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ABSTRACT
Coordination by an axial oxo and an equatorial ene-dithiolate group is a
salient feature of the active sites of the mononuclear pyranopterin MoAV enzymes.
Discrete mononuclear model complexes encompassing these features are important in
understanding the metal-ligand interactions in these active sites. The compounds
(Tp*)ME(S-S) (M = Mo, W; E = O, NO) and Cp2M(S-S) (M= Ti, Mo, W) (where Tp* is
hydrotris(3,5-dimethyl-l-pyrazolyl)borate, Cp is ri^-cyclopentadienyl, S-S represents a
generic ene-l,2-dithiolate ligand for example 1,2-benzenedithiolate and 3,6-dichloro-l,2benzenedithiolate) provide access to three different electronic configurations of the metal,
formally d\ d^ and d°, respectively. These compounds also allow the study of two metal,
two axial ligand and two equatorial ene-dithiolate perturbations. X-ray crystallography,
density functional theory and photoelectron spectroscopy are utilized to understand the
metal-sulfur interaction in the above complexes. Subtle differences in the geometry of
these compounds are observed, including the metal-dithiolate fold angle which is
sensitive to the electronic occupation of the metal in-plane orbital. This orbital is
presumably the "host" orbital to the electrons during catalysis. The work in this area has
resulted in the development of a dithiolate-folding-effect. This effect relates to the
experimental verification of the Lauher and Hoffmann bonding model for the metaldithiolate interaction in these complexes. This "dithiolate-folding-effect" is proposed to
account for the electronic buffering at the metal center. This effect may provide a
regulatory mechanism for the metal-sulfur interactions and could be a factor in the
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electron transfer reactions that regenerate the active sites of molybdenum and tungsten
enzymes. The structure and properties of these compounds are correlated with those of
the enzyme active sites.
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CHAPTER 1: Introduction
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Enzymes are biological catalysts that enhance the rate of a variety of
physiologically important reactions. Metalloproteins that perform a catalytic function are
called metalloenzymes. The prefix "metallo" explains that these enzymes contain
transition metals at their active centers.' Metal ions are required in many critical
biological processes. Metals ions are also some of the essential nutrients and are
becoming increasingly prevalent in diagnostic and therapeutic agents.^ Some of the
metal ions, formerly thought of as poisons, e.g. selenium and molybdenum, are now in
the list of essentials elements for life.^ Metalloenzymes containing molybdenum are
present in all forms of life: archaea, bacteria, fungi, plants, and animals, including
humans.^''^

1.1 Bioavailability of molybdenum and tungsten
Molybdenum is the most abundant transition metal in the oceans although its
abundance in the Earth's crust is low. In the oceans, molybdenum and tungsten exists as
their water soluble oxides and sulfides, respectively. The average concentration of
dianionic molybdate ion, M0O4

in sea water is 10 ^ig/L compared with about 0.5 |j,g/L

for Zn and 0.1 ng/L for Cu and

1.2 The MoAV enzymes and pyranopterindithiolate cofactor
There are more than fifty pyranopterin enzymes that contain molybdenum or
tungsten at their active sites. These enzymes catalyze a variety of oxidation/ reduction
reactions in carbon, sulfur and nitrogen metabolism.^ Some of these enzymes catalyze an
oxygen atom transfer reaction (Table 1.1) and are referred to as "oxotransferases".'*
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However, this term is not universally accepted. The water molecule is the ultimate
source or sink of oxygen atoms and these reactions accompany the transfer of two
electrons. These reactions are also coupled to the electron transfer between oxidized/
reduced substrates, an Fe-S center, heme, or flavin. These enzymes are further
categorized into three classes, sulfite oxidase (SO), xanthine oxidase (XO) and dimethyl
sulfoxide (DMSO) reductase.^ The name "pyranopterin" or "pyranopterindithiolate"
comes from the cofactor common to all of these enzymes. This cofactor was previously
referred to as molybdopterin.^ The active sites of these enzymes may contain one or two
of these cofactors as shown in Figure 1.1. The pyranopterindithiolate (PDT) cofactor
contains a pyran ring fused with pterin rings and an ene-1, 2-dithiolate (hereafter referred
to as enedithiolate) motif that appends it to the metal centers in the active sites of the
above enzymes.^

