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ABSTRACT 

This research has been directed at the study of the catalytic cycle of the 

molybdoenzyme, sulfite oxidase, through the use of both functional and structural model 

chemistry. A biologically relevant synthetic model for the first two steps of the proposed 

catalytic cycle of sulfite oxidase has been developed. A rapid oxygen atom transfer 

reaction from a dioxo-molybdenum(VI) center to triphenylphosphine is followed by an 

intermolecular electron/halogen exchange reaction between tetratolylporphinatoiron(lII)

chloride and the now reduced oxo-molybdenum(IV) center. The kinetic and thermo

dynamic parameters of these reactions in dimethylformarnide and toluene have been 

investigated and a self consistent mechanism has been proposed. Structural models for 

intramolecular electron transfer between the oxo-molybdenum center of the cofactor and 

the iron heme of sulfite oxidase have been prepared. Modified tetratolylporphyrins have 

been designed in order to contain a chelating catecholate functionality at discreet distances 

from the central cavity of the porphyrin ring. An oxo-molybdenum(V) group (which is 

stabilized by the facially coordinating, hydrotris(3,5-dimethyl-l-pyrazolyl)borate ligand) 

has been attached to the porphyrin through this catecholate functionality and the resulting 

bimetallic compounds have been investigated by NMR, EPR, UV Nis, and electrochemical 

methods. The use of 31 P-NMR spectroscopy as a probe of molybdenum-phosphate 

interactions in sulfite oxidase has been investigated through the synthesis and 

spectroscopic investigation of a series of six mononuclear oxo-molybdenum(V) and dioxo-
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molybdenum(VI) compounds which contain pendant phosphate esters. The 31p_NMR 

spectra of the Mo(V) compounds exhibit line broadening due to the absolute distance to 

the paramagnetic d1 Mo(V) center. The relaxation times (1'1 and T2) of the 31p center 

have been determined and are sensitive to the overall structure of the model compounds. 

The Mo-P distances have been calculated using the relaxation data and the Solomon 

equation and yield distances which are in reasonable agreement with the structures as 

determined by computer molecular modeling. 



Molybdoenzymes 

CHAPTER 1 

INTRODUCTION 
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Molybdenum is the only element of the second or third transition series that is 

essential for life. 1 This requirement is due to the large number of molybdenum

containing enzymes that catalyze a variety of oxidation-reduction reactions.2-18 The 

molybdoenzymes are present in organisms ranging from primitive bacteria to mammals. 

There have been over ten molybdenum-containing enzymes identified to date. The 

molybdoenzymes can be separated into two main classes.19 There are the nitrogenases 

which utilize the molybdenum-iron cofactor to catalyze the six electron reduction of 

atmospheric nitrogen to ammonia and the oxotransferases (hydroxylases), which contain 

the molybdenum cofactor and involve the catalytic transfer of an oxygen atom to or from 

a substrate. The various reactions of some known molybdoenzymes are shown in Table 

1.1. 

A common prosthetic group containing the molybdenum center has been postulated 

for all of the molybdoenzymes except nitrogenase20,21 (which contains a molybdenum

iron cofactor and will not be discussed here). The cofactor can be released from the 

native enzymes by treatment with acid, but it is very unstable unless maintained in a 

reduced environment in the presence of dithionite. Evidence for a common cofactor 

comes from studies of a cofactor deficient mutant form of nitrate reductase called nit-I.22 



Aldehyde Oxidase 

Carbon Monoxide 

Oxidase 

, DMSO Reductase 

Formate 

Dehydrogenase 

Nitrate Reductase 

Nitrogenase 

Purine Hydroxylase 

Sulfite Oxidase 

Xanthine Oxidase 

" 

Reaction 

RH + H20 ---?> 

ROH + 2W + 2e-

CO + H20---?> 

CO2 + 2W + 2e-

(CH3)2S0 + 2W + 2e- ---?> 

(CH3)2S + H2O 

HCOO----?> 

CO2 + W+ 2e-

N03- + 2W + 2e-~ 

NOi + H2O 

N2 + 6W + 6e- ---?> 

2NH3 

RH+~O-~ 

ROH + 2W+ 2e-

sot + H20 ---?> 

sol- + 2H+ + 2e-

RH + H20 ---?> 

ROH + 2W + 2e-

Table 1.1 The Molybdoenzymes19 

2[2Fe-2S] 

1 FAD 

2[2Fe-2S] 

1 FAD 

? 

n[Fe-S]? 

n[4Fe-4S] 

cytochrome b 

2[4Fe-4S] 

2[2Fe-2S] 

1 FAD 

1 cytochrome b 

2 [2Fe-2S] 

1 FAD 

" 

12 

19 

20 

21 

22 

23 

22,24 

25 

26 

27 

28 

29 

14, 28 

30 

18 

. 

a Redox centers per Mo atom. These data are valid for the form of the enzyme cited 

in each specific reference; other sources may yield other redox centers. 
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Nit-l is inactive but becomes activated when exposed to solutions of cofactor isolated 

from other molybdoenzymes including sulfite oxidase, xanthine dehydrogenase, xanthine 

oxidase, and aldehyde oxidase. 

The instability of the cofactor has prevented its isolation and characterization in 

a pure state, but much is known from studies of degradation products. The presence of 

a pteridine derivative in the cofactor molecule has been established from oxidative 

degradation and fluorescence studies.35 The pteridine originally proposed is 2-amino-4-

hydroxytetrahydropteridine with a side chain in the 636,37 position, but more recent 

studies with both sulfite oxidase and xanthine oxidase suggest that the pteridine is actually 

in two different dihydro forms in these two enzymes.38 These slight differences in the 

pteridine moiety may in part account for the large differences in the oxidation-reduction 

potentials of the Mo centers in the two enzymes which differ by 400 mV and 200 mV 

for the Mo VIIMo v and Mo V /Mol V redox couples, respectively.39 Electron paramagnetic 

resonance (EPR) spectroscopy and X-ray absorption fine structure (EXAFS) spectroscopy 

have also provided much information about the molybdenum environment in the 

molybdenum cofactor.29,40-49 These data suggest that all molybdenum-containing 

enzymes possess a mononuclear molybdenum site with at least two thiolato groups, one 

terminal oxo ligand and a remote phosphate group in all three molybdenum oxidation 

states of the cofactor. Although the exact environment of the molybdenum center and the 

exact form of the pteridine arc still undetermined, the originally proposed structure 

containing a Mo VI center and the proposed 2-amino-4-hydroxytetrahydropteridine is 



o H 
H 

I 2-

)1 C-C-CH20P03 
I I I 

S S OR 
N \ I 

I Mo 
H ij \\ 

o E 

Figure 1.1 The Proposed Structure of the Molybdenum Cofactor36,SO 

20 

E=O for nitrate reductase and sulfite oxidase; E=S for aldehyde dehydrogenase, 

xanthine dehydrogenase, and xanthine oxidase. 
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shown in Figure 1.1.36,50 

Sulfite Oxidase 

Sulfite oxidase is a dimeric enzyme containing two identical sub-units with a total 

molecular weight of 110 kDa/mol. Each sub-unit contains one molybdenum atom and 

one cytochrome bs-type heme center. The enzyme resides in the intermembrane space 

of the mitochondria and catalyzes the oxidation of sulfite to sulfate by means of a dioxo

Mo VI center. The enzyme is re-oxidized by two intermolecular one-electron redox 

reactions with cytochrome c. The catalytic properties and a schematic representation of 

sulfite oxidase are shown in Figure 1.2.17,51-54 

EXAFS has furnished very detailed information concerning the molybdenum site 

of sulfite oxidase. EXAFS provides data which are complementary to those obtained 

from EPR spectroscopy and can be used to probe all three of the biologically relevant 

oxidation states: Mo VI, Mo V, and MoIV. The minimum coordination environment and 

bond lengths between the ligands and the molybdenum atom for all three oxidation states 

are listed in Table 1.2.48 A more complete picture of the minimum coordination sphere 

is obtained when the data from Table 1.2 are combined with EPR data for the high- and 

low-pH forms of Mo V sulfite oxidase. The minimal structures thus obtained for the high

and low-pH species of all three of the molybdenum oxidation states of sulfite oxidase are 

shown in Figure 1.3.44 



Net Reaction: 

Cyt Cll
' Cyt Cll 

50 2-
4 

Mo VI + S032- + H20 --,> MolV + sol- + 2W 

MolV + 2 cyt eIII > Mo VI + 2 cyt ell 

Figure 1.2 General Catalytic Properties of Sulfite Oxidase. 

22 
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PH~ ", I.: Bond Type 'I Bond Length I 
. , -. . ";- ",", ,"" ... , ~', - . 

# of Bonds 

Mo{VI) Mo--O 2 1.70 A 
High 

Mo--S 3 2.42 A 

Low Mo--O 2 1.70 A 

Mo--S 3 2.42 A 

Mo{V) High Mo--O 1 1.73 A 

Mo--S 3 2.40 A 

Low Mo--O 1.68 A 

Mo--S/CI 4 2.38 A 

Mo(IV) High Mo--O 1.68 A 

Mo--S 3 2.38 A 

Low Mo--O 1.68 A 

Mo--S/CI 4 2.37 A 

Table 1.2 The Minimum Coordination Sphere for Molybdenum in the Molybdenum 

Cofactor of Sulfite Oxidase as Determined by EXAFS48 

a Sulfite oxidase concentrated to 130 mgIL in 20 mM universal buffer. pH 

adjustment with acetic acid. High pH = 9.0, Low pH = 6.0 and contained 0.3 M KCl. 
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The proposed catalytic cycle for sulfite oxidase requires a two-electron process at 

the molybdenum site (Mo VI /MoIV) , and a one-electron process at the heme center 

(FeIlI/FeII).52 Studies with the native enzyme have indicated that the pteridine is redox 

inactive55 but may be involved in enzymatic function by controlling the oxidation

reduction potential of molybdenum or participating in direct electron transfer processes.38 

The mid-point reduction potentials and stoichiometry of the electron transfer processes 

of sulfite oxidase have been studied by microcoulometry as well as other techniques.56 

The reduction potentials were found to be pH and anion dependent and are listed in Table 

1.3.44 

Molybdenum Model Chemistry 

There are currently no X-ray crystal structures available for sulfite oxidase or for 

any of the related molybdoenzymes. Much of the structural infonnation about the 

molybdenum site in the cofactor of sulfite oxidase is based upon comparison of 

spectroscopic and chemical data for the enzyme to the results from well-characterized 

molybdenum coordination compounds.45 Models can either be structural, functional, or 

in the best circumstances a combination of the two. Structural models are designed to 

mimic the coordination environment around the molybdenum atom in the cofactor in 

order to allow spectroscopic or other comparisons to the native enzyme. Functional 

models are designed to possess the reactivity associated with the enzyme without 

necessarily being structurally relevant. Molybdenum model chemistry has been a widely 



Mo(VI) 

Mo(V) 

Mo(IV) 

High pH 

o 
II/OH 

(RS) :(MO 

o 
II 

(RS):(MO 

o 
II.,JJH 

Mo 
(RS):( 'c I 

25 

Figure 1.3 The Minimum Coordination Environment of the Molybdenum Center in 

Sulfite Oxidase44 

a Low pH fonn is in the presence of 0.10 M Cr. 
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" , 

Buffer ConditionSJ 

Redox Process pH 6.0b pH 7.0b pH 9.OC 

,'. . . , , " . .' 

Mo(VI)/Mo(V) +131 mVd +38 mV -59 mV 

Mo(V)/Mo(IV) -86 mV -239 mV -233 mV 
, 

Fe(III)/Fe(ll) +90mV +68 mV +39mV 

" " ' ~ < 

Table 1.3 Oxidation-Reduction Midpoint Potentials of Sulfite Oxidase44 

a Universal buffer (20 mM). pH adjustments with acetic acid. b With 0.10 M 

KCl. C With 0.10 M p-toluenesulfonic acid. d Reduction potentials vs. NHE as 

determined by microcoulometry. 
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studied topic for over ten years and an extensive amount of infonnation concerning the 

enzyme and the enzymatic process has been gained in this time.19 

The biologically relevant oxidation states for molybdenum in the cofactor are 

Mo VI, Mo v, and Mo1V.52 Model chemistry with Mo VI has revolved around the dioxo

molybdenum core, [Mo VI02] 2+, 19,57 and the subsequent oxo-transfer reactions of such 

complexes. The oxygen atom transfer chemistry of dioxo-Mo VI compounds is well 

known.58 Oxygen atom transfer from the [Mo V 102] 2+ core to an oxygen atom acceptor 

molecule A results in a reduced [MoIV 0]2+ center and an AO molecule as shown in 

Reaction 1.1. Sterically hindered molybdenum centers must be used in order to prevent 

intennolecular redox reactions between [Mo VI02]2+ and [MoIV 0]2+ to fonn p-oxo Mo V 

dimers as shown in Reaction 1.2. The biological relevance of the Mo V dimers is 

questionable, so Reaction 1.2 must be prevented in model systems. 

1.1 

1.2 

Several dioxo-Mo VI compounds have been synthesized which possess enough 

steric hinderance around the Mo VI center to preclude Reaction 1.2.58 These compounds 

have been shown to catalyze oxygen atom transfer reactions analogous to those thought 

to occur in sulfite oxidase.59-65 The oxo-group is transferred from an oxygen atom donor 
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(XO) to an oxygen atom acceptor molecule (A). This is accomplished with a 

molybdenum catalyst which cycles through [Mo VI02]2+ and [MoIV 0]2+ states as shown 

in Reactions 1.3 and 1.4. The net reaction is the classical two electron transfer process 

seen in Reaction 1.5.63,64 

1.3 

:> 1.4 

XO+A :> X+AO 1.5 

One electron reduction of some [Mo VI02] 2+ complexes in the presence of a proton 

source results in reversible electrochemical reduction processes involving 

[Mo VI02]2+/[Mo vO(OH)]2+.66-68 These products are electrochemical and EPR models 

for the high- and low-pH forms of the cofactor' (see Figure 1.3) in the Mo v state. The 

propensity of compounds containing the [Mo VO]3+ fragment to form spin-paired dimers 

has made the synthesis and characterization of mononuclear monooxo Mo V model 

compounds particularly difficult.58,69 This problem has been overcome in recent years 

by utilizing sterically demanding multidentate ligands to effectively prevent dimer 

formation. Complexes of the type [Mo VO]3+ contain a d 1 molybdenum center and a 

terminally bound oxygen atom. These features dominate the ligand field properties of the 



29 

complexes and the unpaired electron allows the environment at the metal center to be 

probed by EPR spectroscopy.70,71 EPR studies ofmono-oxo Mo v model complexes have 

been used (along with EXAFS) to detennine the coordination environment of the 

molybdenum cofactor. 

The monomeric [MoIV 0]2+ core has also been well documented and many 

biologically relevant model compounds have been prepared. As in the analogous Mo v 

compounds, the ligand field splittings of [Mo1VO]2+ are dominated by the tenninal 

molybdenum to oxygen bond and the complexes exhibit spin-paired (~y)2 electronic 

configurations.72 The importance ofmonooxo-Mo1V compounds in oxo-transferchemistry 

is a wide and continuing area of studyS8 (see previous Reactions 1.3 and 1.4 and 

references therein). The biological relevance of the two-electron oxidation of [MolY 0]2+ 

to [Mo VI02f+ with respect to sulfite oxidase is questionable. The proposed catalytic 

cycle of sulfite oxidase suggests that the [Mo1VO]2+ center in the cofactor is oxidized to 

the [Mo VI02f+ form in two discreet one electron steps by intramolecular electron transfer 

to the bs-type heme center in the enzyme.S7,73 . 

Scope of this Dissertation 

This dissertation describes the synthesis, characterization, and physical and 

chemical studies of several model systems of the molybdoenzyme, sulfite oxidase. Of 

particular interest are the interactions of the molybdenum center of the cofactor with 

various pendant moieties present in the enzyme, namely the cytochrome bs-type heme and 
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the phosphate group of the cofactor. Both groups are proposed to interact with the 

molybdenum center during the catalytic turnover of the enzyme. 

Chapter 2 describes a biologically relevant electron/halogen exchange reaction 

between an FeIn porphyrin and a reduced MolV molecule. The kinetic and 

thermodynamic parameters were determined and a mechanism has been proposed. When 

coupled with an oxygen atom transfer reaction to produce the MolV center, the reaction 

sequence provides a synthetic model for the fIrst two steps of the proposed catalytic cycle 

of sulfIte oxidase. 

Chapter 3 describes the design, synthesis and spectroscopic investigation of 

molecular bimetallic compounds containing both an oxo-Mo V and an FeIn center. The 

magnetic and electronic properties of these molecules are discussed with respect to the 

systematic variation of the Mo-Fe distance. 

Chapter 4 describes the synthesis and 31 P-NMR spectroscopic investigation of oxo

Mo V and dioxo-Mo VI compounds containing pendant phosphate groups. The 31p_NMR 

relaxation parameters are discussed as a function of Mo-P distance and 31p_NMR 

spectroscopy is discussed as a possible probe of the molybdenum site in sulfIte oxidase. 

Chapter 5 contains a brief overview of this dissertation and discusses some 

guidelines for future work in this area. 



CHAPTER 2 

REACTIONS BETWEEN OXO-Mo(IV) AND Fe(IlI) 

COMPOUNDS: A SYNTHETIC MODEL OF AN ELECTRON

HALOGEN TRANSFER REACTION OF SULFITE OXIDASE 

I. Introduction 
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The proposed catalytic cycle for sulfite oxidase is shown in Figure 2.1.52,74 The 

fully oxidized enzyme transfers an oxygen atom from a dioxo-Mo VI center to sulfite to 

produce sulfate and a reduced monooxo-MoIV center. The fully oxidized dioxo-Mo VI site 

is regenerated via two one-electron oxidation processes at the MoIVN site. The 

molybdenum site oxidations are the result of intramolecular electron transfer reactions 

between the MoIVN center and the FeIII state of the b-type heme. The heme is 

reoxidized by two equivalents of the biological electron transfer protein cytochrome c. 

The first two steps of this reaction sequence h,ave been synthetically modeled by two 

separate and well characterized reactions. LMo VI02CI,64 (L = hydrotris(3,5-dimethyl-l

pyrazolyl)borate) transfers an oxygen atom to triphenylphosphine (PPh3) in coordinating 

solvents (DMF) to yield the reduced product LMoIVOCI(DMF). The monooxo-MoIV 

product cleanly reduces FeIIICI(TTP)75 (chIoro-5,1O,15,20-tetra-p-tolylporphinatoiron(III» 

to yield LMo V OCl2 and FeII(TTP). The structures of the reactants are shown in Figure 

2.2. This reaction sequence (see Reactions 2.1 and 2.2) results in an overall transfer of 
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Figure 2.1 The Proposed Catalytic Cycle of Sulfite Oxidase. 
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Figure 2.2 The Structures of LMo VI02CI and FellICI(TTP) 
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an oxygen atorn from Mo VI to the substrate with subsequent electron/halogen transfer 

LMo VIO CI + PPh DMF > 2 3 LMoIVOCI(DMF) + OPPh3 

--~> LMo VOCl2 + FeII(ITP) LMoIV OCI(DMF) + FeIIICI(TTP) 

2.1 

2.2 

between MolV and FellI. The overall process is depicted in Reaction 2.3. This reaction 

also occurs in toluene although the exact products of the initial oxo-transfer 

process (Reaction 2.1) have not been fully characterized when the DMF is replaced by 

the non-coordinating solvent toluene. 

Model chemistry demonstrates that conversion of [Mo V102]2+ centers to 

[Mo1VO]2+ moieties by oxygen atom transfer reactions are common.58,59-65 The oxo-

group is transferred to an oxygen atom acceptor A, causing it to become oxidized while 

the metal center is reduced as in Reaction 2.4. In many cases this can be coupled to a 

reaction in which an oxo-donor, XO, transfers its oxygen atom to the reduced 

molybdenum site as seen in Reaction 2.5. These types of reactions have been well-

studied and are a continuing area of interest in terms of modeling enzymatic processes. 

These reactions generally require sulfur coordination to the molybdenum atom in order 

to facilitate oxo-transfer, but recent examples indicate that this is not an absolute 
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requirement.64 The reaction of LMo VI02Cl with an equimolar amount of PPh3 in DMF 

[Mo VI02] 2+ + A---:l»[MoIVof+ + AO 

[MoIV 0]2+ + XO >[Mo VI02]2+ + X 

2.4 

2.5 

(concentrations:::; 1-10 mM) is complete within 2 minutes. This rate is too fast to be 

measured by common methods but implies a rate constant greater than 6 M-1sec-1 if the 

reaction is assumed to be flrst order in both reactants (this is reasonable since both 

LMo VI02(OPh) and LMo VI02(SPh) are known to give second order reactions with PPh3). 

This rate constant is 2 to 6 orders of magnitude faster than the rates measured for other 

[Mo VI02]2+ complexes as seen in Table 2.1. 

The regeneration of a [Mo VI02]2+ center from a [MoIV 0]2+ complex by means 

of an oxygen atom donor is a two electron process as seen in Reaction 2.5. This is not 

thought to be a relevant process for regeneration of the active site of sulfite oxidase.52,74 

The regeneration of a fully oxidized molybdenum center in sulfite oxidase is 

accomplished by two discreet one electron steps from the reduced monooxo-MoIV. Based 

on EXAFS and EPR data this reoxidation is accomplished through a [Mo VO(OH)]2+ 

intermediate.44,48,49 The oxidation process involving a one electron step from [MoIV 0]2+ 

to [Mo V 0]3+ is modeled by Reaction 2.2. The biological intramolecular one electron 

process is between the MOl V center of the cofactor and the FeIII site of the b-type heme 

of sulfite oxidase whereas the model system utilizes FeIIICI(TTP) as the electron acceptor. 
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,- ,'.', 

Complex Temperature (0C) k (Msecr1 Reference 

'" -- ) " ,~.'. , c,r;-

Mo02(S2CNEt2)2 25° 7 x 10-2 59 

, , 
Mo02(LNS2) 25° 7 x 10-3 61,59 

" 

LMo02(S2P(OEt)2) 25° 3 x 10-3 63 

Mo02(L-Cys-OEt)2 35° 3 x 10-3 58 

LMo02(OPh) 25° 6 x 10-4 64 

LMo02(SPh) 25° 2 x 10-6 64 

LMo02Cl 25° 6a this work 

. -, ~ 

Table 2.1 Second-Order Rate Constants for the Reaction of Some [Mo VI02]2+ 

Complexes with PPh3• 

a Estimated from this work. The rate is too fast to be measured by standard 

methods. 
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The overall reaction process seen in Reactions 2.1 and 2.2 is a biologically relevant 

structural and functional model for the ftrst two steps of the proposed catalytic cycle of 

sulftte oxidase. 

II. Experimental 

Materials 

Reactions were carried out under an atmosphere of dry argon unless specilled 

otherwise. Subsequent workups of anaerobic reactions were carried out in air. All 

chemicals were obtained from commercial sources and used as received unless mentioned 

below. Solvents were treated in the following manners: dimethylfonnamide (DMF) was 

stored over 4A molecular sieves; dichloromethane and dichloroethane were distilled from 

calcium hydride; ethanol was distilled from calcium oxide; toluene was distilled from 

sodium. Triphenylphosphine (PPh3) and tetrabutylammonium tetrafluoroborate were 

recrystallized from ethanol. Chromatography was conducted using glass columns wet

packed with either silica gel (Sigma, S-2509) or neutral activated alumina. Potassium 

hydrotris(3,5-dimethyl-1-pyrazolyl)borate (KL)76 and [hydrotris(3,5-dimethyl-1-

pyrazolyl)borato ]dichlorooxo-molybdenum(V) (LMo V OC12) 77 were prepared according 

to literature methods. [Hydrotris(3,5-dimethyl-l-pyrazolyl)borato ]chlorodioxo

molybdenum(VI) (LMo V102CI),64 [hydrotris(3,5-dimethyl-l-pyrazolyl)borato]chloro

(dimethy lfonnamido )oxomol y bdenumIV (LMo1V OCl(D MF), 64 5,10,15 ,20-tetra-p-toly 1-

porphyrin (Tfp),78 and chloro-5,1O,15,20-tetra-p-tolylporphinatoiron(III) (FeIlICI-
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(TIP»7S,79 were prepared by modifications of the published procedures. ~croanalyses 

were perfonned by Atlantic Microlab, Inc., Atlanta, GA. 

