 20.72 29.76 0 

a A(95.97Mo, X 104 em-I). b <X,p and 'Yare Euler angles. C eatCl4 = 2,3,4,5-tetraehloroeateeholate. 
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Figure IV.ll EPR spectra of [L*MoOCI2]+Cl": experimental frozen X-band (top) and 
simulated (I = 0 component only, bottom) 
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Figure IV.12 EPR spectra of [L*MoOCI2]+Cr: experimental frozen X-band (top) and 
simulated (I = 5/2 component only, bottom) 
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Figure IV.13 EPR spectra of [L*MoOcI2tcr: experimental frozen X-band (top) and 
composite simulated (bottom) 
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Figure IV.14 Experimental frozen X-band EPR spectrum of [L*MoO(catCI4)]+ 
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fluid solution EPR spectrum of the reaction mixture containing [L *MoOcl2tcr and one 

equivalent of HSCH2CH2SH in the presence of base shows a signal at <g> :::: 1.980, 

which is assigned to [L*MoO(SCH2CH2)t. Addition of excess HSCH2CH2SH to 

[LMoOCI2]+Cr produces a single EPR active species with <g> = 2.003 and <A> = 

29.76 x 10-4 cm-I. The frozen solution EPR parameters obtained by simulation show 

nearly axial g and A values (see Figure II.22). The assignment of this species as 

[MoO(SCH2CH2Shr was confirmed by comparing its EPR spectrum to that of an 

authentic sample of [Et4N][MoO(SCH2CH2Sh].64 

IV.3.3.5 Electrochemistry 

The redox properties of all mononuclear complexes have been examined by cyclic 

voItammetry in acetonitrile at 25°C. All complexes exhibit pseudo-Nernstian one

electron redox couples as demonstrated by ip/ipc :::: 1 (Table IV.20). The cyclic 

voltammogram of L *Mo(CO)3 in acetonitrile exhibits one quasi-reversible process at -

0.234 V vs Fc+/Fc, ascribed to one-electron oxidation to the corresponding 

[L*Mo(COh]+ species (Figure IV.15). One irreversible peak at quite positive potential 

( 0.681 V vs. Fc+/Fc) is observed, with a peak current function about twice the value 

observed for reversible one-electron processes. This indicates an irreversible two

electron oxidation of L*Mo(CO)3 to the corresponding [L*Mo(COh]+2 species. Similar 

results have been reported for the electrochemistry of complexes of L'Mo(CO)3 II3 and 

[LMo(CO)3r. I30 Cyclic voltammograms of the LMoX3 complexes (X = CI, Br, I) show 

a single one-electron oxidation process in the potential range between -1.5 to + 1.5 V vs 
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Ag/AgCI (Eq. 1). One representative cyclic voltammogram of L*MoCI3 is shown in 

Figure IV.16. The redox potentials for these Mo(IV)/Mo(ID) couples are quite positive 

x = Cl, Br, I (1) 

and span the relatively small range from +0.387 V (Cn to +0.514 V (Br") vs Fc+lFc 

couple. The order of increasing positive redox potentials as a function of X- is r :::: Br-

> cr. Thus, the Mo(IV) oxidation state is more stabilized by the small chloride ligand 

than the bulky more polarizable bromide or iodide ligands. These potentials are very 

similar to those observed for L'MoX3 complexes1l3 (X = CI, Br, I). The electrochemical 

behavior of L'MoX3 and L*MoX3 complexes contrasts with that of anionic [LMoCI3r 
complex, where two one-electron oxidations are observed.93.t ! The close similarity of 

the Mo(IVIIII) couples for L'MoX3 and L*MoX3 (aliphatic and aromatic nitrogen donor 

atoms, respectively) implies that the 1t-acceptor ability of these neutral tridentate ligands 

is not a major factor in the stability of these complexes. 

The cyclic voltammogram of [L *MoOCI2]+Cr in acetonitrile exhibited a pseudo-

reversible one-electron reduction at -0.300 V. Similar reduction processes are observed 

for LMoOCl2 (-0.739 V) and [L'MoOCI2]+ (-0.520 V) complexes (Table IV.20). The 

L * ligand stabilizes the oxo-Mo(IV) state more than analogous Land L' ligands. 