1.3 The sulfite oxidase (SO) and xanthine oxidase (XO) active sites
The sulfite oxidase (SO) and xanthine oxidase (XO) family of enzymes contain
only one pyranopterindithiolate (PDT) cofactor.^ The SO family of enzymes can be
isolated from animal livers, plants and bacteria. Chicken liver SO is a homodimeric
protein of 110 kD molecular weight, and has two domains that harbor Mo and heme,
respectively.^ The chicken liver,® plant^*^ and human SO (heme domain only) have been
structurally studied using X-ray crystallography. The active site of the chicken liver SO
features molybdenum pentacoordinated with two oxygen and three sulfur donor ligands.
The metal ion was found in an unusual square pyramidal coordination geometry not
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encountered before for molybdenum compounds. One of the two oxygen ligands is an
axial-oxo bound at 1.7 A distance to the metal center and is referred to as a "spectator
oxygen" atom. The other oxygen atom on the equatorial plane is at 2.3 A distance, and is
anticipated to be either a water molecule or a hydroxo ligand. Two of the three equatorial
sulfur atoms come from the PDT cofactor (at 2.4 A) and the third ligand is a cysteinyl
(Cys 185 at 2.5 A) residue.^
Aldehyde oxidase (MOP) is in the XO family of enzymes and the active site of
MOP again features a pentacoordinated molybdenum center ligated by one PDT, two
oxygen donor atoms and one sulfur donor atom.^^"'^ This sulfur donor atom (sulfido) is
most frequently exchanged by oxo during protein purification resulting in a desulfo form
of the enzyme which is not catalytically competent. A recent report of the atomic
resolution crystal structure of the MOP in desulfo form provides details of the active
site.'^ The molybdenum atom is covalently coordinated to dithiolate sulfur atoms at 2.41

A and 2.50 A, an oxo atom at 1.79 A, a water or a hydroxo at 2.02 A in the equatorial
plane and an apical oxo ligand at 1.77 A. Unlike SO, the PDT cofactor in MOP is
appended to a cytosinedinucleotide. The X-ray structures of a number of other
pyranopterin enzymes are now known, and these structural results raise fundamental
questions about the role of the PDT coordination in the overall catalytic cycle of
molybdenum enzymes. '
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1.4 Proposed catalytic mechanism for SO and XO
SO catalyzes the oxidation of sulfite to sulfate which is an important terminal
reaction in the oxidative degradation of sulfur containing amino acids like cysteine and
methionine. A proposed reaction scheme is shown in Figure 1.2.®''^"'^ The Mo(VI)
oxidation state is the resting state of the enzyme with a d° electronic configuration of the
metal center. It is believed that during catalysis the equatorial oxygen atom is transferred
to the substrate with a concomitant two electron reduction of the equatorial metal orbital.
Therefore, the metal center receives two electrons and is reduced to Mo(IV), a (f
electronic configuration. The resting state Mo(VI) is regenerated through Mo(V)
intermediate oxidation state.
XO catalyzes carbon-hydrogen bond activation reactions.An example of an
enzyme in this family is aldehyde oxidase (MOP) that catalyzes oxidation of aldehyde
substrates to their respective carboxylic acids. A proposed reaction scheme for this is
shown in Figure 1.3 where Mo(VI), d° electronic configuration, is the resting state of the
enzyme. The proposed mechanism involves an attack of the hydroxide oxygen atom on
the carbonyl carbon of the substrate and a subsequent transfer of the hydride atom to the
1 "7 1Q 1 9"^
sulfido sulfur atom coordinated to the metal center. ' ' " This reduces the metal center
to Mo(IV), S electronic configuration, and the active site is regenerated as product is
displaced by a water molecule.
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1.5 Bioinorganic modeling of SO and XO
Metal sites in biological systems have been intriguing to chemists. Unfolding
their roles and understanding their interactions with the surrounding ligands has not been
an easy task. The complicated active site features are often hard to duplicate, but can be
broken down into more manageable features to be incorporated into synthetic or
computational models. For example, the active site of chicken liver sulfite oxidase
discussed above has metal-dithiolate, metal-(di)oxo and metal-thiolate as some of the
features that one would like to incorporate into small molecular models of SO active
sites. These features shown in Figure 1.4, would provide flexibility of understanding
metal-oxo, metal-dithiolate, metal-thiolate or a combination of these in small molecular
models. These discrete molecules are amenable to a variety of physical methods IR,
NMR, EPR, X-ray diffraction, photoelectron spectroscopy etc. Some advantages of
studying these molecules include their structural studies in high (atomic) resolution
which is not always possible with proteins. In some cases the reactivity models, i.e.
models that carry out desired reactions, have been possible to synthesize. However, an
apparent disadvantage is that models cannot imitate the real active sites owing to the
complexities of the protein environment.
Long before the structures of the SO/XO families of enzymes were known,
bioinorganic chemists had already started addressing issues involving metals, ligands and
their interactions relevant to the active sites of these enzymes. This work will present
synthesis, purification, physical characterization using IR, EPR, NMR, and X-ray
diffraction of model compounds. The X-ray crystal structures are a convenient starting
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point for the high level density functional theory (DFT) calculations of these or
simplified models. DFT calculations provide details of the frontier molecular orbitals
including the contributions of the individual atomic orbitals. The use of photoelectron
spectroscopy as a powerful technique for discerning important metal-sulfur interactions
will be shown here. DFT calculations further help band assignments in photoelectron
spectroscopy.
Two types of metal-dithiolate systems, shown in Figure 1.5, will be mainly
discussed in this work. First is a scorpionate ligand (Tp*; hydrotris(3, 5dimethylpyrazol-l-yl)borate) based system and the second is a bent-metallocene
(biscyclopentadienyl)-dithiolate system. In the scorpionate ligand systems, two metal
atoms (Mo and W), two axial ligations (O and NO) and a series of enedithiolate ligand
perturbations can be synthesized. The (Tp*)MO(dithioIate) (where M = Mo, W) system
provides access to Mo(V) oxidation state, a d^ electronic configuration of the metal
center. The (Tp*)MoO(dithiolate) system also features an axial oxo ligation cis to
enedithiolate ligand, reminiscent of the "spectator oxo" ligand in the active site of SO and
XO families of enzymes. The enedithiolate system is a 1,2-benzenedithiolate or one of
its derivatives. Thus, this model can be studied for combined metal-oxo and metalenedithiolate interactions. These compounds, being Mo(V) species, are EPR active and
are the only known discrete and neutral Mo(V) systems that can also be studied with