Preparation of Compounds 

[Hydrotris(3~.dimethyl.l·pyrazolyl)borato ]chlorodioxomolybdenum(VI), LMo VI02CI 

Mo02Cl2 (4.0 g, 20 mmol) was dissolved in DMF (40 ml) at room temperature. 

K[HB(M~z)3] (7.0 g, 21 mmol) was added to the solution and the slurry stirred 

vigorously for 6 h. The pale yellow precipitate was collected by filtration on a medium 

glass frit, washed with diethyl ether and acetone and dried in vacuo. The crude product 

was purified by adsorption column chromatography on silica gel. Separation with 

dichloromethane gave a yellow band moving slightly slower than the solvent front (the 

product, LMo VI02CI, is only slightly soluble in dichloromethane which requires that large 

volumes of solution must be chromatographed). The yellow band was collected and the 

solvent removed in vacuo. Recrystallization from dichloroethane gave a bright yellow 

powder. Yield: 6.2 g (65%). IR (KBr): v(B-H) 2546 w; v(Mo-O) 930 s, 900 scm-I. 

IH-NMR (DMF-d7, referenced to residual protons in DMF-d6): B 2.457s (3H); B 2.464s 

(6H); B 2.596s (3H); B 2.625s (6H); B 6.047s (2H); B 6.150s (lH). 

CIsH22BCIMoN606 

Calc: 

Found: 

C 39.12 

C 39.10 

H 4.81 

H 4.80 

N 18.25 

N 18.27 

CI 7.71 

CI 7.66. 
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[Hy drotris(3,5. dimethy 1·1· pyrazoly I) bora to ]chloro( dimethy Iforma mi do )oxo· 

molybdenum(IV), LMoIV OCI(DMF) 

LMo1VOCI(DMF) was generated in situ by the reaction ofLMo VI02CI with excess 

PPh3. LMo VI02CI was dissolved in DMF such that the final [Mol ranged from about 1 

x 104 M to 5 x 1O-3M depending upon the spectroscopic method intended for analysis. 

PPh3 was added in excesses ranging from 2 to 100 times the initial [Mo]. In all cases 

the reactant LMo VI02CI was quantitatively reduced to LMoJVOCI(DMF). The reaction 

was complete within the mixing time (::::: 1 min) and the initial LMo VI02CI was never 

detected after the addition of PPh3. The initial pale yellow sample was transformed into 

a green solution having a Amax at 790 nm (E = 120 M- I em-I). All attempts to isolate or 

crystallize samples of LMoIV OCI(DMF) failed, but solutions appeared to be indefinitely 

stable (at least 1 week) under strict anaerobic conditions. IH-NMR (DMF-d7, referenced 

to residual protons in DMF-d6): B 2.147s (3H); 2.278s (3H); 2.463s (3H); 2.531s (3H); 

2.535s (3H); 2.557s (3H); 5.618s (1H); 6.042s (lH); 6.085s (lH). 

5,10,15,20· Tetra-p-tolylporphyrin, TTP 

p-Tolualdehyde (18.0 g, 150 mmol) was dissolved in propionic acid (500 ml) and 

brought to reflux. Freshly distilled pyrrole was added to the solution with vigorous 

stirring and the reflux maintained for 50 min. The reaction mixture was allowed to come 

to room temperature and fIltered. The purple solid was washed with cold ethanol. The 

product was purified by adsorption chromatography on neutral alumina followed by 
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chromatography on silica gel. The separation in two steps with dichloromethane gives 

one deep purple band on each adsorbent. The major band was collected and the solvent 

removed in vacuo. Recrystallization from dichloromethane/ethanol gave purple crystals. 

Yield: 3.2 g (3%). This compound was only identified by its IH-NMR spectrum since 

it is an intennediate in the preparation of the target iron-containing porphyrin. IH-NMR 

(CDCI3, referenced to the proton in CHCI3): 8 2.50s (l2H); 8 7.38d-BHz (BH); 8 B.l2d-

8Hz (BH); 8 9.06s (BH). 

Chloro.5,10,15,20.tetra.p.tolylporphinat~iron(III), FellICI(TTP) 

TIP (2.0 g, 3 mmol) was dissolved in DMF (100 ml) and brought to reflux. 

FeCli4H20 (1.2 g, 6 mmol) was added and the reflux maintained until iron insertion was 

complete as evidenced by the loss of the TIP bands in the electronic spectrum (usually 

less than 30 min). The DMF was removed in vacuo at elevated temperature. 

Dichloromethane (100 ml) was added to yield a brown solution. This solution was 

purified by adsorption chromatography on silica gel with dichloromethane as eluant. This 

procedure converts the product into [FeIII(TTP)hO and removes any inorganic metal salts. 

The green dimer was reconverted into the chloroiron monomer by a biphasic reaction with 

HCl. The dimer was dissolved in dichloromethane (l00 ml) and reacted with two 

volumes (400 ml) of aqueous hydrochloric acid (2 M) by vigorous stirring. The aqueous 

layers were removed in a separatory funnel and the remaining dichloromethane layer was 

washed with two portions (400 ml) of pure water. The solvent was removed in vacuo. 
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The black powder was recrystallized from dichloromethane/ethanol to give dark 

purple/black microcrystals. Yield: 1.9 g (85%). IH-NMR (toluene-dB' referenced to the 

residual proton in the CD2H group of toluene-d7): B 4.84s (4H); B 5.93s (12H); B 7.48s 

(4H); B 11.65s (4H); B 12.77s (4H); B 80.54s (8H). 

C48H36N4FeCI 

Calc: 

Found: 

C 75.84 

C 75.60 

Physical Measurements 

H 4.77 

H 4.82 

N 7.37 

N 7.31 

CI 4.66 

CI 4.77. 

Infrared spectra were recorded on a Perkin-Elmer 983 spectrophotometer as KBr 

pellets unless noted otherwise. Cyclic voltammetry was performed using an IBM EC/225 

potentiostat and a normal three-electrode configuration. The reference electrode was a 

saturated calomel electrode (SCE) with a platinum disk working electrode and a platinum 

wire counter electrode. The sample concentration was approximately 1 mM and the 

supporting electrolyte was tetrabutylammonium tetrafluoroborate at 100 mM. All half

wave potentials were also referenced against the ferrocenium/ferrocene ion couple in order 

to eliminate effects due to differing junction potentials between solvents. IH-NMR 

spectra were recorded on a Broker AM-500 spectrometer. Electronic spectra were 

recorded on a modified Cary 14 spectrophotometer equipped with an OLIS interface and 

software. Electron paramagnetic resonance (EPR) measurements were obtained with a 
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Varian E-3 spectrometer. Room temperature EPR spectra were referenced to external 

diphenylpicrylhydrazide (DPPH). Low-temperature spectra were obtained with a liquid 

nitrogen sample Dewar. Samples in DMF were measured at room temperature with a 

thin-layer cell and at low temperature by diluting with an equal volume of dry toluene 

and utilizing normal 5 mm quartz tubes. All manipulations requiring anaerobic conditions 

were completed utilizing normal Schlenk and cannula techniques. 

Kinetic Measurements 

Kinetics were measured in DMF and toluene. Reactions were followed by both 

visible and NMR spectroscopies. Visible measurements were made on a modified Cary-

14 spectrometer equipped with an OLIS interface and software. Solutions were 

equilibrated to 25°C prior to use and were maintained to within iO.5°C with a circulating 

propylene glycol bath and modified cuvette holders. The IH-NMR measurements were 

made on a Bruker AM-500 spectrometer equipped with a Bruker Temperature Controller 

to maintain temperature within the probe. The actual probe temperature was checked by 

calibration with both ethylene glycol and methanol and is accurate to ±O.5°C. 

Care was taken to be as consistent as possible in all runs. Solutions of 

LMo VI02CI and FeIIICI(TTP) were premixed in septa sealed cuvettes or NMR tubes. 

These solutions were then degassed for at least 15 min by a stream of bubbling argon. 

Triphenylphosphine solutions were prepared and degassed separately. The PPh3 was 

added with a microsyringe such that the total volume change was always less than 5% 
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and the [PPh3]/[LMo V I02Cl] ratio was at least 5. This method generated the reduced 

MolV species, LMoIVOCI(DMF), within the mixing time « 1 min). Actual experimental 

concentrations and subsequent data workup were dependent upon the solvent used and the 

spectroscopic method utilized to follow the reaction. The individual experimental 

conditions and methods of data analysis will be discussed where appropriate. 

III. Results 

Oxygen Atom Transfer Reaction in DMF 

Oxygen atom transfer reactions of the type [Mo VI02]2+ to [MoIV 0]2+ are well 

known58 and the specific oxo-transfer chemistry of LMo VI02Cl has been well studied.64 

Reaction of LMo VI02Cl with excess PPh3 in coordinating solvents (Sol) yields 

LMoIV OCI(Sol) as the only molybdenum containing product. 31 P-NMR spectroscopy 

confirms that 1 mol of OPPh3 is produced per mol of LMo VI02CI reacted with PPh3. 

The resulting LMolV OCI(Sol) products, however, have not been well studied. A crystal 

structure determination has been published for'LMoIVOC1(pyridine)64 but there is no 

spectroscopic data available for any other coordinating solvents. The structure of the 

pyridine adduct shows that the ligands are arranged in a distorted octahedral geometry 

with three of the nitrogen atoms of the poly-pyrazolylborate ligand occupying the 

coordination sphere with facial geometry. The pyridine molecule occupies one of the 

remaining sites cis to both the chloro and oxo ligands. 

The reaction of LMo VI02Cl with excess PPh3 in DMF is very rapid (complete in 
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< 1 min when PPh3 is present in a 5-fold excess). The green product, LM~IVOCl(DMF), 

has a broad visible absorbance maximum at 790 nm with an E of about 120 M-1cm-1, 

characteristic of a [Mo1VO]2+ dod transition63 (see Figure 2.3). The complex is 

indefinitely stable under anaerobic conditions as evidenced by the stability of the visible 

spectrum, which remained constant for at least 5 days unde.r an anaerobic environment. 

The product, LMo1VOCI(DMF), is apparently non-reactive towards water (see below). 

Reaction 2.1 is easily monitored by 1 H-NMR spectroscopy in DMF-d7 (see Figure 

2.4). The Cs symmetry of the parent LMo VI02Cl results in proton singlets of intensities 

1:2:6:3:6:3 that are assignable to the three pyrazolylborate ring protons and the eighteen 

protons of the methyl groups. The product, LMo1VOCI(DMF), has no symmetry, as seen 

by the proton resonances which are now in the ratio of 1:1:1:3:6(br):3:3:3. This spectrum 

is indefinitely stable under anaerobic conditions and is independent of the amount of 

water present (integrations of the proton signals suggest that the H20 to LMoIV OCI(DMF) 

ratio is at least lOin the NMR experiments). The final spectrum is similar to that 

obtained for LMo1VOCI(pyridine).80 

Reversible, one-electron reductions of [Mo V102]2+ centers to [Mo v 02] 1+ are rare 

and only occur when there is sufficient steric bulk around the metal center to prevent 

dimer formation.66-68 Reduction of [Mo V102] 2+ usually results in the loss of one of the 

terminal oxo ligands and subsequent dimer formation. LMo VI02Cl displays completely 

irreversible electrochemical behavior when studied by cyclic voltammetry in DMF. The 

reduced product from the oxo-transfer reaction, LMo1VOCI(DMF), however, displays 
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Figure 2.3 Visible Absorbance Spectra of LMo VI02CI and LMoIV OCI(DMF) 

Initial [Mo] = 1.0 mM in DMF, - = LMo VI02Cl, 0 = LMo1VOCICDMF), 

LMoIVOCICDMF), A.max. = 790 nm, E;::;: 120 M-1cm-1. 
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Figure 2.4 IH-NMR Spectra of LMoVI0 2CI and LMoIVOCI(DMF). 
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Initial [Mol"'" 1.0 mM. Spectra were recorded at 500 MHz and referenced to 

residual protons in DMF-d7. LMo1VOCl(D:MF) was generated in situ by the addition of 

a slight excess of PPh3. 
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Figure 2.5 Cyclic Voltammetry of LMo V102CI and LMoIV OCI(DMF). 
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-1.00 

Initial [Mo] "" 1 mM. Recorded in DMF with 100 mM [Bu4N][BFJ as supporting 

electrolyte. Reference is SeE and voltammograms were recorded with a scan rate of 

100 mV/sec. LMo1VOCl(DMF) was generated in situ by the addition of a slight excess 



48 

pseudo-Nernstian behavior (see Figure 2.5). Cyclic voltammetry in DMF shows a nice 

reversible wave at +93 mV vs. SCE. The reduction wave for the 

[LMoVOCl(DMF)]l+/LMoIVOCl(DMF) redox couple was compared to that of 

LMo v OCI2. Coulometric experiments have shown that the reduction wave for 

LMo V OCI2/[LMoIV OCI2] -1 is due to a one-electron process.77 Comparison of the peak 

currents of equimolar solutions of LMoIV OCI(DMF) and LMo V OCl2 shows that the 

reduction for LMoIV OCI(DMF) is also a one-electron process. 

Oxygen Atom Transfer Reaction in Toluene 

The oxygen atom transfer reactions of the [Mo VI02]2+ core in non-coordinating 

solvents such as toluene are not well understood. Oxo-transfer reactions of [Mo VI02]2+ 

normally require a ligand to occupy the site vacated by the oxo group to prevent dimer 

formation. This requires either a strongly coordinating solvent molecule or a monodentate 

to bidentate ligand process to stabilize mononuclear species by occupying all of the 

available coordination sites.58,63,64 When the open coordination site is not filled, as is 

the case for LMo VI02CI in toluene, many secondary reactions can take place. The most 

well known of these reactions is dimer formation; an example of the most common type 

is shown in Reaction 2.6. 

> 2.6 
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LMo VI02CI reacts with PPh3 in toluene to yield a concentration dependent product 

or mix of products. 31p_NMR spectroscopy indicates that in concentrated solutions (at 

least 0.1 M) only 0.5 mole of triphenylphosphine oxide (OPPh3) is produced per mole of 

LMo VI02CI initially present. The deep purple product is EPR silent and has a strong 

visible absorbance at 480-500 nm with E"" 8000 M-I cm-I• A strong IR band at 785 cm-I 

is also present and corresponds to a Mo-O-Mo stretch. These data are consistent with the 

reaction sequence shown in Reactions 2.7 and 2.8 with the final product being the dimer 

[LMo VOClhO.64 There were no other molybdenum or iron containing products detected 

under these reaction conditions. 

LMo VI02CI + 1/2PPh3 

LMoIV OCI + LMo VI02CI 

> 

> 

l/2LMoIV OCI 

[LMoVOClhO 

2.7 

2.8 

The situation is much more complicated at the concentrations employed in the 

experiments here « 5 mM). 1 H-NMR spectroscopy indicates that all of the resonances 

assignable to LMo VI02CI disappear within 5 min after a 5-fold excess of PPh3 is added. 

No signals are apparent in the normallH-NMR spectral region after 24 h (see Figure 2.6). 

Scans from + 1 00 ppm to -100 ppm vs. TMS reveal no paramagnetically shifted peaks 

over this same time period. I H-NMR studies of paramagnetic LMo VOC12 under the same 

conditions reveal no resonances when measured at 500 MHz. The very slow electrof'ic 

relaxation times (estimated at ::;: 10-8 sec)81 coupled with the high magnetic field results 
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in lines that are broadened beyond detection limits. 

EPR studies of this reaction indicate that a single EPR active species is present 

immediately following the addition of PPh3. The signal is seen in Figure 2.7 and has a 

<g> of 1.944 and displays reversible proton hyperfme splitting of 16 G as well as A 

(95,97Mo) hyperfine of :::: 50 G. This signal is assigned to LMo VOCI(OH). The source 

of the hydroxyl group has not been detennined but at the low concentrations employed 

in this experiment, 0.005% by weight water is all that is required to fully generate 

LMo V OCI(OH) if it forms in a manner similar to that depicted in Reactions 

2.9 - 2.12. This signal is slowly replaced (over days) by a complex signal which is 

LMo V102CI + PPh3 > LMo1VOCI(open site) 2.9 

LMoIV OCI + H2O 0( > LMoIV OCI(H20 ) 2.10 

LMoIV OCl(H20 ) 0( > [LMo VOCI(OH2)]+ + e- 2.11 

[LMo V OCI(OH2)]+ 0( > LMo V OCI(OH) + W 2.12 

either two separate species or an unsymmetrical and/or mixed-valent Mo dimer (see 

Figure 2.8). The rate of appearance of the fmal spectrum is very sensitive to the amount 

of oxygen (air) in the sample. Samples prepared open to the air resulted in a much faster 

rate of appearance of the new signals as compared to those samples that were treated 

under anaerobic conditions. The resulting final spectrum is unreactive towards the 

addition of D20 indicating that there are no longer any exchangeable protons present. 
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Figure 2.6 IH-NMR Spectra of LMo VI02Cl in Toluene Before and After the 

Addition of PPh3• 

Initial [Mol == 1.0 mM. Spectra were recorded at 500 MHz and referenced to 

residual protons in Tol-ds. Spectrum A) displays the 2: 1 splitting expected for 

LMo VI02Cl. B) was recorded 24 hours after the addition of a 5-fold excess of PPh3 and 

is displayed on a scale twice as large as in A). 
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Figure 2.7 EPR Spectra of LMo VOCI(OH) and LMo V OCI(OD) 
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A is the EPR spectrum immediately formed upon the addition of 1 equivalent of 

PPh3 to a 1 rnM solution of LMo VI02el in toluene. Spectrum B is the same signal after 

the addition of a small amount of D20. 
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Figure 2.8 Final EPR Spectrum of the Reaction of LMo VI02CI with PPh3 in 

Toluene 

This spectrum was recorded 48 hours after the addition of 2 equivalents of PPh3 

to a 1 mM solution of LMo V102Cl. The paramagnetic compound/compounds responsible 

for this spectrum have not been determined. 
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The UV Nis spectra taken over the course of the reaction between the LMo VI02CI and 

PPh3 are seen in Figure 2.9. The sample contained 5.0 x 104 M Mo VI to which a 5-fold 

excess of phosphine was added. Spectra were recorded every 1 h for 25 h. The band at 

::::: 475 nm corresponds to that already assigned to [LMoVOClhO.64 This absorbance has 

an extinction coefficient of::::: 1200 M-1cm-1 if the product is assumed to quantitatively 

form under these conditions. This number is very low for a Mo v-O-Mo V dimer and 

suggests the presence of other products in the reaction mixture. There is also a lack of 

an isosbestic point in the visible region. The presence of at least one other species is 

evident by EPR spectroscopy which indicates at least one EPR active Mo V compound 

present throughout the reaction. The initial EPR spectrum assigned to LMo V OCI(OH) 

is slowly transformed into that of a currently unidentified species. The broad visible 

absorbance at ::::: 750 nm with very low absorptivity is typical of [LMoIVO]2+ and 

[LMo VO]2+ complexes.63,77 

ElectronlHalogen Transfer Reaction in DMF 

The reactions of LMo VI02CI and FeIIICI(TTP) with PPh3 were studied under 

anaerobic conditions in DMF. LMo1VOCI(DMF) was generated in situ by the addition 

of excess PPh3 (at least 5-fold) to a solution containing both LMo VI02CI and 

FeIIICI(TTP). FeIIICI(TTP) was found to be unreactive toward PPh3 or OPPh3 under the 

conditions used in these experiments. No differences were detected in either the IH-NMR 

or UV Nis spectrum of FeIIICl(TTP) in the presence of a 100-fold excess of PPh3 or 
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Figure 2.9 The Reaction of LMo02CI with PPh3 in Toluene as Monitored by Visible 

Absorbance Changes. 

[LMo VI02CI]init = 5.0 x 104 M with 5 equivalents of PPh3. Each successive scan 

represents approximately 1 hour of the reaction. There are no isosbestic points. The final 

scan (highest absorbance) was taken after 2 days of reaction. 
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The reaction of LMo VI02CI with excess PPh3 is complete within one min. This 

very fast reaction is followed by a much slower reaction between LMoIVOCI(DMF) and 

FeIllCI(TTP). The slow reaction was monitored under anaerobic conditions in DMF by 

UV Nisible, EPR, and NMR spectroscopies. The visible spectral changes resulting from 

a 4: 1 ratio of LMolV OCI(DMF):FeIIICI(TTP) are displayed in Figure 2.10. The initial 

absorbance spectrum of FeIllCI(TTP) is unaffected by the presence of LMolV OCI(DMF) 

over the range 475 - 600 nm due to the large differences in the extinction coefficients and 

a lack of MolV absorbances in this region. The spectrum of FeIllCI(TTP) with Amax at 

508 and 570 nm is slowly converted to a spectrum with Amax at 535(sh), 568, and 608 

nm. This conversion requires less than 5 h under the above reaction conditions. There 

is an isosbestic point at 530 nm present throughout the course of the reaction indicating 

the presence of only two absorbing species. The final spectrum is identical to that 

previously published for FeII(TTP) in DMF.82-85 EPR measurements of the final reaction 

mixture indicated the presence of only one active species in the room temperature 

spectrum. The signal has a <g> of 1.947 and a 95,97Mo <A> value of 46 x 10-4 cm-1, 

which corresponds to the values reported for LMo VOCI2.77 Direct comparison of the 

reaction spectrum with that of an independently prepared sample of LMo V OCl2 indicate 

that they are superimposable (see Figure 2.11). No other products were detected by EPR, 

UV Nis, or NMR spectroscopy. 
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Figure 2.10 Reduction of FeIllCI(TTP) by LMo1VOCI(DMF) in DMF as Monitored 

by Visible Spectral Changes. 

[LMo1VOCl(DMF)hnit = 3.8 x 10-4 M. [FeIIICl(TTP)]init = 7.5 x 10,5 M. Each 

successive scan represents approximately 8.5 minutes of the reaction. Isosbestic point is 

at 530 nm. 
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Figure 2.11 Comparison of the Room Temperature EPR Spectrum of the Final 

Product of Reaction 2.3 with that of LMo V OCI2 

A) [LMoVOCI2] "" 1 mM in DMF prepared according to reference 77. B) Final 

product mixture of the reaction of LMo1VOCl(DMF) with FeIIICl(TTP) in DMF, [MoIV] 

"" 0.4 mM. 
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Kinetics of the Reaction in DMF 

The kinetics of the reaction between LMoIV OCl(DMF) and FeIlICl(TTP) in DMF 

were investigated under pseudo-flrst-order conditions (LMoIVOCl(DMF) in excess) at 

25°C by following the loss of absorbance at 508 nm in the electronic spectrum. The 

initial concentrations of FeIlICl(TTP) ranged from 1 x 10-5 M to 1 x 10-4 M with the 

corresponding [LMoIVOCl(DMF)] ranging from 10 to 25 times that of the [FellI]. The 

reaction is zero-order in Fe; plots of [FeIlICl(TTP)] (i.e. plots of Abs-Abs/Abso-Absi 

where Abs is the absorbance at time = t, Absi is the absorbance at time = inflnity, and 

Abso is the absorbance at time = 0) vs. time are linear to 95% completion and are 

independent of the initial [FeIlICI(TIP)] (see Figure 2.12). Plots of kobs (in M/sec) vs. 