However, L*MoIVOCI2 is still too easily oxidized to be useful as a possible diamagnetic 

t! Direct comparison of the redox potentials of L*MoX3 complexes with [LMoC13r is 
not possible because the latter data were not internally referenced to the Fc+lFc system. 
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Table IV.20 Electrochemical Datan,b,c 

Couple Complex Ef vs Fc+/Fc, V (Lllip,mV) ipipc 

Mo(lIO) [LMo(CO)3]0/- -0.501(79) 1.0 

Mo(lIO) [L *MO(CO)3tIO -0.234(72) 1.1 

Mo(lIO) [L'Mo(CO)3tI0 -0.245(68) d 

Mo(IV/Ill) [L *MoC13t10 0.387(64) 1.0 

Mo(IV/Ill) [L'MoCI3]+/0 0.395(65) 0.8 

Mo(IV/Ill) [L*MoBr3]+/0 0.514(58) 1.0 

Mo(IV/Ill) [L'MoB r3] +/0 0.500(72) 0.9 

Mo(IV/Ill) [L*MoI3tI0 0.508(57) d 

Mo(IV/Ill) [L'MoI3t I0 0.525(65) d 

Mo(VIIV) [LMoOCI
2
]0/-1 -0.739(72) 0.9 

Mo(VIIV) [L *MoOCI2t
I0 -0.300(64) 1.1 

Mo(VIIV) [L'MoOCI2t
I0 -0.520(65) 1.0 

n Conditions: Cyclic voltammetry, Pt electrode, 1-2 mM solutions in CH3CN, 0.1 
M Me4NPF6 for Land L* complexes. b Potentials vs. Fc+/Fc, 23°C. c For L' 
complexes see Ref. 113. d Dependent on scan rate. 
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host for LMo v OCI2, one of the original goals of this research. t2 

IV.4 Summary 

226 

This investigation is the first study of molybdenum complexes of L*. The 

molybdenum(O and III) chemistry of this ligand parallels that of the analogous 

complexes of Land L', whereas the oxomolybdenum chemistry of L * exhibits significant 

differences from Land L'. The attempts to synthesize neutral L*MoIVOX2 complexes 

were not realized because of the facile oxidation of such species to cationic oxo-Mo(V) 

species, such as [LMoOCI2]+Cr. An unusual feature of the oxo-Mo chemistry of L* is 

the unexpected lability of the ligand as evidenced by the formation of unsymmetrical 

di-J..l-oxo dimers, such as [L*M020 4CI2], and complete replacement ofL* by -SCH2CH2S

in basic solution to produce [MovO(SCH2CH2Shr. The improved synthetic route to L* 

and the range of chemistry observed for L * in this restricted study provide 

encouragement for investigations of the coordination of this ligand with other metals. 

© 

t2 Refer to Chapter m. 



227 

APPENDICES 

Table A.1 Positional Parameters for LMoO(bdt) 

Atom x y Z BCA2) 

Hb -0.277 0.037 -0.251 5.0* 
H3 0.146 0.547 -0.147 5.0* 
H4 0.352 0.592 -0.152 5.0* 
H5 0.509 0.485 -0.156 5.0* 
H6 0.455 0.331 -0.169 5.0* 
H14 -0.419 0.232 -0.048 5.0* 
H16a -0.190 0.308 0.052 5.0* 
H16b -0.226 0.380 -0.020 5.0* 
H16c -0.095 0.333 -0.008 5.0* 
H17a -0.437 0.022 -0.156 5.0* 
H17b -0.483 0.090 -0.229 5.0* 
H17c -0.534 0.098 -0.144 5.0* 
H24 0.088 -0.132 -0.088 5.0* 
H26a 0.277 -0.024 -0.022 5.0* 
H26b 0.220 0.067 0.005 5.0* 
H26c 0.283 0.063 -0.076 5.0* 
H27a -0.243 -0.104 -0.206 5.0* 
H27b -0.165 -0.179 -0.152 5.0* 
H27c -0.143 -0.160 -0.244 5.0* 
H34 -0.145 0.218 -0.472 5.0* 
H36a 0.025 0.339 -0.412 5.0* 
H36b 0.130 0.287 -0.351 5.0* 
H36c 0.046 0.356 -0.314 5.0* 
H37a -0.291 0.019 -0.398 5.0* 
H37b -0.306 0.078 -0.480 5.0* 
H37c -0.381 0.102 -0.408 5.0* 

Starred atoms were not refined. 
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Table A.2 Positional Parameters for L*Mo20 4CI2-CH3CN 

Atom x y Z BCA2) 