photoelectron spectroscopy. (Tp*)MoO(dithiolate) compounds are synthesized^"^ from
the (Tp*)MoOCl2 precursor first reported by Trofimenko in 1971.^^'^^
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Another system studied here is the bent-metallocene Cp2M(dithiolate) (where M =
Mo, W, Ti) system. This system is a simpler system as it contains only the metaldithiolate features of the above enzyme active sites.^^ The Cp2Mo(dithiolate) systems
were first synthesized in 1970.^^'^® They provide access to the Mo(IV) oxidation state of
the metal center. Their spectroscopic studies presented in this work will establish them
as an ideal system to understand metal-sulfur interactions.
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Table 1.1. Some reactions catalyzed by molybdenum containing enzymes. Nitrogenase, although a
molybdenum containing enzyme, is not a pyranopterindithiolate containing enzyme. A general reaction
scheme for a pyranopterindithiolate containing enzyme is shown.

Some Reactions Catalyzed by Molybdenitm-containing Enzymes
Nitrogenase:

N2 + 6H"^ + 6e"

—• 2NH3

Sulfite Oxidase:

SOg^- + H2O

— SO42- + 2H+ + 2e-

Nitrate Reductase: NO3" + IR^ + 2e" —• NO2' + H2O
Xanthine Oxidase: j T ^ + H.O
H

J T

2H+ + 2e-

H

DMSO Reductase: Me^SO + 2H"^ + 2e—^ MeoS + HoO
j
I

General Reaction: X + H2O

XO + 2H'*" + 2e-

j
1
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Pyranopterin Molybdenum and Tungsten Enzymes
3 Families based on structure/reactivity

Sulfite Oxidase

Xanthine Oxidase

X-ray crystallograpliy reveals
a common structural unit:
pyranopterin cofactor

DMSO Reductase

X
HoN'

N

Figure 1.1. Classification of the pyranopterindithiolate containing enzymes. Also shown is a schematic
representation of the pyranopterindithiolate cofactor.

31

O

CA
Proposed Catalytic
Cycle for Sulfite
Oxidase
OHo

H^e•

OH

Figure 1.2. The proposed catalytic mechanism for sulfite oxidase. Mo(VI) on left hand side is the resting
state of the enzyme. During catalysis the metal center undergoes electronic configurations changes that
involve d°, d^ and d' states (the S-S vector is shown as a broken line).
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Proposed Mechanism for MOP (Xanthine Oxidase)
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Figure 1.3, The proposed mechanism of aldehyde oxidase (MOP) involves a hydride atom transfer to the
the terminal sulfido group that reduces the Mo (VI) center to Mo(IV) and is considered to be an important
step during catalysis.
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Bioinorganic Modeling
o

. vS-Cys

'''Mo'

Sulfite Oxidase

Features in Minimal Structural Models/
Effective Spectroscopic Models
Figure 1.4. Modeling of the active site of sulfite oxidase. Breakdown of the active site into more
manageable features that can be incorporated into minimal molecular models.
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Active Site Models

(Tp*)ME(bdt)
M = Mo, W
E =O
M (V)
= N0 M(ll)d4

Figure 1.5. Active site models that contain one enedithiolate.

Cp2M(bdt)

M = Mo, W M(IV)
= Ti
M(IV)d''
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CHAPTER 2: Experimental Section

39

1.0 Synthesis of Compounds
1.1 Abbreviations
Tp*, hydrotris(3,5-dimethyl-l-pyrazolyl)borate; Cp, Tj^-cyclopentadienyl; bdt,
1,2-benzenedithiolate; qdt, 2,3-dithioquinoxaline; tdt, 3,4-toluenedithiolate; bdtCh, 3,6dichloro-1, 2-benzenedithiolate. (S-S) represents a generic ene-l,2-dithiolate ligand that
forms a five membered chelate ring with the Mo atom.