[LMo1VOCI(DMF)] are linear and give a flrst-order rate constant of 4.6 x 1O-5sec-1 at 

25°C (see Figure 2.13)86. It should be noted that due to the overall order of the above 

reaction, the reaction between MolV and FellI was followed for only 0.1 to 0.04 of a half

life with respect to the initial [LMo V102CI] present because Mo was initially present in 

a 10- to 25-fold excess and the reaction is zero-order in Fe. Therefore, although the 

above experiments clearly deflne the rate-law for the reaction, the actual rate constant is 

artiflcially high since the series of kobscrvcd values used in the determination of Is-caction 

were in effect the initial reaction velocities. 
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Figure 2.12 Reduction of FelliCI(TTP) by LMoIV OCI(DMF) 
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Plots of [FeIII] vs. time as monitored by the loss of absorbance at 508 nm. 

[Mo]init = 1.1 x 10-4. The rate of disappearance of [FeIII] is independent of [FeIII]init' 

The rate at this [Mo] is 3.8 x 10-8 M/sec. 
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Figure 2.13 Determination of the First-Order Rate of the Reduction of FemCI(TTP) 

by LMoIV OCI(DMF) 

Plots of zero-order rates (M/sec) vs [Mo]inir The rates were obtained under 

pseudo-first-order conditions (Mo in excess) by monitoring the loss of [FeIII] as evidenced 

by a decrease in absorbance at 508 nm. The first-order rate determined in this manner 

is 4.6 x 10-5 sec-I. 
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The reaction was also monitored by IH-NMR spectroscopy. These experiments 

were not run under pseudo-flrst-order conditions due to detection and solubility limits. 

The initial concentration of FeIIICI(TTP) was;::: 1.0 mM and reactions were run at Fe:Mo 

ratios of 1 :0.5, 1: 1, and 1 :2. at 25°C. The signals assignable to LMoIV OCI(DMF) are 

fully formed within 5 min (this is the minimum time required to reinsert the sample, 

establish deuterium lock, and collect a spectrum). The resonances of LMoIV OCI(DMF) 

disappear very slowly over time (see Figure 2.14), whereas the resonances due to 

FeIIlCI(TTP) and FeII(TTP) are not able to be confidently followed due to probable spin 

exchange, solvent exchange, or electron-nuclear dipolar relaxation. Plots of 

In([Mo]oI[Mo]t) vs. time are linear to 85% of the reaction and yield a flrst-order rate 

constant of 1.7(5) x 10-5 sec-l (see Figure 2.15). The NMR results are independent of 

the initial concentrations of either LMoIV OCI(DMF) or FeIIICI(TTP). 

Electron/Halogen Transfer Reaction in Toluene 

The reactions of LMo V102CI and FeIllCI(TTP) with PPh3 were studied under 

anaerobic conditions in toluene. FeIllCI(TTP) was found to be unreactive toward PPh3 

and OPPh3 under conditions used in these experiments. No differences were detected in 

either the IH-NMR or UVNis spectra of FeIIICI(TTP) in the presence of a 100-fold 

excess of PPh3 or OPPh3. 

The oxo-transfer reaction of LMo V102CI with excess PPh3 is much more complex 

than the analogous reaction in DMF. It has already been established that at low 
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Figure 2.14 IH-NMR Spectra of the Reduction of FeIllCI(TTP) by 

LMoIV OCI(DMF). 

[LMoIVOCI(DMF)] = 1.8 mM. [FeIIICI(TTP)] = 1.0 mM. The resonances 

displayed correspond to three of the pyrazolyl methyl groups of LMo1VOCI(DMF). 

Spectra were recorded approximately every 64 minutes. 
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Figure 2.15 Determination of the First-Order Rate Constant by IH-NMR 

Spectroscopy 

Plot of In([Mo]init/[Mo]t vs time as monitored by the loss of intensities in the 

methyl resonances of LMo1VOCI(DMF) (see Figure 2.14). The rate was independent of 

[Mo]init or [Fe]init" The first-order rate constant is 1.7(5) x 10-5 sec-I. 
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concentrations (::::: 1 mM) in toluene the initial oxo-transfer reaction from LMo VI02Cl to 

PPh3 results in a complex mixture of at least two products. The initial oxygen atom 

transfer is complete within 5 min as evidenced by the loss of methyl resonances in the 

IH-NMR spectrum of the parent Mo VI compound (see Figure 2.6). In the presence of 

FeIIIC1(TTP), the fast oxo-transfer process is followed by a much slower second reaction 

that is complete within 5 h after the addition of PPh3 when the initial 

[LMo VI02Cl]/[FeIIICI(TTP)] ratio is 2.6 x 1O-4M/6.2 x 1O-5M. This slow reaction was 

monitored under anaerobic conditions by UV Nis, EPR, and NMR spectroscopies. 

The visible spectral changes resulting from a 2: 1 ratio of Mo:Fe (initial [FellI] = 

1.25 x 1O-4M) are displayed in Figure 2.16. The initial absorbance spectrum of 

FeIIICI(TTP) is unaffected by the presence of the reduced Mo species over the range of 

500 to 800 nm due to the large differences in extinction coefficients and the lack of Mo 

absorbances in this region within the time frame of the reaction (5 - 10 h). The spectrum 

of FeIIICI(TTP) with "-max at 509, 572, and 690 nm is slowly converted to a spectrum 

with a single "-max at 540 nm. This conversion requires about 10 h under the above 

reaction conditions. There is an isosbestic point present at 526 nm indicating the presence 

of only two absorbing species. The fmal spectrum is identical to that previously 

published for FeII(TTP) in toluene. 

EPR measurements taken during the course of the reaction show the initial 

appearance of the doublet signal previously assigned to LMo V OCI(OH). This signal is 

converted to a final spectrum with <g> = 1.947 and 95,97Mo <A> = 46 x 10-4 cm-1 which 
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is identical to the EPR spectrum previously described for LMo VOC12 (see Figure 2.11).77 

The rate of appearance of this signal approximates the rate of appearance of 

FeII(TIp)84,85 as seen in the UV Nis experiments, but it should be noted that quantitative 

analysis with the Varian E-3 EPR spectrometer is not very reliable due to temperature 

fluctuations and field drift. 

The reaction was also followed by IH-NMR spectroscopy. Due to solubility and 

sensitivity requirements the reaction was followed at 1: 1 and 2: 1 ratios of FeIIIC1(TTP) 

to LMo VI02CI ([LMo V102CI]init .,. 1.0 mM). All of the resonances assignable to 

LMo V102CI disappear upon the addition of PPh3 and no other molybdenum containing 

products return over the course of the reaction (at least 48 h). The tolyl methyl 

resonances of FeIIICI(TTP) and Fell (TIP) are observed at 6.2 and 5.5 ppm respectively. 

The peak assigned to the methyl protons of FeIIICI(TTP) is slowly replaced by a 

resonance corresponding to the methyl groups on Fell (TIP) over the course of the 

reaction. The overall 1: 1 stoichiometry of the reaction is confirmed by integration of the 

final relative peak areas. Although the actual reactive molybdenum species is not known 

and cannot be clearly detected by any available technique, the net reaction seen in 

Reaction 2.11 is clearly occurring (the stoichiometry involving the phosphine and 

phosphine oxide has not been determined unambiguously but is assumed to be 1 as 

evidenced by the rapid loss of all signals assignable to LMo VI02CI which would require 

1 equivalent of phosphine). 
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Figure 2.16 The Reaction of LMo V102C1 with PPh3 and FeIIICI(TTP) in Toluene as 

Monitored by the Visible Spectral Changes. 

[LMo1V OCICDMF)]init = 2.6 x 10-4 M. [FeIIICI(TIP)]init = 1.2 x 10-4 M. Each 

successive scan represents approximately 10 minutes of the reaction. Isosbestic point is 

at 526 nm. 
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Kinetics of the Reaction in Toluene 

The kinetics of the overall reaction between LMo VI02CI and FeIIICI(TIP) with 

PPh3 in toluene were investigated under various conditions at 25°C. Due to solubility 

constraints the kinetics runs were conducted at or near equimolar ratios of Mo to Fe 

(PPh3 was also present in at least a 5-fold excess with respect to [Mol). The reduced Mo 

species which participate in the electron/halogen exchange reaction have not been 

determined. The previously discussed results indicate that the active species is present 

in fast equilibrium with at least two other molybdenum species (or may in fact be one of 

the identified products). The reaction was followed by UV Nis spectroscopy at 

[FeIilCI(TIP)]init of 5.1 x 10-5 to 1.2 x 104 M and [LMo VI02CI]init of 1.2 x 10-4 to 2.6 

x 1O-4M. The results were analyzed with respect to several reaction orders, but the only 

appropriate fit was to an overall second order reaction (first order in both reactants). 

Plots of (l/[Fe]o-[Mo]o)Ln{[Mo]o([Fe]o-X)/[Fe]o([Mo]o-X)}(where [Mo]o and [Fe]o are 

the initial concentrations of iron and molybdenum and X is the amount of Fe reacted after 

time t) vs. time86 are linear to 90% of the reaction and give a second order rate constant 

of 1.2(8)M-1sec-1 (see Figure 2.17). The large error in these measurements results from 

the low concentrations required and the strong dependence of the method of calculation 

upon the initial concentrations of reactants. 
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Figure 2.17 Determination of the Second·Order Rate Constant for Reaction 2.11 by 

Electronic Spectroscopy 

Plot of (l/[Fe ]0-[Mo ]o)ln ( [Moo([Fe ]0-X)j[Fe ]o([Mo ]0-X)} where [Mo]o and [Fe]O are the 

initial concentrations of Mo and Fe and X is the amount of Fe reacted after a time t vs 

time as monitored by UV /Vis spectroscopy. The second-order rate constant is 1.2(8) M-
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Attempts were also made to follow the kinetics by IH-NMR spectro~copy at 25°C, 

but the molybdenum concentrations could not be followed due to the lack of any 

resonances associated with reduced molybdenum species. FeIIICI(TTP) and FeII(TTP) 

display resonances associated with their respective tolyl methyl protons at 6.1 and 5.5 

ppm. The relative peak areas cannot be accurately measured due to several factors: the 

overall broadness of the bands, the general proximity of the two resonances, and the 

presence of the broad phosphine proton resonances which slightly overlap the other 

signals. Thus, the actual rates could not be determined by IH-NMR spectroscopy but the 

experiments did conflrm the overall stoichiometry of the reaction. 

IV. Discussion 

The Electron/Halogen Transfer Reaction in DMF 

The overall reaction of LMo VI02CI and FeIIICI(TTP) with PPh3 in DMF was 

studied at 25°C by UV Nis, EPR, and NMR spectroscopies. The initial fast oxo-transfer 

process is followed by a much slower electron/halogen exchange reaction between the 

now reduced LMoIV OCI(DMF) and FeIIICI(TTP). The net reaction process is seen in 

Reaction 2.12. UV Nis spectra taken over the course of the reaction display an isosbestic 

point at 530 nm indicating the presence of only two absorbing 
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species at this wavelength (see Figure 2.10). These are clearly identified as FeIIICI(TTP) 

and FeII(TTP) in DMF based on comparison to the previously published spectra for both 

species. 

The IH-NMR studies of the initial oxygen atom transfer reaction of LMo V102CI 

with PPh3 indicate the presence of only one reduced MolV product. This compound is 

identified as LMoIVOCICDMF) (see Figure 2.4) based on comparison to the previously 

isolated compound, LMoIVOCI(pyridine). The oxo-transfer process is followed by the 

already discussed reduction of the FeIII center with concomitant appearance of a room 

temperature EPR active species identified as LMo V OCI2. Comparison of the product 

spectrum to that of an independently prepared sample of LMo V OCl2 indicated that the 

two spectra are identical (see Figure 2.11). There were no other molybdenum or iron 

compounds identified by these spectroscopic methods. 

The absolute identification of the axial ligand or ligands present on FeIIICI(TTP) 

dissolved in DMF is a non-trivial task8? with implications as to the precise nature of the 

electron/halogen exchange active species proposed above. The solvent dependence of the 

addition of neutral nitrogen-donating bases (B) to FeIIICI(TPP) (where TPP is the 

5,1O,15,20-tetraphenylporphinato ligand) has been well studied.88-91 The addition of B 

occurs in two steps (Reactions 2.13 and 2.14) but the 

FeIIICI(TPP) + B 

BFelII(TPP) + B 

.:E<===i!::> BFeIlICI(TPP) 

~<===z> B2FellI(TPP)+Cr 

2.13 

2.14 
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1: 1 complex is rarely identified, so the net reaction is usually described by the process 

seen in Reaction 2.15. The product of Reaction 2.15 is usually the associated ion pair 

2.15 

product shown, but at lower concentrations the reaction may result in the product being 

a separated ion pair as seen in Reaction 2.16. The associated ion pair product is the only 

identified species at high concentrations, but at [FeIIICI(TPP)] lower than lO-SM, the 

constant ~2 varied with the concentration of added B. This indicates the formation 

FeIIICI(TPP) + 2B ~2JB. B2FeIII(TPP)+ + cr 2.16 

of some dissociated ion pair product as seen in Reaction 2.16. The upper limit for 

dissociation of B2FeIII(TPP)+Cr to B2FeIII(TPP)+ + cr was calculated to be < 1O-6M 

(from kdiss= ~201~2). This calculation resulted from data obtained in CHCl3 with B = N

methylimidazole. The general solvent dependence of ~2D was studied, but the data for 

DMF were ambiguous. This was presumably due to the solvolysis properties of DMF and 

the subsequent probability of DMF separating the ion pairs (which would result in an 

increase in ~2D) and the possibility of DMF competing with B for vacant coordination 

sites on the Fe atom (which would result in a decrease in ~2D).88 

The possibility of FeIIICI(TIP) existing in several forms in DMF has also been 

studied by electrochemical techniques.92-96 Cyclic voltammetry indicates that the only 
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axial ligand present on FeIIIC1(TPP) in DMF is the halide (at the concentrations utilized 

which ranged from 0.1 to 1.0 mM) although there is clear evidence for halide loss from 

the reduced iron species [FeIIC1(TPP)]". One cathodic process is observed during the 

negative potential sweep but one or two peaks are observed during the reverse sweep 

depending upon the sweep rate. Slow scans (25 mY/sec) result in one broadened anodic 

peak. At increased scan rates (>50 mY/sec), this anodic wave splits into two processes 

with the more positive peak corresponding very well to that observed for 

FeIII(CI04)(TTP) which exists solely as a separated ion pair in DMF solutions.97 Thus, 

the more negative anodic process is assigned to an FeIIIC1(TPP)/[FeIIC1(TPP)r redox 

couple whereas the more positive process is probably due to [FeIII(TTP)t/FeII(TTP) 

arising from chloride loss in the above anion. Conductivity studies indicate that at "" 1 

mM, solutions of FeIIIC1(TPP) in DMF behave as non-electrolytes. As the [FeIIIC1(TPP)] 

is lowered the conductivity increases and plots of [FeIIIC1(TPP)] vs. molar conductance 

are linear and indicate that at low concentrations, FeIIIC1(TPP) behaves as a weak one to 

one electrolyte. The data indicate an association 'constant (KA) of 4 x 103 when described 

as in Reaction 2.17.92 

2.17 

UVNis studies as a function of [FeIIIC1(TPP)] in DMF indicated the presence of 

different chromophores at varying FeIII concentrations. At low [FeIIIC1(TPP)] of about 
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5 x 1O-5M the observed spectrum is identical to that observed for the compound in 

DMSO. In DMSO, FeIIICl(TPP) exists completely as a dissociated ion pair.98 As the 

concentration is raised to around 1 x 1O-3M the spectrum is transformed into one identical 

to that of FeIIICI(TPP) in CH2C12. In dichloromethane, FeIIICl(TPP) is presumed to exist 

completely as a coordinated halide complex.88,92 

Thus at the concentrations employed in the kinetics experiments (10-4 to 1O-5M), 

FeIIICl(TTP) exists in a completed equilibrium process as depicted in Reactions 2.18 and 

2.19. The kinetics runs alone do not determine which FeIll species is present and active 

with respect to electron/halogen transfer. The nature of the active species 

FeIIICl(TTP) + 2DMF ~E===:::Z> [(DMF)2FeIII(ITP)]+Cr 

[(DMF)2FeIII(ITP)]+Cr 0( :> [(DMF)2)FeIII(ITP)]+ + cr 

2.18 

2.19 

and a complete mechanism of the complete process will be discussed in the following 

section. 

Proposed Mechanism of the Reaction in DMF 

The role of axially bound ligands in both inner and outer sphere transfer processes 

has been a continuing area of interest in both synthetic as well as naturally occurring 

porphyrin systems.99,lOO Oxide groups have long been known to act as bridging groups 

between iron centers in porphyrins, facilitating both magnetic and electronic 
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interactions. 101-102 Chloro,103-105 azido,106 nitrido, 105,107 and cyano108,109 ligands have 

also been shown to participate in both inner and outer sphere transfer reactions. 

The reaction between FeIlICI(TPP) and ez1I(acac)2 (where acac is 2,4-

pentanedione) was studied anaerobically in benzene-pyridine(l %) using radiolabeling 

techniques.103,104 FeIlICI(TPP) was shown to be inert with respect to ionic chloride 

transfer indicating that in this solvent system FeIlICI(TPP) exists as the axially bound 

chloride monomer. Transfer experiments using FeIlICI* (TPP) as the chlorine transfer 

source to C~I(acac)2 performed in the presence of ionic chloride indicated at least 87% 

transfer of the Cl* to the C~II products (see Reaction 2.20). No attempt was made to 

2.20 

fully identify the chromium products but the final iron product was shown to be 

[FeIII(TPP)hO, presumably formed during the aerobic workup of the reaction (several 

reports indicate that the product of the reaction of FeII(TPP) with atmospheric oxygen is 

the FeIlI J.l-oxo dimer). Thus the halogen transfer reaction proceeds via an inner sphere 

process. 

Electron self exchange in cobalt porphyrins has also been shown to be facilitated 

by bridging chlorine atoms. 108, 109 The inner sphere electron exchange between 

CoIIICI(TTP) and CoII(TTP) was studied by IH-NMR in various solvents. The results 

indicate that inner sphere transfer is 4 to 6 orders of magnitude faster than the 
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corresponding outer sphere exchanges for the analogous pyridine complexes. The 

enhancement in rates is assignable to the smaller inner sphere reorganization energy 

required to change conformations of reactants to those of the activated complex and to 

an overall smaller solvent reorganizational energy. 

Recent work utilizing nitrido axial ligandslOS,107 indicates the possibility of 

metalloporphyrins participating in net two and three electron redox processes (these 

reactions are summarized in Reactions 2.21 and 2.22). Mn vN(TTP) reacts with 

Mn vN(TTP) + MnII(OEP) ~<===z:> MnII(ITP) + Mn vN(OEP) 

Mn vN(OEP) + MnIIICI(TTP) <: :> MnIIICI(OEP) + Mn vN(TTP) 

2.21 

2.22 

MnII(OEP) (where OEP is the octaethylporphinato ligand) in toluene to reversibly transfer 

the nitrido ligand between the metal centers. The net result is the formal three electron 

reduction of Mn vN(TTP) to MnII(ITP). The reaction was found to follow a second order 

rate law. A similar reaction occurs between ~vN(OEP) and MnIIICI(TTP) to produce 

MnIIICI(OEP) and Mn VN(TTP). This reaction also follows a second order rate law and 

was shown to proceed via an initial chloride dissociation step from the MnIII porphyrin 

followed by nitrogen atom transfer between the Mn vN complex and the now [MnIIIt 

compound. 

Preliminary results of an interesting electron/chlorine transfer reaction which is 

related to the subject of this chapter have also been published.44 The process seen in 
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Reaction 2.23 between LMoIV O(SPh)(DMF) where SPh = thiophenolato and FeIIICI(p-CI-

TPP) where p-CI-TPP = 5,10,15,20-tetra-p-chlorophenylporphinato in DMF was studied 

at equimolar ratios of the reactants. The product contained a mixture of unidentified iron

porphyrin complexes and LMo V OCI(SPh) and LMo V OCl2 

LMoIV O(SPh)(DMF) FeIIICI(p-CI-TPP)., LMo V OCI(SPh) + LMo V OCl2 2.24 

as determined from the room temperature EPR spectrum. The thiophenolato-Mo V would 

be expected from a reaction sequence similar to that proposed for the reactions discussed 

in this chapter. The LMo V OCl2 product would however require a different and thus far 

unobserved reaction pathway. This mix of products may be due to the inherent instability 

of the initial Mo containing complex. LMo VI02(SPh) is rather unstable and difficult to 

isolate in a pure state.64,110 These experiments also failed to identify the iron containing 

products but the presence of a non-zero isosbestic point in the electronic difference 

spectra taken during the course of the reaction indicates that at least three iron-porphyrin 

complexes are involved in the reaction. 

The net process seen in Reaction 2.12 and repeated below was investigated at 

25°C in order to determine the rate law and rate constant for the reaction so that a 

mechanism could be proposed. The overall process is best described as a combination 
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of two discreet steps. An initial fast oxo-transfer reaction is followed by a subsequent 

and slower electron/halogen exchange reaction. 

The oxygen atom transfer reaction (see Reaction 2.1) was found to be very fast 

under the conditions utilized to examine the mechanism of Reaction 2.12. When a 10-

fold excess of PPh3 is added to a 1 mM solution of LMo VI02CI in DMF at 25°C the final 

product is quantitatively formed within 2 minutes. This corresponds to an apparent 

limiting second order rate constant of"" 6 M-Isec-I (the assumption of a second order 

process is based on the known reactions of similar LMo VI02X compounds where X = 

OPh, SPh, etc.). This rate, when correlated to a first order process at the concentrations 

employed in these experiments, is 2-3 orders of magnitude faster than the subsequent 

electron/halogen exchange process as depicted in Reaction 2.2 and discussed below. 

The very fast initial oxo-transfer reaction allowed for the in situ determination of 

the kinetics of Reaction 2.2 by the addition of PPh3 to a solution of LMo VI02CI and 

FeIIICI(TTP). This reaction was studied by several methods and found to be zero order 

in Fe and first order in Mo with a rate constant' of 1.7(5) x 10-5 sec-I. 

LMoIV OCI(DMF) + FeIIICI(TTP) 2.2 

The chloride dependence of Reaction 2.2 was studied in order to determine the 



79 

nature of the iron containing active species. The rate of FeII(TTP) formation in Reaction 

2.25 was found to be independent of added cr (Cr was provided in a lO-fold excess 

FeIIICI(TTP) + LMolV OCI(DMF) cr > FeII(TTP) + LMo v OCl2 2.25 

from added tetrabutylammonium chloride to kinetics runs as previously described; see 

Figure 2.18). This indicates that the transfer process occurs via a binuclear inner-sphere 

mechanism. III 

A mechanism which is consistent with all of this kinetic and reactivity data is 

shown in Scheme 2.1. The fast oxo-transfer process results in the formation of the 

monooxo-MolV complex, LMoIVOCI(DMF). This compound is coordinatively saturated 

and unreactive towards chloride ion exchange. The second and rate limiting step of this 

process is proposed to be a slow equilibrium between LMolV OCI(DMF) and its 

coordinatively unsaturated and reactive congener LMolV OCI. This latter species then 

reacts quickly with FeIIICI(TTP) via a chlorine ~tom bridge, and halogen transfer results 

in the observed products, LMo v OCl2 and FeII(TTP). This reaction is best described as 

an inner sphere chlorine atom transfer reaction from FellI to MoIV. 