H21 0.189 0.239 0.290 5.0* 
H22 0.077 0.262 0.308 5.0* 
H23 0.170 0.280 0.353 5.0* 
H 0.319 -0.015 -0.140 5.0* 
H14 -0.044 -0.012 -0.134 5.0* 
H161 -0.030 0.096 0.005 5.0* 
H162 -0.111 0.081 -0.048 5.0* 
H163 -0.040 0.149 -0.052 5.0* 
H171 0.186 -0.109 -0.168 5.0* 
H172 0.191 -0.048 -0.219 5.0* 
H173 0.087 -0.089 -0.207 5.0* 
H24 0.416 -0.117 0.053 5.0* 
H261 0.261 0.007 0.131 5.0* 
H262 0.366 -0.030 0.147 5.0* 
H263 0.364 0.051 0.128 5.0* 
H271 0.370 -0.120 -0.120 5.0* 
H272 0.409 -0.174 -0.069 5.0* 
H273 0.485 -0.117 -0.097 5.0* 
H34 0.486 0.197 -0.189 5.0* 
H361 0.349 0.279 -0.056 5.0* 
H362 0.437 0.299 -0.103 5.0* 
H363 0.464 0.260 -0.041 5.0* 
H371 0.454 0.008 -0.211 5.0* 
H372 0.471 0.074 -0.255 5.0* 
H373 0.360 0.042 -0.246 5.0* 

Starred atoms were not refined. 
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Table A.3 Positional Parameters for L*MoI38CH3CN 

Atom x y Z BCA2) 

HlO 0.577 0.703 0.286 5.0* 
H14 0.307 0.656 0.347 5.0* 
H24 0.794 0.553 0.501 5.0* 
H34 0.592 0.547 0.033 5.0* 
H16a 0.260 0.404 0.342 5.0* 
H16b 0.315 0.303 0.305 5.0* 
H16c 0.338 0.333 0.398 5.0* 
H17a 0.403 0.882 0.337 5.0* 
H17b 0.439 0.858 0.259 5.0* 
H17c 0.501 0.853 0.345 5.0* 
H26a 0.747 0.219 0.436 5.0* 
H26b 0.788 0.293 0.516 5.0* 
H26c 0.692 0.248 0.501 5.0* 
H27a 0.715 0.800 0.350 5.0* 
H27b 0.753 0.806 0.443 5.0* 
H27c 0.654 0.817 0.410 5.0* 
H36a 0.575 0.285 0.025 5.0* 
H36b 0.597 0.211 0.108 5.0* 
H36c 0.501 0.245 0.069 5.0* 
H37a 0.584 0.802 0.089 5.0* 
H37b 0.652 0.796 0.171 5.0* 
H37c 0.555 0.814 0.171 5.0* 
H2a 0.270 0.424 0.138 5.0* 
H2b 0.208 0.506 0.071 5.0* 
H2c 0.219 0.545 0.162 5.0* 

Starred atoms were not refined. 
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Table A.4 Positional Parameters for L*Mo20iOC6H40)eCH3CN 

Atom x y Z B(A2) 

H2 0.082 0.630 0.475 5.0* 
H3 0.309 0.714 0.442 5.0* 
H4 0.570 0.697 0.485 5.0* 
H5 0.614 0.606 0.568 5.0* 
HlO 0.154 0.057 0.645 5.0* 
H14 0.452 0.118 0.824 5.0* 
H16a 0.402 0.337 0.782 5.0* 
H16b 0.458 0.285 0.838 5.0* 
H16c 0.272 0.311 0.831 5.0* 
H17a 0.363 -0.021 0.697 5.0* 
H17b 0.226 -0.029 0.747 5.0* 
H17c 0.413 -0.029 0.765 5.0* 
H24 0.398 0.183 0.473 5.0* 
H26a 0.234 0.375 0.522 5.0* 
H26b 0.383 0.342 0.483 5.0* 
H26c 0.411 0.369 0.551 5.0* 
H27a 0.249 0.004 0.570 5.0* 
H27b 0.235 0.019 0.500 5.0* 
H27c 0.410 0.014 0.531 5.0* 
H34 -0.412 0.117 0.645 5.0* 
H36a -0.291 0.338 0.637 5.0* 
H36b -0.356 0.309 0.700 5.0* 
H36c -0.452 0.284 0.641 5.0* 
H37a -0.034 -0.022 0.645 5.0* 
H37b -0.207 -0.033 0.676 5.0* 
H37c -0.196 -0.025 0.605 5.0* 
H52a 0.017 -0.286 0.654 5.0* 
H52b 0.182 -0.322 0.627 5.0* 
H52c 0.173 -0.296 0.696 5.0* 