1.2 General
All reactions and manipulations were carried out under an inert atmosphere of
argon gas using standard Schlenk techniques, a high-vacuum/gas double line setup, and
an inert atmosphere glove bag. The argon was predried by passing the high-purity-grade
gas through a series of drying towers. All glassware was dried in an oven at 150°C and
Schlenk ware was further purged by repeated evacuation and inert gas flushes prior to
use. Tetrahydrofuran (THF) and toluene were distilled from Na/benzophenone;
triethylamine was distilled from Na/K amalgam.' The prepurified solvents were
subsequently transferred and stored under N2 over fresh drying agents. These solvents
were freshly distilled under nitrogen prior to use, thoroughly degassed by repeated
freeze-thaw-pump cycles, and transferred to reaction vessels via steel cannulae under a
positive pressure of inert gas. Dichloromethane, 1,2-dichloroethane (DCE), cyclohexane,
toluene (EM Science, Omnisolv; for the synthesis of Cp2 based compounds), n-hexane
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and n-pentane (Burdick and Jackson) were used as received and deoxygenated by
bubbling with argon.
TLC analysis was carried out on silica gel 60 F254 plastic sheets (EM Science) and
column chromatography was carried out in glass columns with silica gel (Merck, grade
9385, 230-400 mesh, pore diameter 60 A) as the stationary phase. Mass spectra were
recorded on a JEOL HXl 10 high-resolution sector instrument utilizing fast atom
bombardment (FAB) ionization in a matrix of 3-nitrobenzyl alcohol (NBA). IR spectra
(4000-400 cm"^) were collected on a Nicolet Avatar ESP 360 FT-IR spectrophotometer in
KBr disks or as dichloromethane solutions (between NaCl plates) at room temperature.
Electronic absorption spectra of samples dissolved in 1,2-dichloroethane solutions were
recorded with a 1-cm pathlength Helma quartz cell equipped with a teflon stopper, on a
Gary 300 (250-900nm) spectrophotometer. Solvent background corrections were made
in all cases. ^H-NMR (CDCI3) spectra were acquired on a Bruker DRX-500 spectrometer
operating at a 'H frequency of 500.13 MHz using a 5 mm Nalorac triple-resonance 3-axis
gradient probe. Chemical shifts were referenced to residual CHCI3 at 7.24 ppm unless
otherwise stated.
Details of the preparation of compounds used in this study are described in
subsequent chapters. However, a brief description of their syntheses are given here.
1.3 Synthesis of (Tp*)MoOX2 (X = F,

CI, Br) Complexes

The compound (Tp*)MoOCl2 was used as a precursor for the synthesis of all
[(Tp*)MoO] based compounds used in this work.^ The dihalide complexes have been
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prepared from the reaction of the corresponding halo acid with (Tp*)MoO(OMe)2 which
was prepared from (Tp*)MoOCl2 in a one step reaction described in detail elsewhere.^

1.4 Synthesis of (Tp*)MoO(S-S) Complexes
(Tp*)MoOCl2 compound was also used as a precursor for the preparation of
corresponding metal-dithiolate complexes. A solution of (Tp*)MoOCl2 in toluene was
deoxygenated thoroughly with argon saturation while being stirred at ~80°C. Dithiol
ligands were purchased from Aldrich and added in slight excess to this suspension under
a positive pressure of argon. Dry degassed EtsN was added slowly dropwise via a gas
tight syringe to this rigorously stirring solution. The mildly refluxing reaction solution
was observed to change gradually from an emerald green to a dark red-brown color after
4 hours of stirring. The reaction progress was monitored by TLC analysis. The reaction
was stopped upon observing the near disappearance of the green (Tp*)MoOCl2 precursor
concomitant with the maximal formation of the red-brown product.

1.5 Synthesis of (Tp*)Mo(NO)(S-S) Complexes
Molybdenum hexacarbonyl (Mo(CO)6, Aldrich) was dried in vacuum prior to use.
Potassium hydrotris(3,5-dimethyl-l-pyrazolyl)borate (KTp*), the precursor complexes
(Tp*)Mo^(NO)(CO)2 and (Tp*)Mo''(NO)l2.C6H5CH3 and the ligands H2bdt (1,2benzenedithiol) were prepared according to literature procedures.The ligand H2tdt
(3,4-toluenedithiolate) and H2bdtCl2 (3,6-dichloro-l,2-benzenedithiol) employed in the
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syntheses of the (Tp*)Mo^(NO)(S-S) compounds were used as received from Aldrich.
Details of syntheses are described in Chapter 7.

1.6 Synthesis of Cp2M(S-S) Complexes
Bis(cyclopentadienyl)metal(IV)dichloride (CpaMCla, M = Mo, W, Aldrich) was
used as a starting material. Ligand exchange reaction with (S-S)^' resulted in the
corresponding Cp2Mo(S-S) complexes. These starting H2(S-S) ligands can be
deprotonated using a base, for example triethylamine or sodium hydroxide. An aqueous
organic solvent is required for dissolving the dihalide precursor in the reaction mixture
and enhanced yields of the desired product. The details of synthesis are given in Chapter
n

8 and described in the literature.