Thermodynamics of the Reaction in DMF 

The relative thermodynamic driving force of the halogen transfer reaction 

(Reaction 2.2) was investigated by measuring the half-wave reduction potentials for all 
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of the species involved in Reaction 2.2. The half wave reduction potentials are listed in 

Table 2.2. The transfer of the chlorine atom requires that the net reaction be investigated 

in terms of reactants and products separately. The three most probable processes are 

depicted in Scheme 2.2 along with the relative calculated driving forces, 8G. Reactions 

2.2a and 2.2b correspond to an outer sphere electron transfer from LMo1VOCI(DMF) to 

FeIIICl(TTP) or [FelII(TTP)t. These processes would require that the initial electron 

transfer be followed by either a chloride transfer (after Reaction 2.2a) or a chloride 

scavenging (after Reaction 2.2b) reaction. Cyclic voltarnrnetry of LMo1VOCI(DMF) in 

the presence of cr indicates that [LMo v OCI(DMF)]+ reacts with free chloride to produce 

LMo V OCl2 but the high 8G for the first steps of these processes indicates tha.t neither of 

them should contribute greatly to the overall reaction mechanism. Reaction 2.2c however 

has a fairly negative 8G and as such was considered as a possible mechanistic pathway. 

The reaction requires that product formation be preceded by a chlorine atom transfer from 

FeIlICl(TTP) to LMoIV OCI(DMF). The thermodynamics for the actual transfer process 

could not be measured. This information agrees well with the proposed mechanism of 

Scheme 2.1. The overall process becomes highly favorable once the chlorine transfer is 

complete. At that point the high thermodynamic driving force pushes the reaction to the 

ultimate products seen in Reactions 2.2, 2.2c, and Scheme 2.1. 
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Figure 2.18 Effect of Chloride on the Reduction of FemCI(TTP) by 

LMolV OCI(DMF) 

lJ. = No added cr, 0 = With 1.0 mM added cr (lO-fold excess with respect to 

FeIIICI(TIP». Both rates of reduction are identical (S.S x 10-8 moVsec). 
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Overall Reaction: 

Oxygen Atom Transfer in DMF: 

Chlorine Atom Transfer: 

1. LMoIV OClCDMF) 0( 
slow ~ LMo1VOCl + DMF 

0 

2. LMoIV OCl + FeIllClCTTP) 
fast :> II IV III 

< [LMo ----Cl-Fe CTIP)] 

I 
Cl 

0 0 
II fast 

[LJo V -Cl----FeIICTIP)] 3. [LMoIV ----Cl-FeIIICTIP)] < 
)-

I I 
Cl Cl 

0 

4. 
II 

[LMo vO-Cl----FeIICTIP)] fast > LMo V OCl2 + FeIICTIP) 

I 
Cl 

Scheme 2.1 The Proposed Mechanism for the Electron/Halogen Transfer Reaction 

Between FeIIICI(TTP) and LMo1VOCI(DMF) 

Reaction 1 is the rate-determining step. 
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The Electron/Halogen Transfer Reaction in Toluene 

The overall reaction between LMo VI02CI and FeIIICI(TTP) with PPh3 in toluene 

was studied at 25°C by UV Nis, EPR and NMR spectroscopies. The initial fast oxo

transfer process is followed by a slower electron/halogen exchange reaction as well as 

several secondary reactions that are concentration dependent. The major net reaction is 

seen in Reaction 2.26. UV Nis spectra taken over the course of the reaction display 

an isosbestic point at 526 nm indicating the presence of only two absorbing species at this 

wavelength (see Figure 2.16). These are clearly identified as FeIIICI(TTP) and FeII(TTP) 

in toluene based on comparison to the previously published spectra for both species. 

Spectroscopic studies of the initial oxygen atom transfer reaction of LMo VI02CI 

with PPh3 indicate the presence of several reduced Mo products (this problem is discussed 

in the previous section, titled "Oxygen Atom Transfer Reactions in Toluene," and so will 

not be discussed in detail here). The initial product is assumed to be LMoIV OCI(open 

site) which reacts with water to result in an equilibrium with LMo v OCI(OH) (see 

Reactions 2.9 - 2.12). When FelIICI(TTP) is present in excess, this process is followed 

by reduction of the FelII center wit.lJ concomitant transformation of the room temperature 

EPR spectrum from LMo v OCl(OH) to one identified as belonging to LMo V OCI2. When 

FeIIICI(ifP) is present in less than stoichiometric quantities the final EPR spectrum is 
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from a mixture of the two Mo V species discussed above. 

Proposed Mechanism of the Reaction in Toluene 

The halogen transfer reaction in toluene is at the same time more complex and 

simpler than in DMF. In toluene the chlorine atom is covalently bound to the central 

FellI atom of TIP as a single neutral molecule. Thus the possibility of dissociated 

chloride in the reaction mixture is negligible and will be ignored. However the inability 

of toluene to significantly coordinate to LMoIVOCl(open site) results in a complex 

reaction mixture after oxo-transfer, that is to date not entirely well described. The net 

process seen in Reaction 2.26 was investigated at 25°C in order to determine the rate law 

and rate constant for the reaction so that a mechanism could be proposed and the process 

could be discussed with respect to the analogous reaction in DMF. The secondary 

reactions discussed above were found to be kinetically slow in comparison to the desired 

reactions and thus the overall process is still best described as a combination of two 

discreet steps: An initial fast oxo-transfer reaction followed by a slower electron/halogen 

exchange reaction. 

The oxygen atom transfer process seen in Reaction 2.27 was found to be very fast 

under the conditions utilized to examine the mechanism of Reaction 2.26. When a 10 

fold excess of PPh3 is added to a 1 mM solution of LMo VI02Cl in toluene at 25°C the 

reactant is quantitatively removed within 2 minutes as evidenced by the loss of all 

diamagnetic resonances in the IH-NMR spectrum (see Figure 2.6). The initial process 
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" 

[I Redox Couple Half-Wave Potentiala 

[FeIII(TTP)]+ /FeII(TTP)b -0.02 V 

FeIIICl(TTP)/[FeIICl(TTP)]- -0.16 V 

[LMo V OCl(DMF)]+ ILMoIV OCl(DMF) +0.09 V 

LMo V OCI2/[LMo1V OCl2r -0.28 V 

,"~< " ~, "~£ 

Table 2.2 Half-Wave Reduction Potentials of Several Mo and Fe Containing 

Compounds in DMF 

a Determined by cyclic voltammetry in DMF solutions and are referenced to SCE. 

Compound concentration is approximately 1 mM. Supporting electrolyte is tetrabutyl

ammonium tetrafluoraborate at 100 mM. Scan rate is 100 mV /sec. All compounds 

exhibit pseudo-Nemstian behavior with ip(Jipa ratios"" 1.0. b Value listed is actually the 

half-wave reduction potential for FeIII(Cl04)(TTP) in DMF. In DMF this perchlorate 

iron(III) porphyrin is believed to exist entirely as a dissociated ion pair, 

[(DMF)2FeIII(TTP)]+ + CI04-· 
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Net Reaction: 

LMoIV OCI(DMF) + FeIIICI(TTP) --.;..) LMo V OCl2 + FeIII(ITP) 

Individual Reactions: 

LMo1VOCI(DMF) + FeIIICI(TTP) --~> [LMo VOCI(DMF)]+ + [FeIICI(TTP)r 

~G = +24 kJ/mola 2.2a 

--.;..> [LMo V OCI(DMF)]+ + FeIl(ITP) 

~G = +11 kJ/mol 2.2b 

~G = -25 kl/mol 2.2c 

Scheme 2.2 Possible Pathways for the Electron/Halogen Transfer Reaction Between 

FeIIICI(TTP) and LMo1VOCI(DMF) in DMF. 

a ~G was calculated from the half-wave reduction potentials in Table 2.2 using 

~G = -nFEo, where EO = (Reduction Potential)reduction - (Reduction Potential)oxidation' 
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is believed to be quantitative fonnation of LMo V OCI(OH). The rate of reduction of Mo VI 

corresponds to an apparent limiting second order rate constant of :::; 6 M-1sec-1 (the 

assumption of a second order process is based on the known reactions of similar 

LMo VI02X compounds where X = OPh, SPh, etc.). This rate is several orders of 

magnitude faster than the subsequent electron/halogen exchange process depicted in 

Reaction 2.28 (at the concentrations employed in the experiments). 

_T.:..o=l~> LMoIVOCI(open site) + OPPh3 + Mo? 

Tol :> LMo V OCl2 + FeII(TTP) 

2.27 

2.28 

The very fast initial oxo-transfer reaction allowed for the in situ determination of 

the kinetics of Reaction 2.28 by the addition of PPh3 to a solution of LMo VI02CI and 

FeIIlCI(TTP). This reaction was studied by several methods and found to be flrst order 

in Fe and flrst order in Mo with a second order rate constant of 1.2 M-1sec-1. 

A mechanism which is consistent with the kinetic data and follows the general 

mechanism proposed for the analogous reaction in DMF is seen in Scheme 2.3. The fast 

oxo-transfer process results in the fonnation of the monooxo-MoIV complex, 

LMo1VOCI(open site). This compound is coordinatively unsaturated and as such is very 

reactive. When FeIIlCI(TTP) is present, a bimolecular complex is formed which quickly 

results in the transfer of a chlorine atom from FeIIlCI(TTP) to LMoIV OCI. This 

mechanism and the overall reaction order reinforce the previously proposed mechanism 
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for the analogous reactions in DMF. 

V. Conclusions 

The combination of Reactions 2.1 and 2.2 in DMF provides a synthetic model 

system for the flrst two steps in the catalytic cycle of sulflte oxidase (see Figure 2.1). 

The present results also support the interpretation of the previously observed redox 

reactions between LMo VI02(SPh) and FeIIlCI(p-CI-TPP) in the presence of excess 

triphenylphosphine. A mechanism consistent with the observed rate law is proposed in 

Scheme 2.1. The rate detennining step is actually a pre-equilibrium involving the 

coordination and loss of the solvent DMF molecule (see Scheme 2.1, Reaction 1). The 

overall unimolecular reaction in molybdenum has a rate constant of 1.7 x 10-5 sec-I. The 

loss of DMF is followed by the inner-sphere chlorine atom transfer. This mechanism, in 

which the chemical state of the MolV center determines the overall rate of the catalytic 

process, is an attractive model for an enzyme such as sulfite oxidase. 

The analogous reaction in toluene was also investigated and its kinetic parameters 

determined. Unlike DMF, toluene is not able to coordinate to LMolVOCI and thus there 

are no stable MolV complexes identified during the reaction cycle. This removes the rate 

limiting equilibrium step that was proposed for DMF and results in a bimolecular reaction 

with a second order rate constant of 1.2 M-Isec- I. This rate is substantially faster than 

the corresponding rate for the generation of LMoIVOCI(open site) in DMF. This result 

supports the proposed mechanism for the reaction in DMF since the chlorine atom 
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Overall Reaction: 

Oxygen Atom Transfer in Toluene: 

LMo VI02Cl + PPh3 fast> LMoIVOCl(open site) + OPPh3 

Chlorine Atom Transfer: 

0 

1. LMoIV OCI + FeIIICI(ITP) « 0) 
II 

[LMoIV ----CI-FeIII(TIP)] 

I 
CI 

0 0 

II IV III II 
2. [LMo ----Cl-Fe (TIP)] < > [LMo v-CI----FeII(TIP)] 

I I 
CI CI 

0 

3. " [LMo v-CI----FelI(TIP)] > LMo V OCl2 + FeII(TIP) 

I 
CI 

Scheme 2.3 The Proposed Mechanism for the Electron/Halogen Transfer Reaction 

Between FeIIICI(TTP) and LMoIVOCI(Open site) in Toluene 

Anyone of the reactions (1-3) may be the rate-determining step. 
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transfer step in toluene is about 20 times faster than the unimolecular rate-determining 

step in DMF. 



CHAPTER 3 

SYNTHESIS AND SPECTROSCOPIC INVESTIGATION OF 

MODELS FOR THE MOLYBDENUM-IRON INTERACTION 

IN SULFITE OXIDASE 

I. Introduction 
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Molybdenum is the only element of the second or third transition series that is 

essential for life. 1 Molybdenum is present in oxo-type enzymes such as xanthine oxidase, 

sulfite oxidase, and nitrate reductase.2-18 These molybdoenzymes are present in 

organisms ranging from primitive bacteria to mammals and catalyze a wide range of 

reactions involving a change in the number of oxygen atoms in the substrate. Based on 

several degradation studies, a common molybdenum cofactor is proposed to be present 

in all of these enzymes (see Figure 1.1).20,21 Another common factor is that all but one 

of the known molybdoenzymes are known to contain other redox centers in addition to 

the cofactor such as flavins, iron-sulfur clusters, or in the case of nitrate reductase and 

sulfite oxidase, a cytochrome b-type heme (see Table 1.1).19 

Several research laboratories are involved in research on molybdenum-cofactor 

interactions by synthesizing molybdenum-thiolate,112-114 molybdenum-thiolene,115 

molybdenum-pterin, 116 and molybdenum-pendant phosphate complexes. 1 I? The general 

oxo-transfer chemistry of molybdenum has also been well documented, but to date there 
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have been no biologically relevant compounds available to investigate the Mo-Fe 

interaction in these enzymes. I IS The main goal of this research is to investigate the Mo

Fe interaction by preparing bimetallic systems containing Mo and Fe and investigate the 

spectroscopic and electrochemical properties of the molecules. Our r,pproach has been 

to synthesize bimetallic compounds containing both a Mo and an Fe center with a rigid 

intervening organic backbone which can be systematically varied in order to change the 

Mo-Fe internuclear distance. The iron is contained within a modified tetratolylporphyrin 

ring system in which one of the tolyl groups has been designed to contain two hydroxyl 

groups in either the 2,3- or 3,4 positions of the ring. An oxo-Mo V center is attached to 

the porphyrin via the chelating catechol ate moiety and is stabilized by the tridentate and 

facially coordinating ligand, [hydrotris(3,5-dimethyl-l-pyrazolyl)boraterl .76 
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Materials. 
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Reactions were carried out in air unless specified otherwise. All anaerobic 

reactions were perfonned using standard inert atmosphere techniques with argon 

presaturated with the appropriate solvent. Subsequent workups of all reactions were 

carried out in air. The solvents used were purchased as spectrophotometric grade or 

better and used without further purification: toluene and heptane as Aldrich ACS 

Spectrophotometric Grade; dimethylacetarnide (DMA) and dimethylfonnamide (DMF) as 

Aldrich Anhydrous Grade; dichloromethane and 1,2-dichloroethane as EM Science 

Spectrophotometry Grade; and methanol (MeOH) as Baker HPLC Grade. 

Chromatography was conducted using glass columns wet-packed with either Sigma S-

2509 silica gel or Aldrich 19,997 neutral alumina. Tetrabutylammonium tetrafluoroborate 

was purchased from Aldrich Chemical Co. and recrystallized from MeOH prior to use. 

Pyrrole, tolualdehyde, propionic acid, 2,3-dihydroxybenzaldehyde, 3,4-

dihydroxybenzaldehyde, zinc chloride, iron(II)chloride tetrahydrate and dichloromethane

d2 were purchased from Aldrich Chemical Co. and used as received. Potassium 

hydrotris(3,5-dimethyl-1-pyrazolyl)borate (KL),16 catecholato(hydrotris(3,5-dimethyl-l

pyrazolyl)borato)oxomolybdenum(V) (LMo VO(cat),77 and ethylene glycolato(hydrotris

(3,5-dimethyl-1-pyrazolyl)borato )oxomolybdenum(V) (LMo V O(eth-gly)77 were prepared 

by published methods. 5,10,15,20-Tetra-p-tolylporphyrin (TTP) 78 and its zinc and 

chloroiron insertion products were prepared by modifications of the published 
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procedures.75,79,119 The purity of isolated compounds and the progress of all reactions 

were monitored by thin layer chromatography on silica gel plates. Microanalyses were 

performed by Atlantic Microlab Inc., Atlanta, GA. 

Preparation of Compounds 

5,10,15,20-Tetra-p-tolylporphyrin, TTP 

p-Tolualdehyde (18.0 g, 150 mmol) was dissolved in propionic acid (500 ml) and 

brought to reflux. Freshly distilled pyrrole (10 g, 150 mmol) was added to the solution 

with vigorous stirring and the reflux maintained for 50 min. The reaction mixture was 

allowed to come to room temperature and was filtered. The purple solid was washed with 

cold ethanol. The product was purified by adsorption chromatography on neutral alumina 

followed by chromatography on silica gel. Both separations used dichloromethane as 

eluant and gave a single purple band moving with the solvent front. The major band was 

collected and the solvent removed in vacuo. Recrystallization from dichloromethane gave 

deep purple microcrystals. Yield: 6.4 g (25%). 

Analysis - calculated for C4SH3SN4: C, 85.94; H, 5.71; N, 8.35. Found: C, 85.18; 

H, 5.82; N, 8.24. IR (KBr): v(-C=C-) 1470s; v(=C-N) 1348s, 1180s; yep-substituted 

phenyl) SOOs cm-1. IH-NMR (CD2CI2): B 2.71s (12H); 7.58d-8Hz (8H); S.09d-8Hz (8H); 

8.87s (8H). 
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5,10,15,20-Tetra-p-tolylporphinatozinc(II), Zn(TTP) 

TIP (0.50 g, 0.75 mrnol) was dissolved in DMF (100 ml) and brought to reflux. 

ZnCl2 (0040 g, 3 mrnol) was added and the reflux maintained until zinc insertion was 

complete as evidenced by the loss of the TTP bands in the electronic spectrum (= 1 h). 

DMF was removed under vacuum at 125°C. Dichloromethane (200 ml) was added to 

yield a pink/purple solution. This solution was washed with 3 x 200 ml portions of water 

in order to remove any inorganic zinc salts and any remaining DMF. The 

dichloromethane solution was then purified by adsorption chromatography on a silica gel 

column (3 x 30 em) with dichloromethane as the eluant. The purple product was 

collected and the solvent removed in vacuo. Recrystallization from dichloromethane gave 

pink/purple microcrystals. Yield: 0.44 g (80%). 

Analysis - calculated for C4sH36N4Zn: C, 78.52; H, 4.93; N, 7.63. Found: C,77.87; 

H, 5.04; N, 7.58. IR (KBr): v(-C=C-) 1470s; v(=C-N) 1348s, 1180s; yep-substituted 

phenyl) 800s em-I. IH-NMR (CD2C12): B 2.71s (12H); 7.57d-8Hz (8H); 8.10d-8Hz (8H); 

8.96s (8H). Mass Spectrum: calculated molecular ion - 732.22 amu; found - 732.21 amu. 

5,10,15,20-Tetra-p-tolylporphinatoiron(llI)cbloride, FeCI(TTP) 

TIP (2.0 g, 3 mrnol) was dissolved in DMF (100 ml) and brought to reflux. 

FeCli4H20 (1.2 g, 6 mrnol) was added and the reflux maintained until iron insertion was 

complete as evidenced by the loss of the TTP bands in the electronic spectrum (15 - 30 

min). DMF was removed under vacuum at 125°C. Dichloromethane (100 ml) was added 
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to yield a brown solution. This solution was washed with 3 x 200 ml portions of water 

in order to remove any inorganic iron salts and any remaining DMF. The 

dichloromethane solution was then purified by adsorption chromatography on a neutral 

alumina column (3 x 30 cm) with dichloromethane:MeOH (10:1) as eluant. This 

procedure converts the product into [FelII(ITP)hO. This green dimer was then 

reconverted to the chloroiron monomer by a biphasic reaction with aqueous HCl. The 

dimer was dissolved in dichloromethane (50 ml) and reacted with 2 x 200 ml portions of 

aqueous hydrochloric acid (1M) with vigorous stirring. The aqueous layers were removed 

and the remaining dichloromethane layer was washed with water (200 ml) and removed. 

The solvent was then removed in vacuo. Recrystallization from dichloromethane/heptane 

gave dark purplelblack microcrystals. Yield: 1.8 g (78%). 

Analysis - calculated for C4sH36N4FeCI: C, 75.84; H, 4.77; N, 7.37; CI, 4.66. 

Found: C, 75.60; H, 4.82; N, 7.31; CI, 4.78. IR (KBr): v(-C=C-) 1509s; v(=C-N) 1332s, 

1182s; yep-substituted phenyl) 800s;v(Fe-CI) 365 cm-I . IH-NMR (CD2Cl2): 84.73vbr; 

6.62s (l2H); 7.69vbr; 12.38s (4H); 13.55s (4H); 80.9s (8H). Mass spectrum: calculated 

molecular ion - 759.20 amu; found - 724.08 amu (M - Cr). 

5-(2,3-Hydroxyphenyl)-lO,15,20-tri-p-tolylporphyrin, 2,3-0H-TTP 

2,3-Dihydroxybenzaldehyde (6.9 g, 50 mmol) and p-tolualdehyde (18.0 g, 150 

mmol) were dissolved in propionic acid (500 ml) and brought to reflux. Freshly distilled 

pyrrole (13.4 g, 200 mmol) was added to the solution with vigorous stirring and the reflux 
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maintained for 50 min. The reaction mixture was allowed to come to room temperature 

and filtered. The purple solid was washed with cold ethanol. The product was purified 

by selective dissolution" and adsorption chromatography on a silica gel column (3 x 30 

cm) wet packed with dichloromethane. The main products in the reaction mixture are the 

desired 2,3-0H-TIP and some TIP. TIP is relatively insoluble in dichloromethane but 

moves very quickly down a column when dichloromethane is the eluant. 2,3-0H-TIP 

is very soluble in dichloromethane but does not move appreciably down a silica gel 

column when dichloromethane is the sole eluant. Thus selective dissolution in 

dichloromethane followed by adsorption chromatography on silica gel with 

dichloromethane will remove TIP then the desired product, 2,3-0H-TIP, is eluted with 

dichloromethane:MeOH (10: 1). The solvent was removed under vacuum. 

Recrystallization from dichloromethane!heptane gave purple microcrystals. Yield 0.65 g 

(2%). 

Analysis - calculated for C47H36N402: C, 81.95; H, 5.27; N, 8.13. Found: c, 

80.86; H, 5.62; N, 7.87. IR (KBr): v(-C=C-) 1468s; v(=C-N) 1347s, 1182s; v(p

substituted phenyl) 801s cm-I. IH-NMR (CD2CI2): 8 2.71s (9H); 7.23t-8Hz (lH); 7.33d-

8Hz (lH); 7.59d-8Hz (7H); 8.10d-8Hz (6H); 8.89m (8H). Mass Spectrum: calculated 

molecular ion - 688.28 amu; found - 689.45 amu (M + W). 

S-(3,4-Dihydroxyphenyl)-10,lS,20-tri-p-tolylporphyrin, 3,4-0H-TTP 

3,4-0H-TIP was synthesized following the procedure by which 2,3-0H-TIP was 
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prepared but utilizing 3,4-dihydroxybenzaldehyde as the substituted benzaldehyde. Yield: 

0.74 g (2%). 

Analysis - calculated for C47H36N402: C, 81.95; H, 5.27; N, 8.13. Found: C, 

81.49; H, 5.56; N, 7.92. IR (KBr): v(-C=C-) 1470s; v(=C-N) 1347s, 1181s; v(p

substituted phenyl) 800s cm-I. IH-NMR (CD2CI2): 0 2.70s (9H); 7.12d-8Hz (lH); 7.49s 

(lH), 7.57d-8Hz (7H); 8.09d-8Hz (6H); 8.87s (8H). Mass spectrum: calculated molecular 

ion - 688.28 amu; found - 688.20 amu. 

5-(2,3-Dihydroxyphenyl )-1 O,15,20-tri-p-tolylporphinatozinc(II), Zn(2,3-0 H -TTP) 

2,3-0H-TTP (0.15 g, 0.22 mmol) was dissolved in DMF (100 ml) and brought to 

reflux. ZnCl2 (0.30 g, 2.2 mmol) was added to the solution with vigorous stirring. 

Reflux was maintained until zinc insertion was complete as evidenced by the loss of the 

2,3-0H-TTP bands in the electronic spectrum (:::: 1 h). DMF was removed under vacuum 

at 125°C. Dichloromethane (50 ml) was added to yield a pink/purple solution. This 

solution was washed with 3 x 200 ml portions of water to remove inorganic zinc salts and 

remaining DMF. The dichloromethane solution was purified by adsorption 

chromatography on a silica gel column (2 x 25 cm) with dichloromethane:MeOH (100:5) 

as eluant. The solvent removed in vacuo. Recrystallization from toluenelheptane gave 

purple microcrystals. Yield: 0.14 g (82%). 