Starred atoms were not refined. 
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Table A.S Positional Parameters for L'Mo(CO)3 

Atom x y Z B(A2) 

H3a 0.378 0.250 0.181 5.0* 
H3b 0.305 0.190 0.237 5.0* 
H4a 0.129 -0.012 -0.199 5.0* 
H4b 0.058 0.046 -0.089 5.0* 
H4c 0.050 0.057 -0.273 5.0* 
H5a 0.336 0.109 0.013 5.0* 
H5b 0.370 0.177 -0.129 5.0* 
H6a 0.286 0.111 -0.272 5.0* 
H6b 0.254 0.041 -0.132 5.0* 
H7a 0.090 0.176 -0.379 5.0* 
H7b 0.202 0.176 -0.395 5.0* 

Starred atoms were not refined. 
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Table A.6 Positional Parameters for LMo(NO)(bdt) 

Atom x y Z B(A2) 

Hb 0.496 -0.113 0.246 5.0* 
H3 -0.173 0.179 0.336 5.0* 
H4 -0.210 0.327 0.394 5.0* 
H5 -0.064 0.445 0.406 5.0* 
H6 0.127 0.414 0.377 5.0* 
H14 0.215 -0.307 0.375 5.0* 
H16a 0.067 -0.182 0.442 5.0* 
H16b 0.007 -0.136 0.360 5.0* 
H16c 0.082 -0.071 0.426 5.0* 
H17a 0.513 -0.276 0.318 5.0* 
H17b 0.426 -0.303 0.238 5.0* 
H17c 0.421 -0.361 0.319 5.0* 
H24 0.696 0.102 0.459 5.0* 
H26a 0.529 0.202 0.523 5.0* 
H26b 0.422 0.131 0.528 5.0* 
H26c 0.407 0.215 0.465 5.0* 
H27a 0.695 -0.102 0.312 5.0* 
H27b 0.790 -0.038 0.367 5.0* 
H27c 0.737 -0.004 0.279 5.0* 
H34 0.301 0.061 0.013 5.0* 
H36a 0.182 0.216 0.068 5.0* 
H36b 0.158 0.211 0.158 5.0* 
H36c 0.083 0.146 0.092 5.0* 
H37a 0.548 -0.073 0.092 5.0* 
H37b 0.445 -0.103 0.023 5.0* 
H37c 0.459 -0.156 0.107 5.0* 

Starred atoms were not refined. 
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Table A.7 Positional Parameters for LMo(NO)(tdt) 

Atom x y Z B(A2) 

Hb -0.097 -0.306 0.355 5.0* 
H3 -0.037 0.530 0.176 5.0* 
H4a 0.062 0.723 0.145 5.0* 
H4b 0.016 0.713 0.058 5.0* 
H4c 0.116 0.705 0.072 5.0* 
H5 0.152 0.498 0.029 5.0* 
H6 0.150 0.266 0.043 5.0* 
H14 -0.151 0.066 0.526 5.0* 
H16a -0.090 0.298 0.393 5.0* 
H16b 0.004 0.252 0.423 5.0* 
H16c -0.062 0.278 0.485 5.0* 
H17a -0.152 -0.291 0.469 5.0* 
H17b -0.239 -0.215 0.450 5.0* 
H17c -0.187 -0.201 0.535 5.0* 
H24 0.209 -0.339 0.335 5.0* 
H26a 0.193 0.000 0.237 5.0* 
H26b 0.249 -0.032 0.317 5.0* 
H26c 0.255 -0.122 0.241 5.0* 
H27a 0.089 -0.493 0.418 5.0* 
H27b 0.051 -0.528 0.330 5.0* 
H27c -0.006 -0.454 0.388 5.0* 
H34 -0.244 -0.235 0.084 5.0* 
H36a -0.209 0.012 0.029 5.0* 
H36b -0.110 -0.005 0.030 5.0* 
H36c -0.147 0.099 0.088 5.0* 
H37a -0.270 -0.385 0.250 5.0* 
H37b -0.224 -0.446 0.188 5.0* 
H37c -0.1766 -0.4359 0.2699 5.0* 

Starred atoms were not refined. 
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