2.0 Gas-Phase Photoelectron Spectroscopy
2.1 Data Collection.
Photoelectron spectra were recorded using an instrument that features a 36-cm
hemispherical analyzer (McPherson) and custom designed sample cells and detection and
o

control electronics. The excitation source is a quartz lamp with the ability, depending on
operating conditions, to produce Hel (21.21 eV) and Hell (40.8 eV) photons. For the He
I and Hell experiments, the ionization energy scale was calibrated using the ^Ei/2
ionization of methyl iodide (9.538 eV), The argon ^P3/2 ionization also was used as an
internal calibration lock of the absolute ionization energy to control spectrometer drift
within ± 0.001 eV throughout data collection. During Hel and Hell data collection the
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instrument resolution, measured using the full-width-at-half-maximum of the argon 'P3/2
ionization, was 0.02-0.035 eV. All data are intensity corrected with an experimentally
determined instrument analyzer sensitivity function that assumes a linear dependence of
analyzer transmission (intensity) to the kinetic energy of the electrons within the energy
range of these experiments.
All of the spectra were corrected for the presence of ionizations from other
emission lines. These corrections are necessary because discharge sources are not
monochromatic. The He I spectra were corrected for the Heip line (1.9 eV higher in
energy, and 3% the intensity of the He la line), the Hell spectra were corrected for the He
up line (7.568 eV higher in energy, and 12% the intensity of the Hella line).
All samples sublimed cleanly with no detectable evidence of decomposition
products in the gas phase or as a solid residue. If decomposition occurred it has been
noted in the experimental description in the respective chapters. The sublimation
temperatures are described in Table 2.1 and monitored using a "K" type thermocouple
passed through a vacuum feedthrough and attached directly to the ionization cell. The
sample of compound H2bdt (1,2-benzene dithiol) is volatile at room temperature and was
run from a glass tube with a Teflon stopcock attached to the instrument via a Swagelock
glass to metal connection (Teflon ferrule) and using a needle valve to control the flow of
sample into the ionization chamber.
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2.2 Data Analysis.
In the figures of the data, the vertical length of each data mark represents the
experimental variance of that point.^ The valence ionization bands are represented
analytically with the best fit of asymmetric Gaussian peaks.® The Gaussians are defined
with the position, amplitude, halfwidth for the high binding energy side of the peak, and
the halfwidth for the low binding energy side of the peak. The peak positions and
halfwidths are reproducible to about ± 0.02 eV (=3o level). The parameters describing
an individual ionization are less certain when two or more peaks are close in energy and
are overlapping. If the combined band contour does not contain sufficient information
for independent determination of the individual peak parameters, the number of peaks
and/or independent parameters in the analytical representation are appropriately reduced.
These situations are evident in the tables or results, where half-widths for similar peaks
are occasionally constrained to be the same.
Confidence limits for the relative integrated peak areas are about 5%, with the
primary source of uncertainty being the determination of the baseline subtracted from the
area of the peaks. The baseline is caused by electron scattering and taken to be linear
over the small energy range of these spectra. The total area under a series of overlapping
peaks is known with the same confidence, but the individual peak areas are more
uncertain. The fitting procedures used are described in more detail elsewhere.
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3.0 X-ray Crystallography
Crystals having approximate dimensions of approximately 0.10 x 0.10 x 0.1 mm
were mounted on a glass fiber in a random orientation. The methods of crystallization
are reported in Table 2.2. Examination of the crystal on a Bruker SMART 1000 CCD
detector X-ray diffractometer at 170(2)K and a power setting of 50 KV, 40 mA showed
measurable diffraction to at least theta = 30. Data were collected on the SMART1000
system using graphite monochromated Mo

radiation (k = 0.71073A). Initial cell

constants and an orientation matrix for integration were determined from reflections
obtained in three orthogonal 5° wedges of reciprocal space. The frames were integrated
using the Bruker SAINT software package's narrow frame algorithm. The final cell
parameters, data collection and refinement details are described later in subsequent
chapters. Empirical absorption and decay corrections, wherever required, were applied
using the program SADABS and has been described with the structure descriptions. The
calculated density in Mo containing compounds was found close to 1.5 g/cm^
Systematic absences and intensity statistics indicated the described space groups and
were found consistent with refinement.
The structures were solved using SHELXS in the Bruker SHELXTL (Version 5.0)
software package. Refinements were performed using SHELXL and illustrations were
made using XP. Solution was achieved utilizing direct methods followed by Fourier
synthesis. Hydrogen atoms were added at idealized positions, constrained to ride on the
atom to which they are bonded and given thermal parameters equal to 1.2 or 1.5 times
of that bonded atom. A parameter describing extinction was included. The final
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anisotropic full-matrix least squares refinement based on

of all reflections converged

described Rl, wR2 and goodness-of-fit values. Scattering factors and anomalous
dispersion were taken from International Tables Vol C, Tables 4.2.6.8 and 6.1.1.4.'°"''

4.0 Theoretical Methods
Geometry optimization, SCF (self-consistent field) and molecular orbital
calculations were performed using the ADF (Amsterdam density functional theory
calculations) package (release 2000.02). Starting geometries were obtained from crystal
structures and are described in respective chapters. Two types of approximations were
used. A local density approximation with X„ functional'^ and a generalized gradient
approximation, with the exchange correction of Becke'^ and the correlation correction of
Lee et.

was used for all density functional calculations. All core levels were treated

as frozen orbitals and their details are provided in individual chapters. Also noted are the
basis sets. Slater type orbitals and polarization functions for elements. Calculations on
the ground-state molecules were performed in the spin-restricted mode. Spin-unrestricted
ASCF (self-consistent field) calculations were performed on the proposed ion states
formed by photoionization by removing one electron from the relevant orbital and
comparing the total energy with that of the ground state molecule. A linear correction
was applied for comparison of the calculated and the observed energies, i.e. the
calculated ASCF energies and orbital energies were shifted by the difference between
experimentally obtained and calculated energies of the HOMO.
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Table 2.1. Experimental details of the photoelectron spectroscopic studies.