Analysis - calculated for C47H34N402Zn: C, 75.05; H, 4.56; N, 7.45. Found: C, 

74.04; H, 4.72; N, 7.20. IH-NMR (CD2CI2): 0 2.71s (9H); 7.22t-8Hz (lH); 7.32d-8Hz 
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(lH); 7.5Sd-SHz (7H); S.09d-SHz (6H); 8.97m (8H). Mass spectrum: calculated 

molecular ion - 750.20 amu; found - 749.88 amu. 

S-(3,4-Dihydroxyphenyl)-tri-p-tolylporphinatozinc(H), Zn(3,4-0H-TTP) 

Zn(3,4-0H-TTP) was synthesized following the procedure by which Zn(2,3-0H

TIP) was prepared but utilizing 3,4-0H-TIP as the substituted porphyrin. Yield: 0.11 

g (70%). 

Analysis - calculated for C47H34N402Zn: C, 75.05; H, 4.56; N, 7.37. IH-NMR 

(CD2CI2): 0 2.71s (9H); 7.22d-SHz (lH); 7.57d-SHz (6H); 7.63d-SHz (lH); 7.71 (lH); 

8.09d-SHz (6H); S.95m (SH). Mass spectrum: calculated molecular ion - 750.20 amu; 

found 750.19 amu. 

5-(2,3-Catecholato(hydrotris(3,5-dimethyl-l-pyrazolyl)borato)oxo-molybdenum(V»-

10,15,20-tri-p-tolylporphyrin, 2,3-Mo-TTP 

2,3-0H-TIP (0.5 g, 0.7 mmol) and LMoVO(eth-gly) were placed in an evacuated 

Schlenk flask (250 ml). Degassed toluene (100 rnI) was added and the mixture brought 

to a mild reflux with stirring. Heating was continued until the reaction was complete as 

evidenced by thin layer chromatography. Toluene was removed under vacuum at elevated 

temperature. Dichloromethane:toluene (1:1) (25 ml) was added to yield a purple/brown 

solution. The solution was purified by adsorption chromatography on a silica gel column 

(3 x 30 cm) with dichloromethane:toluene (1:1) as eluant. The solvent was removed in 
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vacuo. Recrystallization from dichloromethane/heptane gave dark purple microcrystals. 

Yield: 0.65 g (82%). 

Analysis - calcuiated for C62HS6NlO03MoB: C, 67.95; H, 5.15; N, 12.78. Found: 

C, 67.88; H, 5.64; N, 12.24. IR (KBr): v(B-H) 2545w; v(Mo=O) 939s cm- i . Mass 

spectrum: calculated molecular ion - 1097.38 amu; found - 1098.41 amu (M + H+). 

S-(3,4-CatechoIato(hydrotris(3,s-dimethyI-l-pyrazoJyl)borato)oxo-moIybdenum(V»

lO,lS,20-tri-p-tolyIporphyrin, 3,4-Mo-TTP 

3,4-Mo-TTP was synthesized following the procedure by which 2,3-Mo-TTP was 

prepared but utilizing 3,4-0H-TIP as the substituted porphyrin. Yield: 0.70 g (88%). 

Analysis - calculated for C62HS4NlO03MoB: C, 67.95; H, 5.15; N, 12.78. Found: 

C, 68.10; H, 5.33; N, 12.62. IR (KBr): v(B-H) 2547w; v(Mo=O) 941s cm- i . Mass 

spectrum: calculated molecular ion - 1097.38 amu; found - 1096.52 amu. 

S-(2,3-Catecholato(hydrotris(3,s-dimethyI-l-pyrazoIyI)borato)oxo-molybdenum(V»

lO,lS,20-tri-p-tolyIporphinatozinc(II), Zn(2,3-Mo-TTP) 

Zn(2,3-Mo-TIP) was synthesized following the procedure by which zinc was 

inserted into 2,3-0H-TIP but utilizing 2,3-Mo-TIP as the substituted porphyrin. Yield: 

0.12 g (65%). 

Analysis - calculated for C62HS4NlO03MoBZn: C, 64.24; H, 4.69; N, 12.08. 

Found: C, 65.73; H, 5.18; N, 11.17 (the high percentages of C and H reflect large but 
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non-stoichiometric amounts of heptane and toluene in the solid as evidenced by I H-

NMR). IR (KBr): v(B-H) 2545w; v(-C=C-) 1470s; v(=C-N) 1348s, 1180s; v(Mo=O) 

940s; v(p-substituted phenyl) 800s em-I. Mass spectrum: calculated molecular ion -

1159.27 amu; found - 1159.43 amu. 

5-(3,4-Catecholato(hydrotris(3,s-dimethyl-l-pyrazolyl)borato)oxo-molybdenum(V»-

10,15,20-tri-p-tolylporphinatozinc(II), Zn(3,4-Mo-TTP) 

Zn(3,4-Mo-TIP) was synthesized following the procedure by which zinc was 

inserted into 3,4-0H-TIP but utilizing 3,4-Mo-TIP as the molybdenum containing 

porphyrin. Yield: 0.10 g (60%). 

Analysis - calculated for C62H54NlO03MoBZn: C, 64.24; H, 4.69; N, 12.08. 

Found: C, 65.28; H, 5.03; N, 11.28 (the high percentages of C and H reflect large but 

non-stoichiometric amounts of heptane and toluene in the solid as evidenced by IH_ 

NMR). IR (KBr): v(B-H) 2542w; v(-C=C-) 1470s; v(=C-N) 1348s, 1180s; v(Mo=O) 

940s; v(p-substituted phenyl) 800s em-I. Mass spectrum: calculated molecular ion -

1159.27 amu; found - 1159.43 amu. 

5-(2,3-Catecholato(hydrotris(3,s-dimethyl-l-pyrazolyl)borato )oxo-molybdenum(V»-

1 O,15,20-tri-p-tolylporphinatoiron (DI)chloride, F eCI(2,3-Mo-TTP). 

2,3-Mo-TIP (0.10 g, 9.1 x 10-5 mol) was dissolved in DMF (50 ml) and brought 

to reflux. FeIICli4H20 (0.05 g, 2.7 x 10-4 mol) was added to the solution with vigorous 
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stirring and reflux maintained until iron insertion was complete as evidenced by the loss 

of the 2,3-Mo-TIP bands in the electronic spectrum (15 - 30 min). DMF was removed 

under vacuum at 125°C. Dichloromethane (50 ml) was added to yield a brown solution. 

This solution was washed with 3 x 100 ml portions of water in order to remove inorganic 

iron salts and remaining DMF. The dichloromethane solution was then purified by 

adsorption chromatography on a neutral alumina column (2 x 25 cm) with 

dichloromethane:MeOH (10:1) as eluant. This procedure converts the product into 

[FeIII(2,3-Mo-TTP)hO. This green dimer was then reconverted to the chloroiron 

monomer by a biphasic reaction with aqueous NaC!. The dimer was dissolved in 

dichloromethane (25 ml) and reacted with 2 x 200 ml portions of aqueous NaCI (1M) 

with vigorous stirring (each portion of water also contained 5 drops of conc. HCI to 

promote the reconversion). The aqueous layers were removed and the remaining 

dichloromethane layer was washed with water (100 ml). The solvent was then removed 

in vacuo. Recrystallization from dichloromethane!heptane gave dark purple/black 

microcrystals. Yield: 75 mg (70%). 

Analysis - calculated for C62HS4NlO03MoBFeCI: C, 62.83; H, 4.59; N, 11.82; CI, 

2.99. Found: C, 63.97; H, 5.40; N, 11.00; CI, 2.82. IR (KBr): v(B-H) 2545w; v(=C-N) 

1334s, 1182s; v(Mo=O) 940s; vCp-substituted phenyl) 802s; v(Fe-Cl) 370 cm- I . Mass 

spectrum: calculated molecular ion - 1186.26 amu; found - 1149.6 amu (M - cr = 1151.3 

amu). 



103 

S.(3,4.Catecholato(hydrotris(3,s·dimethyl.l.pyrazolyl)borato)oxo.molybdenum(V». 

10,15,20·tri.p·tolylporphinatoiron(IlI)chloride, FeCI(3,4-Mo. TTP) 

FeCI(3,4-Mo-TIP) was synthesized following the procedure by which FeCI(2,3-

Mo-TIP) was prepared but utilizing 3,4-Mo-TIP as the molybdenum containing 

porphyrin. Recrystallization from dichloromethane!heptane gave a purple powder. Yield: 

80 mg (75%). 

Analysis - calculated for C62H54N lO03MoBFeCI: C, 62.83; H, 4.59; N, 11.82; CI, 

2.99. Found: C, 62.69; H, 4.78; N, 11.88; CI, 3.06. IR (KBr): v(B-H) 2550w; v(=C-N) 

1332s, 1182s; v(Mo=O) 943s; yep-substituted phenyl) 800s; v(Fe-Cl) 365 em-I. Mass 

spectrum: calculated molecular ion - 1186.26 amu; found - 1149.51 amu (M - cr = 

1151.27 amu). 

Physical Measurements 

Infrared spectra were recorded on a Perkin-Elmer 983 spectrophotometer as KBr 

pellets unless otherwise noted. Cyclic voltammetry was performed using an IBM EC/225 

potentiostat and a normal three-electrode configuration. The reference electrode was a 

saturated calomel electrode (SCE), with a platinum disk working electrode and a platinum 

wire counter electrode. The sample concentrations were "" 1 mM and the supporting 

electrolyte was tetrabutylammonium tetrafluoroborate at 100 mM. All half-wave 

potentials were internally referenced against the ferrocenium/ferrocene ion couple in order 

to eliminate effects due to junction potential differences between solvents. IH-NMR 
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spectra were recorded on a Bruker AM-SaO spectrometer. Diamagnetic samples were 

investigated with a 6000 Hz spectral width, 32K data block, and 30° pulse widths. 

Paramagnetic samples were run with a 100,000 Hz spectral width, 32K data block, and 

90° pulse durations. All resonances are referenced to internal residual proton resonances 

of CD2Cl2 (i.e. CHDCI2) at 0 5.32 ppm. Electronic spectra were recorded on a modified 

Cary 14 spectrophotometer equipped with an OLIS interface and software. The cuvette 

compartment was attached to a circulating propylene glycol constant temperature bath 

which maintained the cuvette temperature at 25.0 ± 0.5°C. Isotropic (room temperature) 

electron paramagnetic resonance (EPR) were obtained with a Varian E-3 spectrometer and 

are externally referenced to diphenylpicrylhydrazide (DPPH) with a <g> of 2.0036. Low 

temperature (77 K and 4 K) EPR spectra were obtained with a Bruker ESR 300 

spectrometer. Samples were prepared as 0.5 mM solutions in a toluene:dichloromethane 

(1:1) glass. Liquid nitrogen temperature was maintained using a quartz sample Dewar. 

Liquid helium temperatures were obtained utilizing a Bruker flowing helium temperature 

controller. Mass spectra were obtained at the University of Arizona Department of 

Phannacy Mass Spectral Facility. The spectra were recorded on a modified Magnetic 

Sector AMD Intectra instrument utilizing FAB and liquid SIMS techniques on nitrobenzyl 

alcohol solutions. 

Molecular Modeling 

Molecular modeling simulations were performed on a Silicon Graphics IRIS 
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System using the program SYBYL by Tripos Associates, Inc. The lowest energy van der 

Waals configurations were determined using the SYBYL interactive energy minimization 

routine. The porphyrin" moiety (TTP)120 and the molybdenum fragment121 [LMo VO]2+ 

were derived from single crystal structural data. The fragments were combined using 

typical Mo-O single bond distances of 1.96 A. Zn2+ was used as the porphyrin central 

metal atom in order to obtain an "average" closed shell "in-plane" structure. The range 

of sterically allowed rotations were investigated within the SYBYL graphics package as 

well as with scale models built to conform to the SYBYL data. 

III. Results and Discussion 

Synthesis 

Unsymmetrically substituted dihydroxy-porphyrins can be prepared by a 

modification of the synthetic procedure developed by Little et al. for the preparation of 

substituted tetraarylporphyrins. Thus, 2,3_0H_TTp122 and 3,4-0H-TTP are formed from 

the condensation reaction between pyrrole, p-tolualdehyde, and the appropriate 

dihydroxybenzaldehyde (2,3- or 3,4-dihydroxybenzaldehyde) in refluxing propionic acid 

(Scheme 3.1).123,124 In order to maximize the yield, the reactants are mixed in a molar 

ratio of 4:3: 1 (pyrrole:tolualdehyde:dihydroxybenzaldehyde). This leads to a statistical 

mixture of products consisting mainly of the un substituted TTP and the target molecule 

2,3-0H-TTP or 3,4-0H-TTP. The desired product can then be isolated in 2 to 4% yield 

by selective dissolution and adsorption chromatography on silica gel. 
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These functionalized porphyrins contain three tolyl groups and a single phenyl ring 

substituted in a catecholate fashion in the 2,3 or 3,4 positions (with respect to the rest of 

the porphyrin molecule). The catecholate moiety is a widely used functionality in 

inorganic coordination chemistryl25 and thus provides a site at which metal ions can be 

attached to the porphyrin periphery. The two different isomers (2,3- and 3,4-0H-TIP) 

allow the distance between the attached metal ions and the central porphyrin cavity to be 

controlled as 7.3 A or 9.4 A. 

The facially tridentate ligand, [hydrotris(3,5-dimethyl-l-pyrazolyl)borateL (L),76 

has been widely used to stabilize oxo-molybdenum(V) complexes. The catechol ate 

(LMo v O(cat» and substituted catecholate chemistry of this system has previously been 

described.77,117 The complex, LMo vO(cat) (Figure 3.1) was originally prepared by a 

ligand substitution reaction between LMoVOCl2 and Na2[1,2-0-C6H4] in refluxing 

toluene.?7 A modification of this procedure has been developed which utilizes the 

varying acidities of alcoholic and phenolic protons in order to drive the reaction toward 

the desired product. Reaction of LMo VO(eth-gly)77 with an excess of catechol in 

refluxing toluene results in the nearly quantitative formation of LMo VO(cat) within an 

hour. This reaction can be extended to the previously discussed catecholate porphyrins. 

Reaction of 2,3-0H-TTP or 3,4-0H-TTP with a two-fold excess of LMoVO(eth-gly) in 

refluxing toluene results in the near quantitative formation of 2,3-Mo-TIP or 3,4-Mo-TIP 

(Scheme 3.2). The products are isolated by adsorption chromatography on silica gel. 

These complexes are stable in air indefinitely, stable to water, and are unchanged after 



Pyrrole 

+ 

1. 2,3-dihydroxybenzaldehyde 

2. Propionic acid (reflux) 

Tolualdehyde 

1. 3,4-dihydroxybenzaldehyde 

2. Propionic acid (reflux) 

Scheme 3.1 Synthesis of Bis.Hydroxy·Substituted Porphyrins. 
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Figure 3.1 The Proposed Structure of LMo VO(cat). 
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three hours in a solution of refluxing DMF (153°C). 

Zinc and iron can be inserted into the porphyrin ring of 2,3-Mo-TIP (or 3,4-Mo

TIP) by modifications of previous methods (Scheme 3.3).75,79,119 Zinc was inserted by 

refluxing the porphyrin in DMF and adding ZnCl2 (2,3-Mo-TIP and 3,4-Mo-TIP are 

unstable to HCl at mM concentrations, so it is important that the ZnCl2 be added after 

the porphyrin mixture is refluxing in order to insure the swift removal of HCI(g». The 

reaction was monitored by electronic absorption spectroscopy and nc. When the 

reaction was complete, DMF was removed under vacuum at 125°C and the product 

redissolved in dichloromethane. This dichloromethane solution was then washed with 

water to remove remaining inorganic zinc salts or DMF. The product was purified by 

adsorption chromatography on silica gel. The bimetallic product complexes, Zn(2,3-Mo

TIP) and Zn(3,4-Mo-TIP), are indefinitely stable in air, stable to water, but unstable to 

prolonged heating in solution (refluxing DMF) and very sensitive to HC!. 

Iron insertion is more complicated and requires that strict attention be placed on 

keeping HCl from the reaction mixture or product complexes. Iron can be inserted by 

addition of FeCl2·4H20 to a refluxing mixture of the porphyrin in DMF. The reaction 

is monitored by electronic absorption spectroscopy and is assumed complete when all of 

the 2,3-Mo-TIP or 3,4-Mo-TIP bands are replaced by those corresponding to the chloro

iron(III) insertion product FeCl(2,3-Mo-TTP) or FeCl(3,4-Mo-TIP). DMF is then 

removed under vacuum at 125°C. This product mixture is then dissolved in 

dichloromethane and washed with water to remove inorganic iron salts and remaining 
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2,3-Mo-TTP 

OH OH 

TTP-Q 1. LMoO(eth-gly) 

2,3-0H-TTP 
2. Toluene (110°) 

3,4-Mo-TTP 

OH 

TTP~H 
1. LMoO(eth-gly) 

3,4-0H-TTP 
2. Toluene (110°) 

Scheme 3.2 Synthesis of 2,3-Mo-TTP and 3,4-Mo-TTP. 
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2. Add CH2C1iH20 extraction 
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3,4-Mo-TTP 

TTP 

3. Chromatography on silica 

o 
0 ..... II 

MoL 
I 

1. FeCI2/DMF (reflux) 
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Scheme 3.3 Metallation of 2,3-Mo-TTP or 3,4-Mo-TTP. 

111 

o 
0 ..... II 

MoL 
I 

Zn(3,4-Mo-TTP) 
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DMF. The dichloromethane solution is then run down a neutral alumina column which 

converts the FeCI(x,y-Mo-TTP) monomers into [FelII(x,y-Mo-TTPhO dimers and 

provides a chromatographic purification step to the overall procedure. The dimer is then 

reconverted into the chloro-iron(III) monomer by a biphasic reaction between the p-oxo

dimer in dichloromethane and 1M NaCI in H20. Repetition of this procedure results in 

complete conversion back into FeCI(2,3-Mo-TTP) or FeCI(3,4-Mo-TTP). The resulting 

bimetallic complexes, FeCl(2,3-Mo-TTP) and FeCI(3,4-Mo-TTP), are indefinitely stable 

in air, stable to water, but mildly sensitive to high temperatures (slight decomposition 

occurs upon prolonged heating in DMF) and very sensitive to HCl. 

Molecular Modeling 

All attempts to obtain crystals of any relevant Mo, Fe, or Zn containing porphyrins 

suitable for X-ray structure determination have been unsuccessful, but molecular modeling 

calculations were performed in order to determine the Mo-Fe distances. The strict 

geometrical constraints of both the TTPl20 and ~he [LMo VO]2+ fragment121 allowed the 

two domains to be constructed from single crystal structural data and joined through the 

catecholate moiety using estimated Mo-O bond lengths of 1.96 A. The structures 

obtained for Zn(2,3-Mo-TTP) and Zn(3,4-Mo-TTP) are shown in Figures 3.2 and 3.3 and 

important structural information is listed in Table 3.1. 

The hydrotris(3,5-dimethyl-1-pyrazolyl)borate ligand imposes facial geometry at 

the Mo v center. The catecholate ring oxygen atoms and a terminal oxo group occupy the 
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Figure 3.2 The Modelled Structure of Zn(2,3-Mo-TTP) 
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Figure 3.3 The Modeled Structure of Zn(3,4.Mo· TTP) 



I Property 

.J.: ',,', .,t-,.~ ." . ,; . 

Mo - Zn distance 

Angle of Mo atom from 

the catecholate planeb 

Angle between Mo(cat) 

plane and porphyrin 

planec 

A verage distance of 

atoms from porphyrin 

planed 

Zn(2,3-Mo-TIP) 

7.3 A 9.4 A 

0.07 A 0.07 A 

Table 3.1 Structural Data Obtained from Molecular Modeling Studies 
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a Data were obtained using Zn2+ as the central metal atom in order to obtain an 

"in-plane average" structure. b Angle formed between the plane containing the 

catecholate ring and the Mo atom. C Angle formed between the plane containing the Mo

catecholate ring and the porphyrin RMS plane. d Average distance of the 24 atoms of 

the porphyrin heterocycle from the RMS plane. 
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remaining coordination sites on the molybdenum atom. The catechol ring lies roughly 

perpendicular to the central plane of the porphyrin. The bulky methyl groups on the 

pyrazolylborate ligand and the planar nature of the porphyrin severely limit the structural 

freedom within these molecules. The 2,3-Mo-TTP isomer has one of its methyl groups 

directly into the n-system of the porphyrin plane. The entire Mo-catechol ring system is 

twisted more than 30° from perpendicular (with respect to the porphyrin plane) in order 

to minimize this interaction. The 3,4-Mo-TTP isomer shows no evidence of this strain 

due to the greater distance between the pyrazolyl borate system and the porphyrin ring, 

as evidenced by the 5° of twisting in this complex. 

The steric constraints severely limit the range of possible Mo-Fe distances 

displayed within the two complexes. The only mode of rotational motion between the 

two ring systems (and in effect the two metal centers) is about the catechol to porphyrin 

C-C single bond. This bond has a barrier of rotation of approximately 11-17 Kcals/mol 

due to the 0" protons of the phenyl (catechol) ring interacting with the N-H protons of the 

porphyrin.126,127 This interaction should be enhanced upon substitution at the 0" position 

and in fact the 2,3-Mo-TTP isomer is virtually unable to rotate about this bond. These 

constraints allow only a slight rocking motion of the Mo-catechol ring with respect to the 

porphyrin forcing the Mo-Fe distances to remain relatively constant. The constrained 

distances are found to be 9.4 A in the 3,4-Mo-TTP isomer and 7.3 A in the 2,3-Mo-TTP 

isomer. 
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Spectroscopy 

The infrared spectra of the compounds exhibit all of the expected bands and 

clearly confmn the increasing complexity of the molecules as the porphyrins increase 

from 2,3-0H-TIP and 3,4-0H-TIP to their metal insertion products. The molybdenum 

containing porphyrins, 2,3-Mo-TIP and 3,4-Mo-TIP, exhibit strong v(M=O) bands77 at 

about 940 cm-l and show the complex band signatures associated with the porphyrinl28 

and pyrazolylborate moieties.76,77 The molybdenum containing porphyrins also exhibit 

the expected patterns when zinc or iron are inserted into the central cavity of the 

porphyrin ring. 128 

The electronic absorption spectra in toluene are summarized in Table 3.2 ana 

several representative spectra are seen in Figure 3.4. All of the substituted porphyrins 

display bands that are virtually identical in both intensity and position to those of TIP 

and its chloroiron88 and zinc insertion products. l28 All evidence of a Mo d-d transition 

within any of the molybdenum containing complexes is obscured by the much more 

intense porphyrin and metalloporphyrin absorbances. 

The bis-substituted dihydroxyporphyrins and all of their metal substituted products 

were also characterized by mass spectroscopy. Samples were ionized using FAB and 

liquid SIMS techniques with Cs+ ionization from p-nitrobenzyl alcohol matrices. The 

suitability of this technique to metalloporphyrins is demonstrated by the high correlation 

between the calculated and observed molecular ion peaks as listed in Table 3.3. The 

calculated parent ion peak was determined using the most abundant isotope for each atom. 
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The mass numbers in Table 3.3 refer to the peak of maximum intensity within a multiplet 

arising mainly from Mo, B, Zn, or Fe isotopes. The experimental molecular ions for all 

chloroiron porphyrins correspond to chloride loss from the parent molecule which results 

in the fonnation of relatively stable [FeIII(TTP)t-type cations. 