Molecule

(Tp*)MoOCl2

(Tp*)MoOBr2

(Tp*)MoOF2

(Tp*)VO(dtc)

Collection Photon
Temp (°C) Source

Resolution

He I

17-26

Hell

18-28

He I

21-29

He II

21-30

He I

25-42

Hell

21-33

He I

23-30

He I

19-25

Hell

19-21

He I

18-25

Hell

16-23

He I

19-23

Hell

19-24

He I

30-34

Hell

24-30

186-229

150-216

172-229

147-229

(Tp*)MoO(bdtCl2)

(Tp*)MoO(bdt)

170-229

23-56
H2bdtCl2
23-56

File
Names
hkiOl.f*
hkjOl.c*
hkjOl.x*
hkjOl.y*

Energy Region
15.7-5.5
12.0-6.45
20.0-5.0
12.0-6.45

hki02.f*
hkj02.c*
hkj02.x*
hkj02.y*

15.7-5.5
11.5-6.86
20.0-5.0
11.5-6.86

hki03.f*
hki03.c*
hkj03.x*
hkj03.y*

15.7-5.5
11.5-6.88
20.0-5.0
11.5-6.87

hkj04.f*

15.7-5.5

hki07.f*
hkj07.c*
hkj07.x*
hki07.y*

15.7-5.5
10.8-6.37
20.0-5.0
12.0-6.27

hki08.f*
hkj08.c*
hkjOS.x*
hkjOS.y*

15.7-5.5
12.0-5.9
20.0-5.0
12.0-5.9

hkj09.f*
hkj09.c*
hki09.z*
hki09.x*
hki09.y*
hkjl4.f*
hkjl4.c*
hkil4.x*
hkjl4.y*

15.7-5.5
12.25-7.62
9.5-8.0
20.0-5.0
12.25-7.62
15.7-5.5
li5-7.68
20.0-5.0
12.5-7.68
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Table 2.1 Continued
Molecule

(Tp*)WO(bdt)

Cp2Mo(bdtCl2)

Collection Photon
Temp CO Source

156-235

Resolution

He I

22-25

He II

29-35

He II

26-32

He I

21-30

203-229
Hell

Cp2Ti(bdt)

He I

21-30

Hell

26-32

152-203

File
Names
hkjll.f*
hkjll.c*
hkil8.y*
hkjis.z*
hkj22.x*
hki22.c*

Energy Region
15.7-5.5
10.5-6.2
20.0-5.0
8.5-5.72
20.0-5.0
8.00-5.59

hkjie.f*
hkil6.c*
hkjlS.y*
hkjis.z*

15.7-5.5
8.5-5.72
20.0-5.0
8.5-5.72

hkjl7.f*
hkjl7.c*
hkj23.x*
hkj23.y*

15.0-4.8
10.5-6.05
20.0-5.0
8.5-6.28

Cp2Ti(bdtCl2)

171-205

He I

20-24

hkjl9.f*
hkjl9.c*

15.7-5.5
10.5-6.24

Cp2Ti(SPh)2

155-205

He I

20-25

hkj21.f*
hkj21.c*

15.7-5.5
10.5-6.24

He I

20-25

He II

17-27

hkj24.f*
hkj24.c*
hkj24.y*
hkj24.z*

15.7-5.5
8.5-6.3
20.0-5.0
8.5-6.3

He I

21-33

hkj25.f*
hkj25.c*

15.7-5.5
11.25-9.76

He I

20-22

Hell

21-26

hkj26.f*
hkj26.c*
hkj26.a*
hkj26.z*

15.7-5.5
7.75-^52
20.0-i0
7.75-5.52

He I

26-30

hkjl3.f*
hkjl3.c*

15.7-5.5
12.7-8.25

Cp2Ti(pdt)

(Tp*)MoOF2

Cp2W(bdt)

KTp^^^3^2

190-214

172-229

170-200

86-107
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Table 2.1 Continued
Molecule

Habdt

Collection
Temp (°C)

Photon
Source

Resolution

He I

22-25

He II

29-35

23.6

File
Names

Energy Region

hkjio.x*
hkjlO.y*
hkjlO.f*
hkjlO.c*

15.7-5.5
12.25-7.6
20.0-5.0
12.25-7.6
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Table 2.2. Experimental details of the crystallographic studies.
Molecule

Solvent System

(Tp*)Mo(NO)(tdt)*
(Tp*)Mo(NO)(bdt)*
(tacn)Mo(CO)3
(Tp*)MoO(qdt)