The IH-NMR spectra of the bis-substituted free base porphyrins are consistent 

with the molecular fonnulations and the presence of only one hydroxy-substituted phenyl 

ring per molecule. The substitution pattern of I-tTP-2,3-0H-C6H3 and I-tTP-3,4-0H

C6H3 (where tTP = tritolylporphinato) for 2,3-0H-TTP and 3,4-0H-TTP respectively is 

clearly seen in the phenyl region of the IH-NMR spectra Esee Figti~~ 2,3-0H-TTP 

displays a doublettriplet:doublet pattern for its hydroxy substituted phenyl whereas 3,4-

OH-TTP shows the characteristic singlet:doublet:doublet pattern of 1,3,4-trisubstituted 

phenyls (patterns are not meant to be indicative of any specific chemical shift pattern, 

only the expected multiplicities). The zinc insertion products of the bis-hydroxy

porphyrins display the same multiplicity patterns for the dihydroxyphenyl ring as well as 

all other expected resonances. The molybdenu~ containing porphyrins have a d1-Mo(V) 

center which is very efficient at relaxing protons, and thus the IH-NMR spectra of these 

compounds are not assignable and will not be discussed. 
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': 'comp~~~ 
~ , 

'",Wa~el~ngili , ill 'n~, (lOgE) •• ,:' ',','. "'I 1 I . q : 
~. 

TIP 516 (4.24), 550 (3.96), 594 (3.72), 652 (4.00) 

" 2,3-0H-TIP 515 (4.27), 550 (3.94), 592 (3.78), 651 (3.98) 

2,3-Mo-TTP 516 (4.26), 551 (3.98), 594 (3.73), 652 (3.86) 

3,4-0H-TIP 516 (4.25), 551 (3.98), 594 (3.72), 652 (3.88) 

3,4-Mo-TIP 518 (4.28),554 (4.10), 595 (3.77), 653 (3.88) 

Zn(TIP) 514 (3.39), 551 (4.32), 590 (3.65) 

Zn(2,3-0H-TIP) 513 (3.47), 550 (4.32), 589 (3.58) 

Zn(2,3-Mo-TIP) 513 (3.48), 551 (4.34), 590 (3.69) 

Zn(3,4-0H-TIP) 514 (3.42), 551 (4.27), 590 (3.61) 

Zn(3,4-Mo-TIP) 515 (3.65), 552 (4.38), 592 (3.84) 

FeCI(TIP) 509 (4.14), 571 (3.60), 690 (3.58) 

FeCI(2,3-Mo-TIP) 509 (4.18), 573 (3.62), 690 (3.56) 

FeCI(3,4-Mo-TIP) 509 (4.15), 571 (3.74), 693 (3.57) 

LMoO(cat) 667 (2.19) 

Table 3.2 Visible Absorbance Data 

Collected from toluene solutions. 
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0.5 

~ 0 

1- 2,3-Mo-TIP --*- Zn(2,3-Mo-TIP) ~ FeCI(2,3-Mo-TTP) 

Figure 3.4 Visible Absorbance Spectra of 2,3-Mo-TTP, Zn(2,3-Mo-TTP), and 

FeCI(2,3-Mo-TTP) 

Displayed spectra are corrected to a [Mo] of 1.0 x 10-4 M toluene solutions in a 

1 cm cuvette. 
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Complex Calculated MIa Found MI Assignment 

TIP 670.31 670.04 MY 

2,3-0H-TIP 688.28 689.45 (MI + W) 

2,3-Mo-TIP 1097.38 1098.41 (MI + W) 

3,4-0H-TIP 688.28 688.20 MY 

3,4-Mo-TIP 1097.38 1096.52 MY 

Zn(TTP) 732.22 732.21 Mrr 

Zn(2,3-0H-TIP) 750.20 749.88 MI+ 

Zn(2,3-Mo-TIP) 1159.27 1159.43 Mrr 
, 

Zn(3,4-0H-TIP) 750.20 750.19 Mrr 
, 

Zn(3,4-Mo-TIP) 1159.27 1159.43 MI+ 

FeCI(TIP) 724.23b 724.08 (MI-Cn 

FeCI(2,3-Mo-TIP) 1151.27b 1149.62 (MI-Cn 

FeCI(3,4-Mo-TIP) 1151.27b 1149.51 (MI-Cn 

LMoO(cat) 519.11 518.49 Mrr 

Table 3.3 Mass Spectral Data 

a MI is Molecular ion calculated in amu. b Calculated as MI - Cl. 
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The isotropic X-band solution EPR spectra for all of the molybdenum containing 

compounds are nearly identical (see Figure 3.5). The EPR parameters are typical for 

LMo VO(cat) complexes «g> = 1.950, A(95.97Mo) = 38 x lO-4cm-l). The anisotropic g 

values and line shapes of the 2,3-Mo-TTP and 3,4-Mo-TTP complexes at liquid N2 are 

as expected for LMo vO(cat) type complexes.77 The molybdenum signal displays pseudo

axial symmetry (see Figures 3.6 - 3.7) arising from the pseudo-three-fold axis formed at 

the Mo(V) center by the three facially coordinating pyrazolyl nitrogens and the oxygens 

of the oxo and catecholato ligands which make up another facially coordinating ligand 

set. The zinc substituted porphyrins, Zn(2,3-Mo-TTP) and Zn(3,4-Mo-TTP), display 

signals which are identical to those of the unmetallated complexes. The molecules 

containing Mo v and FeIII, FeCI(2,3-Mo-TTP) and FeCI(3,4-Mo-TTP), show both Mo V 

and FeIII signals with no apparent changes in positions with respect to the appropriate 

monometallated species. The high-spin FeIII signal is broad and positioned around <g> 

:::: 6, typical of high-spin FellI porphyrins. The intensity of the molybdenum signal is 

however greatly affected due to an electronic dipolar coupling interaction with the rapidly 

relaxing iron center (see Figures 3.6 and 3.7). This interaction is highly dependent upon 

the absolute distance between the interacting metal centers as can be seen from Equation 

3.1, where J.ld and J.lu are the two interacting dipoles, e is the angle between the 

magnetic field and the inter-dipolar vector, and r is the distance between the two 

interacting dipoles. 129 
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Figure 3.5 Room Temperature EPR Spectra of LMo VO(cat), 2,3-Mo-TTP, and 

3,4-Mo-TTP in Toluene 

[Mo] ;::;; 1 mM in all spectra. Hyperfine is multiplied by a factor of 10 for clarity. 

All spectra display <g> = 1.950 and A(95,97Mo) = 38 x 1O-4cm-l. 
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Equation 3.1 

The interaction is enhanced in the FeCI(2,3-Mo-TIP) isomer which has a calculated Mo

Fe distance of 7.3 A in contrast to FeCI(3,4-Mo-TTP) which has a calculated Mo-Fe 

distance of 9.4 A (as determined from molecular modeling studies). Substituting the 

results from the modeling studies of the Mo-Fe distances into Equation 3.1 (assuming that 

all other conditions implied by Equation 3.1 are identical for both isomers) indicates that 

the dipole-dipole interaction should be twice as large in the 2,3-isomer as in the FeCI(3,4-

Mo-TIP) isomer. Intensity measurements corrected for concentration indicate that 45 and 

20% of the original signals remain for 3,4-Mo-TTP and 2,3-Mo-TIP respectively upon 

FeIII insertion as predicted by the simplified theory. The high-spin FeIII center (d5, S=6) 

unfortunately results in Mo V - FeIII dipole-dipole interaction EPR parameters which are 

unable to be accurately modeled due to the artificially high <g> values of the FeIII center. 

Electrochemistry 

The half wave reduction potentials for the series of bis-hydroxy substituted 

porphyrins and their [FeCI]2+ insertion products are listed in Table 3.4 and several 

representative voltammograms are seen in Figure 3.8. All complexes exhibit pseudo

Nernstian one-electron reductions as demonstrated by ipiipc :::: 1.0 for all of the redox 

processes other than [FeIII]+/FeII. The [FeIII]+/FeII redox processes are not entirely 
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2,3-Mo-TTP 

3,4-Mo-TTP 

Figure 3.6 EPR Spectra of 2,3-Mo-TTP and 3,4-Mo-TTP at 77°K 

Samples were prepared as toluene:CH2Cl2 (1: 1) glasses. Spectra are nonnalized 

to [Mo] = 0.50 mM. 
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FeCI(2,3-Mo-TTP) 

FeCI(3,4-Mo-TTP) 

55% loss of intensity as compared to 3,4-Mo-TTP. 

Figure 3.7 EPR Spectra of FeCI(2,3-Mo-TTP) and FeCI(3,4-Mo-TTP) at 77°K 

Samples were prepared as toluene:CH2Cl2 (1: 1) glasses. Spectra are nonnalized 

to [Mo] = 0.50 mM. The displayed spectra are also nonnalized to one scan 
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reversible due to halide loss from the reduced species [FeIIC1(TIP)r. One cathodic 

process is observed during the negative potential sweep but one or two peaks are observed 

during the reverse sweep depending upon the sweep rate. Slow scans (25 mY/sec) result 

in one broadened anodic peak. At increased scan rates (>50 mY/sec), this anodic wave 

splits into two processes with the more positive peak corresponding very well to that 

observed for FeIII(CI04)(TIP) which exists solely as a separated ion pair in DMF 

solutions.97 Thus, the more negative anodic process is assigned to an FeIIIC1(TPP)/ 

[FeIIC1(TPP)r redox couple whereas the more positive process is probably due to 

[FeIII(TIP)tIFeII(TIP) arising from chloride loss in the above anion. Therefore, 

(FeCl(2,3-Mo-TIP) and FeCl(3,4-Mo-TIP) were also investigated with DMF as solvent 

and at scan rates above 200 mY/sec in order to display ipiipc ;::: 1.0 for the FellI/Fell 

redox process). 

The Lllip values (at 100 mV scan rates) for all waves are much larger than the 

theoretical value of 59 mV but correspond favorably with the value of 180 mV for 

ferrocene/ferrocinium ion and 170 mV for LMoVO(cat) which was also studied by 

controlled potential coulommetry and gave 0.95 e-/Mo, verifying the one-electron nature 

of the Mo v/LMoIVr reduction processes. 

The data show a distinctive decrease in reduction potentials as the porphyrin 

substitution pattern shifts from unsubstitututed to 3,4- to 2,3-substituted complexes. This 

trend is independent of the redox process examined and the nature of the substituent. The 

first porphyrin ring reduction in 2,3-Mo-TTP is 80 mV lower than in 3,4-Mo-TIP, and 
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Redox Process 

Complex FeIll/FeII 1 MoV/MoIV 

I 
FeII/FeI J ITPO/iTP-l ! 

", .~« • .. 

TIP -1.14 (140) 

, 
3,4-0H-TIP -1.18 (140) 

3,4-Mo-ITP -0.68 (150) -1.20 (140) 

2,3-0H-TIP -1.22 (150) 

2,3-Mo-ITP -0.74 (150) -1.28 (140) 

FeCI(TIP) -0.23 (150) -1.00 (150) 

FeCI(3,4-Mo-TIP) -0.25 (160) -0.71 (150) -1.06 (150) 

FeCI(2,3-Mo-TIP) -0.28 (160) -0.74 (150) -1.13 (150) 

LMoO(cat) -0.71 (170) 

- . 

Table 3.4 Half-Wave Reduction Potentials 

Cyclic voltammetry was perfonned on 1.0 mM CH2C12 solutions with 100 mM 

tetrabutylammonium tetrafluoroborate as supporting electrolyte. Half-wave reduction 

potentials are listed in volts with Lllip in parentheses. Voltammograms were recorded at 

100 m V /sec and potentials are referenced to SCE. 
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FeCI (TTP) 

3,4-Mo-TTP 

FeCI(3,4-Mo-TTP) 

0.5 0.0 -0.5 -1.0 -1.5 

(Volts vs SCE) 

Figure 3.9 Cyclic Voltammetry of Several Substituted Porphyrins. 

Cyclic voltammetry performed on 1 mM solutions in CH2Cl2 with 100 mM 

BU4NBF4 as supporting electrolyte. Pt disk working electrode, Pt wire counter electrode, 

and SCE as reference. All voltammograms collected with scan rate = 100 mY/sec. 
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140 mV more negative than in TIP. This pattern corresponds with the decreasing 

intersubstituent distances (substituent to the center of the porphyrin) and the increasing 

steric requirements of the complexes as determined by molecular modeling. The 

Mo V /MoIV redox process is apparently much less affected by [FeCl]2+ insertion than is 

the iron center upon [LMoof+ attachment to the porphyrin periphery. There is an 

incremental decrease of 50 m V in the FeIII/FeII reduction potential through the series 

FeCl(TTP), FeCl(3,4-Mo-TIP), and FeCl(2,3-Mo-TTP), and a 130 mV reduction for the 

Fell/Fel process. 

The effect of phenyl substituents upon the redox potentials of central metal atoms 

in tetraphenylporphyrins has been an area of continuing interest. Tetraphenylporphyrins 

are constrained so that the phenyl rings lie perpendicular to the porphyrin plane due to 

steric interference between the ortho protons of the phenyl ring and the pyrrole protons 

of the porphyrin. The result is that in metallated tetraphenylporphyrin complexes, the 

transfer of electronic effects from the phenyl ring to the central metal atom is almost 

entirely due to inductive effects. Walker126 has studied the effect of unsymmetrically 

placed phenyl substituents on the redox potentials of a series of high-spin iron 

tetraphenylporphyrins. The values of the cathodic reduction potentials of symmetrical 

tetraphenylporphyrin complexes of high-spin FeIII/FeII show a fairly linear correlation 

with the sum of the Hammett a-constants of the substituents. Complexes with more 

positive Hammett a-constants sums (more electron-withdrawing) display higher cathodic 

reduction potentials than those with more negative sums (more electron-donating). The 
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unsymmetrical tetraphenylporphyrin complexes follow the same general trend but those 

complexes with three electron-donating groups and one electron-withdrawing group tend 

to have slightly higher potentials whereas those having three electron-withdrawing groups 

and one electron-donating tend to more negative potentials than in the symmetrical 

tetraphenylporphyrins. 

The [LMo V 0(0-)2] group is expected to be slightly electron-donating, its one

electron reduction product, [LMo1VO(0-)2r , would therefore be expected to be even more 

electron-donating due to its extra electron. According to the data from Walker130 the 

more electron-donating substituent should result in lower half-wave reduction potentials 

for the metal centered redox potentials when [LM01VO(O-)2r is present. This is clearly 

evident from the data for the iron centered reductions in FeCI(TTP),FeCl(2,3-Mo-TTP), 

and FeCI(3,4-Mo-TTP) listed in Table 3.4. The electron donating group, [LMo V 0(0-h]' 

lowers the half-wave reduction potential for [FeIII]+JFeII by 20 mV and 50 mV 

respectively for FeCI(3,4-Mo-TTP) and FeCl(2,3-Mo-TTP) versus FeCI(TTP). Since the 

Mo V /[Mo1Vr redox process occurs at about -0.70 V and the Fell/[Fe1r occurs below -1.0 

V, the pendant ligand is actually [LMo1VO(O-hr during the Fell/[Fe1r reduction. This 

results in a greater effect upon the Fell/[Fe1r reduction than in the [FeIII]+JFeII case when 

the pendant ligand is [LMo VO(O-h]. The half-wave reduction potentials for the 

Fell/[Fe1r processes are lowered by 60 mV and 130 mV respectively for FeCI(3,4-Mo

TTP) and FeCI(2,3-Mo-TTP) versus FeCI(TTP). This overall trend is also seen in the 

non-metallated complexes. 
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The relative position of the substituent (ortho-, meta-, or para-) should also effect 

the redox potentials of the central metal atom in unsymmetrically substituted 

tetraphenylporphyrins .. There are very few substituents for which all three (0-, m-, p,) 

Hammett a-constants have been calculated. For those electron-donating groups that have 

a complete series, the relative order is meta- > para- > ortho-. The complexes of interest 

in this study are FeCI(o,m-Mo-TTP) and FeCI(m,p-Mo-TTP) (originally labeled FeCl(2,3-

Mo-TTP) and FeCI(3,4-Mo-TTP». Utilizing the above Hammett a-constant order, the 

redox processes should follow the order of unsubstituted TTP > 3,4-X-TTP > 2,3-X-TTP 

(where X = OH, or [LMo VO(O-2)])' The data in Table 3.4 clearly demonstrate this trend 

for all of the redox processes investigated. 

IV. Conclusions 

The target bimetallic model compounds for the Mo-Fe interaction in sulfite 

oxidase, FeCI(2,3-Mo-TTP) and FeCI(3,4-MO-TTP), have been synthesized and 

investigated by a variety of spectroscopic methods. The suitability of the central 

porphyrin cavity to accept other transition metals has been demonstrated by zinc insertion 

into the porphyrin. The well known ability of the catecholate moiety to chelate many 

transition metal ions suggests that this porphyrin system may be extremely useful in 

investigating static metal-metal interactions at the discrete distances imposed by this 

system (7.3 A and 9.4 A for the 2,3- and 3,4- isomers respectively). The expected steric 

constraints imposed by the ligand system were investigated by computer simulation. The 



133 

geometries severely restricted intramolecular motion and resulted in the above mentioned 

metal-metal distances with overall ranges of less than ±O.3 A. 

The result of this relatively short FeIII-Mo V distance is evident as electron-electron 

dipolar coupling interactions measured by liquid N2 EPR spectroscopy. The distance 

dependence of this interaction is displayed in the broadening of the Mo V signal of 2,3-

and 3,4-Mo-TTP upon FeIII insertion into the porphyrin cavity. The resulting spectra 

show a loss of intensity that is directly proportional to the (metal-metal distance)3. 

Studies with other model compounds (low-spin FeIII) are planned in order to obtain the 

distance and angular dependence of the (low-spin) FeIII - Mo V dipolar coupling 

interaction in order to better interpret some planned EPR studies of native sulfite oxidase. 

The electrochemical redox potentials of all the unsymmetrically substituted 

porphyrins and metalloporphyrins follow the general trends previously proposed for the 

effect of phenyl substituents upon the redox potentials of iron tetraphenylporphyrins. All 

o,m-substituted porphyrins display more negative reduction potentials than the 

corresponding m,p-substituted porphyrins which are more negative than the un substituted 

porphyrins. The electron donating abilities of [LMoOv(O-)2] and [LMo1VO(O-)2f are 

displayed in their lowering of [FeIII]+/FeII and FeIIj[Fe1r redox couples. The field of 

redox-tuning of iron porphyrins has been a topic of great interest. The use of highly 

electron donating or accepting transition metal moieties in place of the Mo v centers used 

in this study should enable one to greatly effect the redox properties of the central metal 

ion. The large electronic effects capable in transition metal systems can be expected to 
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greatly expand the range of FeIIICl/FeII redox potentials which is currently about 450 m V. 



CHAPTER 4 

PHOSPHORUS-31 NMR SPECTROSCOPY AS A PROBE OF 

MODELS FOR THE MOLYBDENUM-PHOSPHATE 

INTERACTION IN OXO-TYPE MOLYBDOENZYMES 

AND THEIR COFACTORS130 

I. Introduction 
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Molybdenum is an essential trace metal that is present in 'oxo-type' enzymes 

such as xanthine oxidase (XO), sulfite oxidase (SO), and nitrate reductase (NR).131-13? 

These enzymes occur in diverse organisms and catalyze reactions involving a change in 

the number of oxygen atoms in the substrate. From degradation studies a common 

molybdenum cofactor (Mo-co) is proposed to be present in all these enzymes (see Figure 

1.1).9,20,35,36 Further evidence for the terminal phosphate group on the side chain of the 

tetrahydropterin ring system of Mo-co comes from 31p NMR studies on xanthine 

oxidase.136,137 Oxidized XO shows a pH-dependent resonance at -3 ppm that can be 

assigned to the mono-substituted phosphate of Mo-co. Extensive broadening of this 31p 

resonance occurs when oxidized XO is treated with dithionite and ethylene glycol to 

produce a stable inhibited Mo(V) form of the enzyme. This result is consistent with rapid 

relaxation of the 31p nucleus by the paramagnetic molybdenum(V) center within -10 A. 

Several laboratories are engaged in research on molybdenum-thiolate,58,62,72,77,115 
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molybdenum-thiolene,S8.62.72.77.11S and molybdenum-pterin138 complexes. However, to 

date no model compounds have been available to allow examination of the possible 

molybdenum-phosphate interactions of Mo-co. Our approach has been to synthesize a 

series of stable mononuclear oxo-molybdenum(V) and dioxo-molybdenum(VI) complexes 

possessing pendant phosphate esters in which the Mo ... p interactions are constrained 

to be 4 - 8 A. The 31 P NMR spectra of these model compounds provide direct 

information about the effects of a paramagnetic oxo-molybdenum(V) center on the 

chemical shifts and line widths of nearby phosphate groups. Such information should 

ultimately be useful for using 31p NMR for probing the Mo"'P distance in solutions 

of the molybdenum cofactor. A preliminary account of this work has appeared. 139 

II. Experimental 

Materials 

Reactions were carried out under an atmosphere of pure dry nitrogen; solvents 

were thoroughly degassed and purified by distillation before use; tetrahydrofuran (thf) 

from potassium; dichloromethane and 1,2-dichloroethane from P20 S; acetonitrile from 

calcium hydride; toluene from sodium; hexanes from sodium hydride. Subsequent 

workup of the products was carried out in air. Silica gel 60 used in adsorption 

chromatography was obtained from Sigma Co. Potassium hydrotris(3,5-dimethyl-l

pyrazolyl) borate 76, dichloro-hydrotris(3,5-dimethyl-I-pyrazolyl) borato-oxo

moly bden um(V) 77 (L!v100CI2), and chloro-hydrotris(3 ,5-dimethy 1-1-pyrazol y 1) borato-
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dioxo-molybdenum(VI)64 (LMo02Cl) were prepared by literature methods. Triethylamine 

was purified by distillations from calcium hydride and potassium. Diphenyl 

chlorophosphate, 1,2,3-trihydroxybenzene, 1,2,4-benzenetriol, hydroquinone, and 

resorcinol were obtained from Aldrich Chemical Co. The purity of isolated compounds 

and the progress of the reactions were monitored by thin layer chromatography. Analyses 

were performed by Atlantic Microlab Inc., Atlanta, Georgia and by the Microanalytic 

Laboratories of the TU Miinchen, Garching, West Germany. 

Preparation of Compounds 

LMoO(02C6"3-3-OH) (1). To 2.0 g (4.2 mmol) LMoOC12 (L = hydrotris(3,5-dimethyl

l-pyrazolyl)borate and 0.55 g (4.4 mmol) 1,2,3-trihydroxybenzene in a 100 m1 airless flask 

was added 50 ml toluene and 0.9 m1 (excess) triethylamine. The reaction mixture was 

heated to 800 C with vigorous stirring and held there for 1h. The green solution was 

evaporated to dryness in vacuo and purified by adsorption chromatography on silica gel. 

Separation with 1,2-dichloroethane gave three fractions: light green starting material 

(LMoOCI2), a dark green fraction, and finally olive green 1. Recrystallization of 1 from 

dichloromethanelhexane mixtures gave dark olive green microcrystals. The yield was 

1.03 g (46%). 

Anal. Cal'd for C;IH26N604BMo (533.23): C, 47.30; H, 4.92; N, 15.76. Found: 

C, 47.14; H, 4.98; N, 15.70. IR (KBr): v(MoO), 939 cm-I, v(OH), 3430 em-I. EPR 

(toluene; 296 K): <g> = 1.950; <A> = 39.8'10-4 cm-I. UV-VIS (l,2-dichloroethane; 
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20°C): 14,990 cm-I (190 L mor l cm-I); 28,440 (4070). CV (vs. Hg/Hg2CI2): E = -0.71 

V; .1Ep = 65 mY. 

LMoO(02C6"3-4-OH) (3) was carried out as for 1 with 0.55 g (4.4 mmol) 1,2,4-

benzenetriol, chromatographed in silica gel and eluted with dichloromethane as a light 

brown fraction. After recrystallization golden-brown shiny plates were obtained. The 

yield was 1.76 g (79%). IR (KBr): v(MoO), 938cm-I; v(OH), 3390 cm-I. EPR (toluene, 

296 K): <g> = 1.949; <A> = 38.1'10-4 cm-I. UV-VIS (1,2-dichloromethane; 20°C): 

13,320 cm- I (110 L mor l cm-I); 31,610 (sh - 2490). CV (vs. Hg/Hg2CI2): E = -0.76 

V; .1Ep = 75 mY. 

LMoOCI(OC6"4-3-OH) (S). To 1.5 g (3.1 mmol) LMoOCl2 and 0.34 g (3.1 mmol) 

resorcinol in a 100 ml airless flask was added 30 ml toluene and 0.44 m1 (3.1 mmol) 

triethylamine. The reaction mixture was heated to 80°C with vigorous stirring and held 

there for 30 min. The purple solution was evaporated to dryness in vacuo and purified 

by adsorption chromatography on silica gel. Separation with 1,2-dichloroethane yielded 

three fractions: light green starting material (LMoOCI2), a dark purple fraction, and 

finally purple S. Recrystallization from dichloromethanelhexane mixtures gave 0.52 g 

(30%) dark purple microcrystals. 

IR (KBr): v(1MoCI), 335 cm-I; v(MoO), 949 cm-I; v(OH), 3440 cm-I. EPR 

(toluene; 296 K): <g> = 1.938; <A> = 44.7'10-4 em-I. UV-VIS (1,2-dichloroethane; 20° 
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C): 18,870 cm-I (1320 L mor l em-I); 27,930 (2090). 

LMoOCI(OC6"4-4-OH) (7) was carried out as for 5 with 0.34 g (3.1 mmol) 

hydroquinone, chromatographed on silica gel, and eluted with dichloromethane. 

Recrystallization from dichloromethanelhexane mixtures yielded 0.38 g (22%) blue-grey 

microcrystals. 

IR (KBr): v(MoCI), 335 em-I; v(MoO), 948 em-I; v(OH), 3450 em-I. EPR 

(toluene; 296 K): <g> = 1.937; <A> = 44.7'10-4 em-I. UV-VIS (1,2-dichloroethane; 20° 

C): 16,950 cm-I (960 L mor l em-I); 27,190 (sh - 3190). CV (vs. Hg/Hg2CI2): E = -

0.69 V; 8Ep = 60 mY. 

LMo02(OC6"4-3-0H) (9). To 0.5 g (1.1 mmol) LMo02CI and 0.25 g (2.3 mmol) 

resorcinol in a 100 m1 airless flask was added 30 ml toluene and 0.3 m1 (2.2 mmol) 

triethylamine. The reaction mixture was refluxed for 5h. The orange solution was 

evaporated to dryness in vacuo and purified by adsorption chromatography on silica gel. 

Elution with dichloromethane gave two orange fractions. The second dark orange fraction 

yielded, after recrystallization from dichloromethanelhexane mixtures, 0.4 g (69%) orange 

needles of 9. 

IR (KBr): v(MoO), 923 cm-I and 896 em-I; v(OH), 3360 em-I. EPR silent. 

IH NMR (CD2CI2; 20° C): 2.30 ppm (s, 6H), 2.39 (s, 3H), 2.40 (s, 6H), 2.74 (s, 3H), 

5.84 (s, 2H), 5.92 (s, IH), 6.42 (m, 2H), 6.50 (m, 2H), 7.10 (m, IH). 
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LMo02(OC6H4-4-0H) (11) was earried out as for 9 with 0.25 g (2.3 mmol) 

hydroquinone, yielding 0.39 g (67%) 11 as dark orange needles. 

IR (KBr): v(MoO), 924 em-I and 894 em-I; v(OH), 3395 em-I. EPR silent. 

IH NMR (CD2CI2, 20° C): 2.29 ppm (s, 6H), 2.36 (s, 3H), 2.39 (s, 6H), 2.77 (s, 3H), 

4.83 (s, IH), 5.82 (s, 2H), 5.91 (s, IH), 6.78 (m, 4H). 

UV-VIS (l,2-dichloroethane; 20° C): 29,590 cm-I (3760 L mor l em-I). 

LMoO(02C6H3-3-0PO(OPh)2) (2). To 0.5 g (0.9 mmol) LMoO(02C6H3-3-0H) (1) in 

a 50 ml airless flask was added 30 ml toluene, 0.2 ml (excess) triethylamine, and 0.5 ml 

(excess) diphenyl chlorophosphate. The reaction mixture was refluxed for 15 h. The 

green solution was evaporated to dryness in vacuo and purified by adsorption 

chromatography on silica gel. Elution with dichloromethane and recrystallization from 

dichloromethanel hexane mixtures yielded 0.5 g (70%) green microcrystals. 

Anal. Cal'd for C33H3SN607PBMo (765.40): C, 51.79; H, 4.61; N, 10.98. Found: 

C, 51.62, H, 4.61; N, 10.85. IR (KBr): v(MoO), 942 em-I. EPR (toluene; 296 K): <g> 

= 1.949; <A> = 39.2'10-4 em-I. UV-VIS (l,2-dichloroethane; 20° C): 15,240 cm-l (130 

L morl); 29,410 (sh - 3360). CV (vs. Hg/Hg2CI2): E = -0.62 V; AEp = 65 mY. 3lp 

NMR (CHCI3; 20° C): -12.26 ppm (s); I!,.vI{2 = 207 Hz. 

LMoO(02C6H4-4-0PO(OPh)2) (4) was carried out as for 2, starting with 0.5 g (0.9 

mmol) 3 and yielding 0.26 g (89%) 4 as green microcrystals. Anal. Cal' d for 
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C33H35N607PBMo (765.40): C, 51.79; H, 4.61; N, 10.98. Found: C, 51.60; H, 4.70; N, 

10.88. IR (KBr): v(MoO), 940 em-I. EPR (toluene; 296 K): <g> = 1.948; <A> = 

38.2'10-4 em-I. uv-vis (1,2-diehloroethane; 20° C): 15,240 em-I (250 L mor l em-I); 

28,090 (sh - 3200). CV (vs. Hg/Hg2CI2): E = -0.66 V; ~ = 70 mY. 3Ip NMR 

(CHCI3: 20° C): -15.16 ppm (s); IJ.v I/2 = 24 Hz. 

LMoOCI(OC6H4-3-0PO(OPh)2) (6) was carried out as for 2, starting with 0.5 g (0.9 

nunol) 5 and yielding 0.51 g (72%) 6 as red-purple microcrystals. 

Anal. Cal'd. for C33H36N606PBCIMo (785.86): C, 50.44; H, 4.49; N, 10.69. 

Found: C, 50.59; H, 4.55; N; 10.70. IR (KBr): v(MoCI), 336 em-I; v(MoO), 

950 em-I. EPR (toluene; 296 K): <g> = 1.939; <A> = 44.4'10-4 em-I. UV-VIS (1,2-

diehloroethane; 20° C): 19,840 em- l (1440 L morl em-I); 29,410 (2370). CV (vs. 

Hg/Hg2CI2): E = -0.51 V; ~ = 70 mY. 3Ip NMR (CHCI3; 20° C): 

-17.08 ppm (s); IJ.v I/2 = 15 Hz. 

LMoOCI(OC6H4-4-0PO(OPh)2) (8) was carried out as for 2, starting with 0.5 g (0.9 

mmol) 7 and yielding 0.46 g (62%) 8 as red-purple microcrystals. 

Anal. Cal'd for C33H36N606PBCIMo (785.86): C, 50.44; H, 4.49; N, 10.69. 

Found: C, 50.72; H, 4.78; N, 10.32. IR (KBr): v(MoCI), 335 em- l v(MoO), 

955 em-I. EPR (toluene; 296 K): <g> = 1.938; <A> = 45.2 10-4 em-I. UV-VIS (1,2-

diehloroethane; 20° C): 19,310 em- I (1840 L mor l em-I); 25,710 (2370). CV (vs. 



Hg/Hg2CI2): E = -0.62 V; ~ = 70 mY. 3Ip NMR (CHCI3; 20° C): 

-17.08 ppm (s); D.VW, = 6 Hz. 
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LMo02(OC6"4-3-0PO(OPh)2) (10). To 0.25 g (0.5 mmol) LMo02(OC6H4-3-0H) in 

50 ml airless flask was added 20 ml toluene, 0.1 ml (excess) triethylamine, and 0.25 ml 

(excess) diphenyl chlorophosphate. The reaction mixture was refluxed for 15 h. The 

orange solution was evaporated to dryness in vacuo and purified by adsorption 

chromatography on silica gel. Elution with 1,2-dichloroethane and recrystallization from 

dichloromethanelhexane mixtures yielded 0.31 g (86%) orange microcrystals. 

Anal. Cal'd for C33H36N607PBMo (766.41): C, 51.72; H, 4.74; N, 10.97. Found: 

C, 51.89; H, 4.96; N, 10.71. IR (KBr): v(MoO), 922 cm-I and 896 em-I. EPR silent. 

UV-VIS (l,2-dichloroethane; 20° C): 29,450 cm-l (2230 L morl 

em-I). lH NMR (CD2CI2; 20° C): 2.30 ppm (s, 6H), 2.43 (s, 9H), 2.77 (s, 3H), 5.86 (s, 

2H), 5.96 (s, 1 H), 7.30 (m, 4H), 7.40 (m, lOH). 3lp NMR (CHCI3; 20° C): -17.62 ppm 

(s); D.V I/2 = 4 Hz. 

LMoOiOC6H4-4-0PO(OPh)2) (12) was carried out as for 10, starting with 0.25 g (0.5 

mmol) 11 and yielding 0.19 g (53%) 12 as orange microcrystals. 

Anal. Cal'd for C33H36N607PBMo (766.41): C, 51.72; H, 4.74; N, 10.97. Found: 

C, 51.65; H, 4.75; N, 10.96. IR (KBr): v(MoO), 924 cm-l and 896 em-I. EPR silent. 

UV-VIS (l,2-dichloroethane; 20° C): 29,330 cm-l (2310 L morl em-I). CV: irreversible 
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reduction. IH NMR (CD2CI2; 20° C): 2.28 ppm (s, 6H), 2.40 (s, 3H), 2.41 (s, 6H), 2.74 

(s, 3H), 5.84 (s, 2H), 5.94 (s, IH), 6.89 (d, 2H), 7.12 (d, 2H), 7.23 (m, 6H), 7.38 (m, 4H). 

31p NMR (CHCI3; 20° .C): -16.97 ppm (s); !1v1(2 = 3 Hz. 

Physical Measurements 

Infrared spectra were obtained as KBr pellets on a Perkin Elmer PE983 

spectrometer. Optical spectra were recorded on an IBM 9420 spectrophotometer. 

Electron paramagnetic resonance (EPR) spectra as fluid toluene solutions were measured 

at X-band frequencies using a Varian E3 spectrometer. Cyclic voltammetric (CV) 

measurements were performed on acetonitrile solutions (1 mM) over the potential range 

+ 1.0 to -1.5 V (vs. Hg/Hg2CI2) at a platinum disc electrode on an IBM EC 225 

voltammetric analyzer equipped with an IBM 742MT X-Y -T recorder. Nuclear magnetic 

resonance (NMR) spectra were obtained on Bruker WM-250 and AM-250 spectrometers. 

T2 values were obtained through the relation T2=(n!1v1(2r
1, where !1v1(2 is the line width 

at half peak height. T 1 values were obtained through the inversion recovery method on 

CDCl3 solutions (lOOmM) at 20·C.140 

Molecular Modeling 

The organic ligand fragments (e.g. I02C6H3-3-0PO(OPh)2") were built up and the 

lowest energy van der Waals configuration determined using CHEMX141 on a 

MicroV AX-II computer. The structures of the metal-containing fragments (ILMoO" and 
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"LMo02") were derived from single crystal structure data.63•77 The metal-containing 

fragments were then combined with the organic ligand fragments using typical Mo-O 

single bond distances (1.98 A)l1S.142, and the range of sterically allowed Mo"'P 

distances were investigated using MMS 143 on a Silicon Graphics IRIS-2400 turbo 

computer. 

Ill. Results and Discussion 

Synthesis 

A series of monooxo-molybdenum(V) and dioxo-molybdenum(VI) complexes 

possessing pendant phosphate esters attached to the metal via various catechol and phenol 

ligands can be prepared by straightforward two-step syntheses (see Schemes 4.1, 4.2, and 

4.3). Common to all oxo-Mo(V) species is the precursor LMoOCl2 which is synthesized 

by reaction of MoCls in tetrahydrofuran with KL.77 The bidentate catechol precursors 

1 and 3 are obtained from the reaction between LMoOCl2 and the appropriate hydroxy

substituted catechols in the presence of two equivalents of triethylamine in refluxing 

toluene (Scheme 4.1). The monodentate phenol precursors 5 and 7 are formed in the 

reaction between LMoOCl2 and the appropriate hydroxy-substituted (meta, para) phenols 

in the presence of one equivalent of triethylamine (Scheme 4.2). The common precursor 

for all dioxo-molybdenum(VI) compounds is LMo02CI, obtained from the reaction 

between Mo02Cl2 and KL.64 The Mo(VI) complexes 9 and 11 (Scheme 4.3) are 

prepared analogously to 5 and 7. Phosphorylation of the free hydroxyl group of 1, 3, 5, 
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Scheme 4.3 Synthesis of Dioxo.Mo(VI) Phosphate Ester Complexes 
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7, 9, and 11 with diphenyl chlorophosphateI44 in refluxing toluene in the presence of 

triethylamine provides the molybdenum phosphate ester complexes (Schemes 4.1,4.2, and 

4.3) in good yields. 

Spectroscopy 

The EPR, JR, electronic and electrochemical data of all mononuclear oxo

molybdenum(V)-catechol complexes confinn the LMo( =0)(0,0) coordination sphere and 

exhibit values similar to the unsubstituted catechol complex, LMoO(02C6H4) 77. The 

infrared spectra show the characteristic bands for the hydrotris(3,S-dimethyl-l

pyrazolyl)borate ligand, for metal-ligand vibrations and a strong band which can be 

assigned to the stretching vibration of the Mo=O group at about 940 cm-I. The isotropic 

X-band fluid solution EPR spectra are typical for oxo-Mo(V) complexes.77 All of the 

substituted catechol complexes show very similar EPR parameters «g> == 1.9S, 

A(95,97Mo) == 38'10-4 cm- I). For monooxo-molybdenum(V) complexes of the type 

LMo(=O)(Cl)(O) the Mo=O stretching frequency is shifted by S to 10 cm-I to higher 

wavenumbers, the <g> values are slightly lower «g> == 1.94), and the hyperfine splitting 

is substantially increased (<1\> == 4S'1O-4 cm-I). All monooxo-Mo(V) compounds 

examined by cyclic voltammetry exhibit quasi-reversible one-electron reductions as 

demonstrated by ~J~c == 1.0, corresponding to fonnation of the analogous Mo(JV) 

monoanion (Lllip = 60 to 80 m V at a scan rate of 100 m V /sec). The reduction potentials 

in acetonitrile range from -O.SI to -0.76 V (vs. Hg/Hg2C12). The IH NMR spectra of the 
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paramagnetic Mo(V) complexes give extremely broadened and slightly shifted signals 

which cannot be meaningfully interpreted. 

The spectroscopic properties of the diamagnetic Mo(VI) complexes have 

characteristic features expected for a cis-{Mo02} 2+ center. The vibrational spectra 

contain two Mo=O stretching modes separated by 25 to 30 cm-1 in the region of 925 to 

895 wavenumbers. The electronic spectra of these dO-complexes exhibit a single 

absorption maxima (Emax : 29,000 cm- I ) which can be assigned to a ligand to metal 

charge transfer electronic transition. The cyclic voltarnmograms exhibit irreversible 

reduction, as often occurs for dioxo-Mo(VI) complexes. I45 

The 1 H NMR spectra of the Mo(VI) complexes all show four resonances 

(integration: 6H : 3H : 6H : 3H) for the methyl protons of the hydrotris(2,3-dimethyl-l

pyrazolyl)borate ligand due to the nonequivalence of the methyl groups in the 3- and 5-

positions and due to the local Cs-symmetry. The Cs-symmetry also causes the 

nonequivalence of the three CH protons (integration: 2H : IH) of the pyrazolyl rings. 

All attempts to obtain crystals of the molybdenum phosphate ester complexes suitable 

for x-ray structure determination have been unsuccessful, but we have done molecular 

modeling calculations in order to determine the possible Mo ... p distances. The 

hydrotris(3,5-dimethyl-l-pyrazolyl)borate ligand imposes facial geometry at the metal 

center. The bulky methyl groups on the pyrazolylborate ligand and the phenyl groups on 

the phosphate ester severely restrict the rotational conformations of the pendant phosphate 

ester and thereby limit the Mo'''P distances to the ranges given in Table 4.1. For 2, 



150 

4, 6, 8, 10, and 12 the Mo···P distance is a function of the rotation of ,the phosphate 

ester about the C(cat)-O or C(phenol)-O bonds. 

31p NMR Studies 

The 31p NMR data for the phosphorylated compounds are shown in Table 1. The 

31p resonances for 2 (-12.26 ppm), 4 (-15.16 ppm), and 6 (-10.31 ppm) are downfield 

relative to triphenyl phosphate at -16.80 ppm. 8 possesses a slightly up field 31p 

resonance (-17.08 ppm). The 31 P signals of the diamagnetic Mo(VI) phosphate ester 

complexes (10 and 12) have chemical shifts of -17.62 and -16.97 ppm, respectively. Both 

are upfield relative to triphenyl phosphate and indicate the relatively small paramagnetic 

shift by the analogous Mo(V) compounds. 

The most striking feature of the 31 P NMR data for the Mo(V) models is the wide 

variation in their linewidths, which range from 207 Hz for 2 to 6 Hz for 8. For 

comparison, the 31 P NMR resonances of the diamagnetic Mo(VI) compounds have 

linewidths less than 4 Hz. The line broadening observed for the 31p signals in the Mo(V) 

phosphate ester complexes is primarily due to coupling of the 31 P nucleus with the 

unpaired electron on the d 1 molybdenum centers. 

The longitudinal relaxation times (T1) were measured for the model compounds 

by the spin inversion recovery method.146 The paramagnetic Mo(V) phosphate esters all 

have T 1 values less than 0.5 sec which vary by more than a factor of 10, whereas the 

Mo(VI) analogue has a much longer T 1 value of 5.09 sec. The T 1 values for the Mo(V) 
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31p _NMR Data 0 

d(Mo-P) [A] 

Com- O /WI(2 T2M TI TIM 

plex [ppm] [Hz] [sec]a [sec]b [sec]c mind maxd calce 

2 -12.26 207 0.0016 0.022 0.022 4.13 6.01 4.6 
" 

4 -15.16 24 0.0159 0.073 0.074 5.77 6.63 5.6 

6 -10.31 15 0.0289 0.414 0.451 5.47 7.25 7.5 

8 -17.08 6 0.159 0.423 0.458 6.74 7.55 7.6 
\ 

10 -17.62 4 - 5.09 - - - -

12 -16.97 3 - - - - - -

Table 4.1 31p_NMR Data and Mo-P Distances of the Molybdenum Phosphate Ester 

Complexes 

a Contribution of the unpaired electron nuclear coupling to the transverse 

relaxation time (calculated from t:.V1(2)' b Measured by the inversion recovery method. 

C Contribution of the unpaired electron nuclear coupling to the longitudinal relaxation time 

(calculated from T1). d Obtained from molecular modeling calculations. e Mo-P distance 

calculated from the Solomon equation using T 1 M and 't = 4 X 10-11 sec. 
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complexes are much longer than their corresponding T2 rates (as measured by T2-1 = 

1t~v). Other 31p studies have shown that T2 rates are much faster than the Tl values for 

phosphate groups in paramagnetic complexes.147,148 Both Tl and T2 contain dipolar 

terms due to coupling between the metal ion unpaired electron and the 31p nucleus. Since 

T 2 is so much smaller than T 1 it follows that dipolar mechanisms cannot be solely 

responsible for T 2 and therefore T 1 values will be used for calculations where strictly 

dipole-dipole interactions are described. 

The Tl values can be used to calculate the Mo"'P distance, r, through the Solomon 

equation (Equation 4.1).149,150 

T -1 -
1 -

2 

15 

(4.1) 

where Po is the permeability of a vacuum, r is the distance between the nuclei, Bn is the 

nuclear magnetogyric ratio, ge is the electron g yalue, PB is the Bohr magneton, S is the 

spin quantum number, 'te is the correlation time, and (Os and (01 are the electronic and 

nuclear angular velocities respectively.151 This equation has been shown to be valid for 

many instancesl47-149 although problems may arise for small molecules in the assumption 

of point-point dipoles implicit in Equation 4.1 due to electron density residing at or 

induced in pendant ligand positions by the nearby unpaired spin density at the metal. 152 

The correlation time, 'te, for the Mo ... p interaction in the Mo(V) phosphate 
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compounds is assumed to be essentially constant because of their similar structures. A 

'tc value of about 4 x 10-11 sec is consistent with the Mo-P distances derived from the 

molecular modeling ca1culations and with the measured T 1 values. An independent 

estimate of 'tc can be obtained from summing the individual contributing terms (Equation 

4.2), where 'ts is the electronic relaxation rate, 'tr is the rotational correlation time, 

't -1 + 't -1 + 't -1 
s r m (4.2) 

and 'tm is the chemical exchange rate. There is no evidence for chemical exchange in 

these systems so 'tm-1 is assumed to be O. The rotational correlation time can be estimated 

from the Stokes-Einstein equation to be around 5 x 10-10 sec and the electronic relaxation 

time is calculated to be about 10-8 or 10-9 sec based on EPR experiments.S1 These 

estimates yield a value of'tc equal to 10-8-10-9 sec which is 1 or 2 orders of magnitude 

slower than the correlation time required ~y T 1 data and computer modeling. 

Experimental evidence shows that Stokes-Einstein estimations of 'tr can be -5 times 

slower than actual measured rotational correlation times for phosphate groups bound to 

RNA polymerase with Mn(II).147 Theoretical evidence also indicates that internal 

motions of the phosphate group in such complexes may mix with molecular rotational 

motion to significantly shorten correlation times.153,154 The T/f2 ratio suggests that 

internal motion of the phosphate group may also make a major contribution to 'tc in the 

present study to give an effective 'tc of 4 x 10-11 sec. 
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IV. Conclusions 

The utility of paramagnetic metal centers in NMR studies of coordination 

compounds and macromolecules has been well demonstrated. I47 Most studies have 

investigated the perturbations of the IH resonances by a paramagnetic center. There have 

been relatively few NMR studies of paramagnetic molecules in which 31p is the probe 

nucleus. I55 Even rarer is the use of oxo-Mo(V) as the paramagnetic center for NMR 

relaxation studies. The above 31p NMR results for several oxo-Mo(V) complexes 

containing pendant phosphate esters demonstrate that such systems can provide important 

structural information, in spite of the relatively long electronic relaxation times81 and 

aspherical electronic distributions of oxo-Mo(V) complexes.77 This study of 

molybdenum-phosphate ester complexes by 31p NMR is a flrst step towards similar 

investigations of other model systems and of the molybdenum cofactor of enzymes. Our 

results show that 31 P chemical shifts and relaxation times are sensitive to the overall 

structure of the model compounds, and that reasonable Mo ... p distances can be 

calculated from the longitudinal relation times using the Solomon equation.150 Molecular 

modeling calculations on the molybdenum cofactor show that it is possible that at some 

point in the catalytic cycle of the enzyme the phosphate group of the cofactor may 

actually occupy one of the coordination sites of the molybdenum atom. However, a 

deflnitive understanding of the molybdenum-phosphate interactions in 'oxo-type' 

molybdoenzymes will require 31p NMR relaxation data for the Mo(V) states of the 

enzymes, and the synthesis and physical characterization of more sophisticated model 
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compounds. 
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CHAPTER 5 

GENERAL SUMMARY AND FUTURE GUIDELINES 

This chapter is presented as guide to relating the studies contained in each chapter 

to one another in order to gain a more general perspective and to develop guidelines for 

possible future studies. 