DCM/ Heptane
DCM/ Pentane
unknown
DCM/ Pentane
Acetonitrile/
Pentane
Acetonitrile/
Pentane
Acetonitrile/
Pentane

Vapor diffusion
Liquid diffusion
Liquid diffusion
Vapor diffusion

Data Collection/
Refinement File
Name
hkjOO
hkjOl
hki02
hkjOS

Liquid diffusion

hkj04

Liquid diffusion

hkj05

Liquid diffusion

hkj06

(Tp*)WO(bdt)

Ether/Pentane

Vapor diffusion

hkj07

6.05

(Tp*)Mo(NO)(bdtCl2)
(Tp*)MoO(bdtCl2)
(Tp*)MoOBr2
(Tp*)Mo02(SCH2Ph)

DCM/ Pentane
DCM/ Pentane
DCM/ Pentane
DCM/ Pentane
Acetonitrile/
Isopropyl
alcohol

Liquid diffusion
Liquid diffusion
Vapor diffusion
Vapor diffusion

hki09
hkjlO
hkill
hkjl2

5.17
4.42
5.67
5.55

Liquid diffusion

hkjl3

4.54

Liquid diffusion

hkil4

$

Liquid diffusion

hkjl6

2.91

[PPh4]2[VO(qdt)2]
[Et3NH]2[VO(tdt)2]
[Et3NH]2[VO(bdtCl2)2]

[Mo(mnt)2(SPh)2][PPh4]2
[Mo(mnt)2(SPh)l
CpzMoCbdt)

Acetonitrile/
Pentane

Crystallization
Method

R1
(%)

4.84
6.30
2.26
3.46

#

* The data collection on these crystals was previously done by Dr. Ish K. Dhawan. However, data
refinement using new version of software (SHELXTL version 5) was done in this work.
# Data collected, but upon refinement, the final structure was unexpected (V-0 cluster). This
might be due to oxidation of the product.
$ Data collection of intense twin peaks. During refinement twinning was considered, but no
solution was reached.
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CHAPTER 3: Electronic Structures of Hydrotris(pyrazol1-yl)borates and Ene-1,2-dithiolene Ligands

Part of this chapter has been submitted for publication as
Joshi, H. K.; Arvin, M. E.; Durivage, J. C.; Gruhn, N. E.; Carducci, M. D.; Westcott, B.
L.; Lichtenberger, D. L.; Enemark, J. H. "Photoelectron Spectra of Potassium Salts of
Hydrotris(pyrazol-l-yl)borates: Electronic Structure of the Electron Withdrawing
Scorpionates Tp^^^3^2, Tp*^' and Comparison to Tp* and Tp" Polyhedron, 2003, in press
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1.0 Introduction
The majority of the compounds that are studied in this work contain one or both
of these ligand types; (a) hydrotris(pyrazol-l-yl)borates, (b) ene-l,2-dithiolenes. These
ligands and their electronic structures are discussed in this chapter. Scorpionates based
on polypyrazolylborates are a well-known class of ligands with very rich coordination
chemistry/"^ One of the most symmetric (Cjv) of these, hydrotris(pyrazol-l-yl)borate
(Tp), is a generic tridentate monoanionic ligand (Figure 3.1 a and b). Symmetrically
substituted Tp ligands (Figure 3.1 and b) that conserve pseudo-Cs symmetry and
coordinate to a metal center in a tridentate fashion are called homoscorpionates.
Complexes of the Tp-based ligands are known for most metals in the periodic table.
Substitutions at the 3,4 and 5 positions of the pyrazole in the Tp framework allow both
steric and electronic control of metal centers by restricting the number and the positions
of vacant coordination sites,the size or shape of the substrates^ and by stabilizing
electron rich^'^ or electron poor^'^° metal centers. One example of such substitution at the
3 and 5 positions of the pyrazole ring is the trifluoromethyl (CF3) group. The resulting
hydrotris(3,5-bis(trifluoromethyl)pyrazol-l-yl)borate (Tp^^^3^2) ligand is structurally
similar to its methylated analogue hydrotris(3,5-dimethylpyrazol-l-yl)borate (Tp*), and
therefore, allows perturbations of ligand electronic effects without significant
perturbations in steric factors. Polyfluorinated ligands such as Tp^'^''3^2 commonly
improve the volatility and oxidation resistance of their metal complexes.^^'^^ They have
11 12

very electrophilic metal centers relative to their hydrocarbon analogues (Tp*). '
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Another widely accepted family of ligands in organometallic chemistry is the
derivatives of the cyclopentadienyl (ri^-CsHj", Cp) ligands. The Tp and the Cp ligands
are both monoanionic and formally six-electron donors, but one notable difference lies in
the mode of their ligation to metals. The Cp based ligands involve a Tt-type interaction
with the metal centers whereas the Tp based ligands are primarily a-donors, with the
exception of the recent report of a Ti^-Tp^^3' *^"3 potassium 7i-bonding interaction by
Gorun et alP Bergman et al. have compared the relative electron-donating abilities of
Tp and Cp and found a lack of generalization as this ability varies with the identity of the
metal, its oxidation state and other ligands of the complex.