The electron/halogen exchange reaction described in Chapter 1 is one of the first 

biologically relevant redox reactions between iron and molybdenum. The model system 

overcame a large (11 kJ/mol) thennodynamic barrier to outer sphere electron transfer by 

instead forming a bridging chloro complex which can then apparently accept the chlorine 

atom (in effect losing an electron). This type of mechanism where ligand binding at the 

Mo (or Fe) site influences electrochemical reactivity may be important in general 

enzymatic functioning. 

An important synthetic discovery linked to this electron/halogen transfer reaction 

is the spectroscopic (non-electrochemical) identification ofLMo v(OH)X (where X = F,CI, 

or Br) after oxo-transfer reaction from Mo(VI) in benzene (or toluene). Molybdenum(V) 

hydroxides are believed to be a necessary species for enzymatic turnoverin sulfite oxidase. 

To date, however, these moieties have only been identified by electrochemical reduction 

of dioxo-Mo(VI) species in the presence of a proton source. This process should be 

studied using ligands (in place of X) which are capable of hydrogen bonding to the 

hydroxide such as carboxylates and amides. 



157 

The molybdenum-iron chemistry described in Chapter 3 is only the first study in 

what I hope will be a very interesting new area in bioinorganic chemistry. The ability 

of this ligand system to bind two metals in such a rigid framework may leed to some 

materials development with implications outside the realm of more classical bioinorganic 

chemistry. These ligand frameworks should be capable of supporting a host of metal ions 

and oxidation states. Many types of metal-metal interactions may be able to be studied 

and/or exploited in this type of a system. Of particular interest would be properties such 

as non-linear optical properties and the possibility of optical storage devices . 

. ' 



158 

LIST OF REFERENCES 

1. Frieden, E. J. Chem. Ed. 1985,62,917. 

2. Bray, R.C.; Swann, J.C. Structure and Bonding 1972, 11, 107. 

3. Jones, J.B.; Stadtman, T.C. J. Bioi. Chem. 1981, 256, 656. 

4. Kroger, A.; Wingkler, E.; Innerhoffer, A.; Hackenberg, H.; Shagger, L. Eur. J. 

Biochem. 1979, 94, 465. 

5. Ljungdahl, L.G. In Molybdenum and Molybdenum-Containing Enzymes; Coughlan, 

M.P., Ed.; Pergamon Press: New York, 1980,463. 

6. Yamamoto, 1.; Saiki, T.; Liu, S.M.; Ljungdahl, L.G. J. Bioi. Chem. 1983, 258, 

1826. 

7. Meyer, 0.; Schlegel, H.G. Ann. Rev. Microbiol. 1983,37,277. 

8. Warner, C.; Finnerty, V. Mol. Gen. Genet. 1981, 184, 92. 

9. Johnson, lL. In Molybdenum and Molybdenum-Containing Enzymes; Coughlan, 

M.P., Ed.; Pergamon Press: New York, 1980, 345. 

10. Rajagopalan, K.V.; Handler, P.; Palmer, G.; Heinert, H. J. Bioi. Chern. 1968,243, 

3784. 

11. Takagi, M.; Tsuchiya, T.; Ishimoto, M. J. Bacteriol. 1981, 148, 762. 

12. Barber, MJ.; Coughlan, M.P.; Rajagopalan, K.V.; Siegel, L.M. Biochem. 1982,21, 

3561. 

13. Eady, R.R.; Smith, B.E. In Treatise on Dinitrogen Fixation; Hardy, R.F.W.; 



159 

Bottomley, F.; Burns, R.G., Eds.; Sec. II, Chapter 2, 1979, 399. 

14. Bray, R.C. In The Enzymes; Boyer, P.D., Ed.; Academic Press: New York, 1975, 

299. 

15. Tatsumi, K.; Kitamura, S.; Yamada, H. Biochim, Biophys. Acta 1983, 747, 86. 

16 Ditmann, L.F.; Classen, V.P.; Kastelein, P.; Reijnders, W.N.M.; Stouthamer, A.H. 

FEBS Letters 1979, 106,43. 

17. Cohen, H.J.; Fridovich, I. J. Bioi. Chem. 1971,246, 367. 

18. Campillo-Campbell, A.D.; Campbell, D. J. Bacteriol. 1982, 149,469. 

19. Bray, R.C. Quart. Rev. of Biophys. 1988,21,299. 

20. Johnson, lL.; Hainline, B.E.; Rajagopalan, K.V. J. Bioi. Chem. 1980,255, 1783. 

21. Cramer, S.P.; Stiefel, E.I. In Molybdenum Enzymes; Spiro, T.G., Ed.; Wiley 

Interscience: New York, 1985, 411. 

22. Hawkes, T.R.; Bray, R.c. Biochem. J. 1984,219, 481. 

23. Bray, R.C.; George, G.N.; Gutteridge, S.; Morpeth, F.F.; Turner, Y. In Flavins and 

Flavoproteins; Bray, R.C.; Engel, P.C.; Mayhew, S.G., Eds.; Walter de Gryten: 

Berlin, 1984, 691. 

24. Bray, R.c.; George, G.N.; Lange, R.; Meyer, O. Biochem. J. 1983,211,227. 

25. Wiener, J.H.; MacIsaac, D.P.; Bishop, R.E.; Bilous, P.T. J. Bacteriol. 1988, 170, 

1505. 

26. Adams, M.W.W.; Mortenson, L.E. In Molybdenum Enzymes; Spiro, T.G., Ed.; 

Wiley Interscience: New York, 1985, 519. 



160 

27. Cramer, S.P.; Liu, C.L.; Mortenson, L.E.; Spence, J.T.; Liu, S.M.; Yamamoto, I.; 

Ljungdahl, L.G. J. [norg. Biochem. 1985,23, 119. 

28. George, G.N.; Bray, R.C.; Morpeth, F.F.; Boxer, D.H. Biochem. J. 1985,227,925. 

29. Cramer, S.P.; Solomonson, L.P.; Adams, M.W.W.; Mortenson, L.E. J. Am. Chem. 

Soc. 1984, 106, 1467. 

30. Stephens, PJ. In Molybdenum Enzymes; Spiro, T.G., Ed.; Wiley Interscience: New 

York, 1985, 117. 

31. Coughlan, M.P.; Mehra, RK.; Barber, MJ.; Siegel, L.M. Arch. Biochem. Biophys. 

1984, 229, 596. 

32. Cramer, S.P.; Wahl, R.; Rajagopalan, K.V. J. Am. Chem. Soc. 1981, 103, 7721. 

33. Bray, RC.; Gutteridge, S.; Lamy, M.T.; Wilkinson, T. Biochem. J. 1983, 211, 

227. 

34. Bordas, 1.; Bray, RC.; Garner, C.D.; Gutteridge, S.; Haisnain, S.S. Biochem. J. 

1983, 191, 499. 

35. Johnson, IL.; Hainline, B.E.; Rajagopalan, K.V.; Arison, B.H. J. Bioi. Chem. 

1984,259, 5414. 

36. Johnson, J.L.; RajagopaIan, K.V. Proc. Nat. Acad. Sci. U.S.A. 1982, 79, 6856. 

37. Rajagopalan, K.V.; Kramer, S.; Gardlik, S. Polyhedron 1986,5, 573. 

38. Gardlik, S.; Rajagopalan, K.V. J. Bioi. Chern. 1990, 265, 13047. 

39. Solomonson, L.P.; Barber, MJ.; Howard, W.O.; Johnson, J.L.; Rajagopalan, K.V. 

J. BioI. Chem. 1984, 259, 849. 



161 

40. Bray, RC. Adv. in Eng. and Rei. Areas of Mol. BioI. 1980,51, 107. 

41. Bray, RC. In Flavins and Flavoproteins; Bray, R.C., Engel, P.C., Mayhew, S.G., 

Eds.; de Gryten: Berlin, 1984, 707. 

42. Bray, RC.; George, G.N. Biochem. Soc. Trans. 1985, 13, 560. 

43. Cramer, S.P. In Advances in Inorganic and Bioinorganic Mechanisms; Sykes, 

AG., Ed.; Academic Press: New York, 1983,259. 

44. Kipke, C.A 1989 Ph.D. Thesis, University of Arizona, Tucson, AZ. 

45. Stiefel, E.I. In Molybdenum and Molybdenum-Containing Enzymes; Coughlan, 

M.P .. , Ed.; Pergamon Press: New York, 1980, 462. 

46. Cramer, S.P.; Gray, H.B.; Rajagopalan, K.V. J. Am. Chern. Soc. 1979, 101,2772. 

47. Cramer, S.P.; Wahl, R.; Rajagopalan, K.Y. J. Am. Chern. Soc. 1981, 103, 7721. 

48. George, G.N.; Kipke, C.A; Prince, RC.; Sunde, RA.; Enemark, IH.; Cramer, 

S.P. Biochem 1989, 28, 5075. 

49. George, G.N.; Cleland, W.E. Jr.; Enemark, IH.; Smith, B.E.; Kipke, C.A; 

Roberts, S.A.; Cramer, S.P. J. Am. Chern. Soc. 1990, 112, 2541. 

50. Kramer, S.P.; Johnson, IL.; Riberiro, AA; Millington, D.S.; Rajagopalan, K.V. 

J. Bioi. Chern. 1987,262, 16357. 

51. Cohen, H.I; Fridovich, I.; Rajagopalan, K.V. J. Bioi. Chern. 1971,246, 374. 

52. Rajagopalan, K.V. In Molybdenum and Molybdenum-Containing Enzymes; 

Coughlan, M.P., Ed.; Pergamon Press: New York, 1980,243. 

53. Johnson, J.L.; Cohen,H.J.; Rajagopalan,K.V. J. Bioi. Chern. 1974,249, 5046. 



162 

54. Johnson, J.L.; Rajagopalan, KV.; Cohen, H.J. J. BIoI. Chem. 1974,249, 859. 

55. Spence, J.T.; Barber, M.l.; Siegel, L.M. Biochem. 1982,21, 1656. 

56. Cramer, S.P.; Gray, H.B.; Scott, N.S.; Barber, M.l.; Rajagopalan, K.V. In 

Molybdenum Chemistry of Biological Significance; Newton, W.E.; Otsuka, S., 

Eds.; Plenum Press: New York, 1980, 159. 

57. Stiefel, E.I.; Miller, KE; Bruce, AE.; Pariyadeth, N.; Heinecke, J.; Corbin, J.L.; 

Berg, J.M.; Hodgson, K.O. In Molybdenum Chemistry of Biological Significance; 

Newton, W.E.; Otsuka, S., Eds.; Plenum Press: New York, 1980,279. 

58. Holm, R.H. Chem. Revs. 1987,87, 1401. 

59. Holm, R.H.; Berg, J.M. Acc. Chem. Res. 1986, 19, 363. 

60. Harlan, E.W.; Berg, J.M.; Holm, R.H. J. Am. Chem. Soc. 1986, 108,6992. 

61. Berg, l.M.; Holm, R.H. J. Am. Chem. Soc. 1985, 107, 925. 

62. Kaul, B.B.; Enemark, J.H.; Merbs, S.L.; Spence, J.T. J. Am. Chem. Soc. 1985, 

107,2885. 

63. Roberts, S.A; Young, C.G.; Cleland, W.E. Jr.; Ortega, R.B.; Enemark, J.H. Inorg. 

Chem. 1988, 27, 3044. 

64. Roberts, S.A; Young, C.G.; Kipke, C.A; Cleland, W.E. Jr.; Yamanouchi, K; 

Carducci, M.D.; Enemeark, J.H. Inorg. Chem. 1990,29, 3650. 

65. Barral, R.; Bocard, C.; Seree de Roch, 1.; Sajus, L. Tetrahedron Letters 1972, 

1693. 

66. Farchione, E; Hanson, G.R.; Rodrigues, e.G.; Bailey, T.D.; Bagchi, R.N.; Bond, 



163 

A.M.; Pilbrow, lR.; Wedd, A.G. J. Am. Chem. Soc. 1986, 108, 831. 

67. Hinshaw, C.J.; Spence, J.T. Inorg. Chim. Acta 1986, 125, L17. 

68. Dowerah, D.; Spence, J.T.; Raghuvir, S.; Wedd, A.G.; Wilson, G.L.; Farchione, 

F.; Enemark, lH.; Kristofzski, J.; Bruck, M. J. Am. Chem. Soc. 1987,109,5655. 

69. Chandler, T.; Lichtenberger, D.L.; Enemark, lH. Inorg. Chem. 1981, 20, 70. 

Jorgensen, C.K Acta. Chim. Scanda. 1957,11, 73. 

70. Jorgensen, C.K Acta Chim. Scand. 1957, 11, 73. 

71. Collison, D. 1979 Ph.D. Thesis, University of Manchester, Manchester, U.K 

72. Garner, C.D.; Bristow, S. In Molybdenwn Enzymes; Spiro,T.G., Ed.; Wiley Press: 

New York, 1985, 443. 

73. Garner, C.D.; Buchanan, I.; Collison, D.; Mabbs, F.F.; Porter, T.G.; Wynn, C.H. 

In Proceedings from the Fourth International Conference on the Chemistry and 

Uses of Molybdenum; Barry, H.F.; Mitchell, P.C.H., Eds.; Climax Molybdenum 

Company: Ann Arbor, Michigan, 1982, 163. 

74. See Molybdenum and Molybdenwn-Containing Enzymes; Coughlan, M.P., Ed.; 

Pergamon: New York, 1980. 

75. Adler, A.D.; Longo, F.R.; Kampas, F.; Kim, l J. Inorg. Nucl. Chem. 1970, 32, 

2443. 

76. Trofimenko, S. J. Am. Chem. Soc. 1967,85, 6288. 

77. Cleland, W.E.,Jr.; Barnhart, K.M.; Yamanouchi, K; Collison, D.; Mabbs, F.E.; 

Ortega, R.B.; Enemark, J.H. lnorg. Chem. 1987, 26, 1017. 



164 

78. Adler, A.D.; Longo, F.R.; Finarelli, J.D.; Goldmacher, J.; Assour, J.; Korsakoff, 

L. 1. Org. Chem. 1957,32, 476. 

79. Walker, F.A.; Balke, V.E.; McDennott, G.A. 1. Am. Chem. Soc. 1982,104, 1569. 

80. Charlie Young, Private Communication. 

81. The EPR linewidths correspond to an electronic relaxation time of 10-8 - 1O-9sec. 

82. Brault, D.; Rougee, M.; Momenteau, M. 1. Chim. Physiochim. BioI. 1971, 68, 

1621. 

83. Brault, D.; Rougee, M. Nature 1973,241, 19. 

84. Brault, D.; Rougee, M. Biochem. 1974, 13, 4591. 

85. Brault, D.; Rougee, M. Biochem. 1974, 13,4599. 

86. Laidler, K.J. Chemical Kinetics; McGraw-Hill: New York, 1965. 

87. Buchler, J.W.; Puppe, L.; Rohbock, K; Schneehage, H.H. Ann. New York Acad. 

Sci. 1973, 206, 116. 

88. Walker, F.A.; Lo, M.W.; Ree, M.T. 1. Am. Chem. Soc. 1976, 98, 5552. 

89. Coyle, C.L.; Rafson, P.A.; Abbott, E.H. Inorg. Chem. 1973, 12, 2007. 

90. Duclos, I.M. Bioinorg. Chem. 1973,2,263. 

91. Abbott, E.H.; Rafson, P.A. 1. Am. Chern. Soc. 1974, 96, 7378. 

92. Bottomley, L.A.; Kadish, KM. Inorg. Chem. 1981,20, 1348. 

93. Kadish, KM.; Rhodes, R.K. Inorg. Chem. 1983,22, 1090. 

94. Kadish, K.M.; Bottomley, L.A. Inorg. Chem. 1980, 19, 832. 

95. Kadish, K.M.; Bottomley, L.A. Anal. Chim. Acta 1982, 139, 367. 



165 

96. Quinn, R.; Nappa, M.; Valentine, lS. J. Am. Chern. Soc. 1982, 104, 2588. 

97. Reed, C.A.; Mashiko, T.; Bentley, S.P.; Kastner, M.E.; Scheidt, W.R.; Spartalian, 

K; Lang, G. J. Am. Chern. Soc. 1979, 101, 2948. 

98. Brown, S.B.; Lantzke, I.R. Biochem. J. 1969, 115, 279. 

99. Ferguson-Miller, S.; Margolesh, E. in The Porphyrins Dolphin,D. Ed., Academic 

Press:New York, 1979, 7, 149. 

100. Meyer, T.E.; Kamen, M.D. Adv. Protein Chern. 1982,35, 105. 

101. Cohen, LA. J. Am. Chern. Soc. 1969,91, 1980. 

102. Cohen, LA.; Brown, J. J. Am. Chern. Soc. 1972, 94, 4255. 

103. Cohen, LA. Ann. New York Acad. Sci. 1970,203,453. 

104. Cohen, LA.; Jung, C.; Governo, T. J. Am. Chern. Soc. 1972, 94, 3003. 

105. Woo, L.K; Hays, lA.; Goll, J.G. Inorg. Chern. 1990,29, 3916. 

106. Summerville, D.A.; Cohen, LA. J. Am. Chern. Soc. 1976,98, 1747. 

107. Woo, L.K; Goll, J.G. J. Am. Chern. Soc. 1089, Ill, 3755. 

108. Dixon, D.W.; Barbush, M.; Shirozi, A. Inorg. Chern. 1985,24, 1081. 

109. Chapman, R.D.; Fleischer, E.B. J. Am. Chern. Soc. 1982, 104, 1582. 

110. Sue Roberts, Private Communication. 

111. Taube, H. Electron Transfer Reactions of Complex Ions in Solution; Academic 

Press: New York, 1970. 

112. Garner, C.D.; Bristow, S. In Molybdenum Enzymes p. 343. 

113. Kaul, B.B.; Enemark, J.H.; Merbs, D.L.; Spence, J.T. J. Am. Chem.Soc. 1985, 107, 



166 

2885. 

114. Chang, C.S.1.; Enemark, lH. [norg. Chern. 1991, 30, 683. 

115. Steifel, E.1. In Comprehensive Coordination Chemistry; Wilkinson, G., Ed.; 

Pergamon Press: Oxford England, 1987,3, 1375. 

116. Burgmayer, S.lN.; Steifel, E.I. 1. Am. Chern. Soc. 1986, 108, 8310. 

117. Kusthardt, U.; LaBarre, M.J.; Enemark, J.H. lnorg. Chern. 1990,29, 3182. 

118. McCleverty, lA. Polyhedron 1989, 8, 1669. 

119. Sadasivan, N.; Eberspaecher, H.I.; Fuchsman, W.H.; Caughey, W.S. Biochem. 

1969,8,53. 

120. Collins, D.M.; Countryman, R.; Hoard, J.L. 1. Am. Chern. Soc. 1972,94,2066. 

121. Roberts, S.A.; Ortega, R.B.; Zolg, L.M.; Cleland, W.E., Jr.; Enemark, J.H. Acta 

Cryst. 1987, C43, 51. 

122. Gust, D.; Moore, T.A.; Bensasson, R.V.; Mathes, P.; Land, E.1.; Chachaty, C.; 

Moore, A.L.; Liddle, P.A. 1. Am. Chern. Soc. 1985, 107, 3631. 

123. Little, R.G.; Anton, J.A.; Loach, P.A.; Ibers, J.A. 1. Heterocyclic Chern. 1975,12, 

343. 

124. Little, R.G. 1. Heterocyclic Chern. 19tH, 18, 129. 

125. See Chin, D.H.; Jones, S.E.; Leon, L.E.; Bosserman, P.; Stallings, M.D.; Sawyer, 

D.T. Advances in Chemistry 1982,201, 675. And references therein. 

126. Walker, F.A.; Barry, lA.; Balke, V.L.; McDermott, G.A.; Wu, M.Z.; Linde, P.F. 

Advances in Chemistry 1982,201, 377. 



167 

127. Eaton, S.S.; Eaton, G.R. J. Am. Chem. Soc. 1977, 99, 6594. 

128. Datta-Gupta, N.; Bardos, T.J. J. Pharm. Sci. 1968, 57, 301. 

129. Wertz, J.E.; Bolton, J.R. Electron Spin Resonance; Chapman and Hall: New York, 

1972. 

130. This chapter was already published as an article in J. Am. Chem. Soc. See 

reference 117. 

131. Rajagopalan, K.V. In Biochemistry o/the Essential Ultratrace Elements; Frieden, 

E., Ed.; Plenum Press: New York, 1984, 149. 

132. Rajagopalan, K.V. Nut. Rev. 1987,45, 321. 

133. Burgmayer, S.J.N.; Stiefel, E.I. J. Chem. Ed. 1985,62, 943. 

134. Coughlan, M.P. (Ed.) In Molybdenum and Molybdenum Containing Enzymes; 

Pergamon Press: New York, 1980. 

135. Spiro, T.G. (Ed.) In Molybdenum Enzymes; J. Wiley: New York, 1985. 

136. Davis, M.D.; Edmondson, D.E.; Milller, F. Eur. J. Biochem. 1984, 145, 237. 

137. Edmondson, D.E.; Davis, M.D.; Milller, F. In Flavins and Flavoproteins; Bray, 

R.C.; Engel, P.C.; Mayhew, S.G., Eds.; Walter de Gruyter: Berlin, 1984, 309. 

138. Burgmayer, S.J.N.; Stiefel, E.I. J. Am. Chem. Soc. 1986, lOS, 8310. 

139. Kilsthardt, U.; Enemark, J.H. J. Am. Chem. Soc. 1987, lOS, 7926. 

140. VoId, R.L.; Waugh, Z.S.; Klein, M.P.; Phelps, D.E. J. Chem. Phys. 1968, 4S, 

3831. 

141. Chemical Design Ltd., Oxford, 1986. 



168 

142. Stiefel, E.1. Prog. [norg. Chem. 1977, 22, 

143. Molecular Modeling System; University of California, San Diego, 1986. 

144. Diethyl chlorophosphate can also be used, but the reaction time for the 

phosphorylation has to be doubled to get satisfactory yields. 

145. Subramanian, P.; Spence, J.T.; Ortega, R.B.; Enemark, J.H. [norg. Chem. 1984, 

23,2564. 

146. The 31p NMR spectra for the compounds in Table 1 have been verified by 

duplicate measurements on independently synthesized samples. However, it has 

not been possible to reproduce the results that we originally reported139 for 

LMoO(C6H3CH(Me)OPO(OPh)2)' and the weak 31p signal previously observed 

near -5 ppm is now unassigned. 

147. Bean, B.L.; Koren, R; Mildvan, A.S. Biochem. 1977, 16, 3323. 

148. Mota de Freitas, D.; Luchinat, C.; Banci, L.; Bertini, I.; Valentine, 1.S. Inorg. 

Chem. 1987,26, 2788. 

149. Bertini, I.; Luchinat, C. In NMR of Paramagnetic Molecules in Biological Systems; 

The Benjamin/Cummings Publishing Co.: Menlo Park, CA 1986. 

150. Solomon, I. Phys. Rev. 1955, 99, 559. 

151. At the field used in these experiments, 5.875T, 001 elp) is - 6.36 x 108 rad/sec 

and 001 (e-) is - 1.04 x 1012 rad/sec. 

152. Gottlieb, H.P.W.; Barfield, M.; Doddrell, D.M. J. Chem. Phys. 1977, 67, 3785. 

153. Lipari, G.; Szabo, A.; J. Am. Chern. Soc. 1982, 104, 4546. 



169 

154. Lipari, G.; Szabo, A.; J. Am. Chern. Soc. 1982, 104, 4559. 

155. Bertini, 1.; Luchinat, C.; Scozzafara, A. FEBS Letters 1978, 93, 251. 

156. Klisthardt, U. unpublished results. 