Pioneering research work in

the area of C-H bond activation by Jones and Bergman has compared the differences in
related Tp and Cp transition metal complexes.Recent theoretical study of methane
activation by TpRe(C0)2 and CpRe(C0)2 compounds by Cundari et al. reveals that the
Tp framework is more stereoelectronically flexible than Cp.'^
Previous photoelectron spectroscopic studies have been reported on the metal
complexes of the Cp based ligands and their electronic structure perturbation due to
direct halogen (F, CI) substitutions on the Cp rings.However, the Cp ligands involving
CFs substitutions are very difficult to synthesize, and their metal adducts are rare in the
literature. The analogous Tp^*^^3^2 ligands are well known^^'^^ and form stable metal
adducts.
Na"^ or

salts of the Tp based ligands are used in almost all ligand transfer

reactions for synthesis of the transition metal adducts of these scorpionates. Previous
structural characterization and computational work have been applied to these salts.
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Reglinski et al. have compared the Tp and the trismethimazolyl borate (Tm) ligands by
X-ray crystallography and ab initio calculations and found a clear difference in behavior
on going from hard nitrogen donor atoms in Tp to soft sulfur donor atoms in Tm.'^ The
X-ray crystal structures of the Na"^ or K"^ salts of several Tp based ligands are known and
have provided the starting geometry for our computational studies.
Sterically demanding bulky ligands like the scorpionates discussed here are used
to facially coordinate a metal and prevent polynucleation of metal complexes. Several
model complexes of these ligands have been used in bioinorganic model chemistry.
One of the questions in this ligand chemistry is whether the ligand itself is chemically
innocent. For example, the oxo-molybdenum complexes of Tp* ligands have been
utilized as minimum molecular models for the pyranopterin molybdenum and tungsten
enzymes. In the EPR studies of the paramagnetic molybdenum center in these
complexes,very small

superhyperfine interactions were observed from trispyrazole

nitrogen atoms. The Tp based ligands are also silent for electronic absorption and MCD
spectroscopies^®'^^ and thus allow spectroscopic investigations of both the biologically
relevant functional groups/ligands and the metals in the model complexes. A technique
capable of assessing the metal and ligand characters of orbitals and studying the
electronic structure of small molecules is gas-phase photoelectron spectroscopy using
multiple energy ionization sources.

Photoelectron spectroscopic studies of the Mo

adducts of the homoscorpionate Tp* have been reported earlier by our group^'^'^^ and
others.^^ All of these studies found that the Tp* ligand has a very prominent signature in
8-11 eV region in the photoelectron spectra of these Mo complexes that can allow
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electronic structure studies of scorpionate ligands. However, these previous studies were
focused on metal-sulfur ionizations that are located at lower ionization energies than Tp*
based ionizations, and no attempts were made to explore the origin of the Tp* signatures
(referred to as the "forest region" in these earlier studies). A series of photoelectron
spectroscopic and computation studies using density functional theory were done to
understand metal-halide interactions in (Tp*)MoO(X2) (X = F, CI, Cr, I).^^ The
importance of understanding of the electronic structure of the Tp* is illustrated by
photoelectron spectroscopic studies of (Tp*)MoO(qdt) (qdt = quinoxaline dithiolate),
where the Tp* based ionizations overshadow the metal and sulfur based ionizations.^®
Previous attempts have been made to elucidate the electronic structure of the pyrazole,^^
several compounds contammg the BH4' group and the parent Tp ligand by
photoelectron spectroscopy

Fragala et al utilized a combination of theoretical
-a 1

calculations (CNDO) and photoelectron spectroscopy ' and found that in the
scorpionate-metal adducts, the ionizations of the ligand based molecular orbitals are
unaffected by the nature of the central metal.^^ However, a detailed comparison among
homoscorpionates using high-level density functional theory (DFT) and experimental
gas-phase photoelectron spectroscopy has not been described. To the best of our
knowledge, this report is the first gas-phase photoelectron spectroscopy investigation of
the electronic structures of halogen containing scorpionates. The reported experimental

and computational findings quantitates the electron withdrawing effect of CF3 substituent
on the Tp and Tp* ligand.

57

The electronic structures of the potassium salts of the homoscorpionates
hydrotris(3,5-dimethylpyrazol-l-yl)borate (Tp*, 1), hydrotris(3,5bis(trifluoromethyl)pyrazol-l-yl)borate (Tp^^''3^2, 2) are compared using gas-phase
photoelectron spectroscopy and density functional theory (DFT). DFT calculations also
are reported for the generic scorpionate potassium (hydrotris(pyrazol-l-yl)borate) (KTp).
This is the first such experimental probe of the electronic structure of halogen containing
scorpionate ligand and subtle differences in the ionizations from the frontier orbitals in
the photoelectron spectra of 1 and 2 are observed that give insight into the influence of
substituents upon metal-scorpionate bonding. Distinct assignments of the ionizations
from the nitrogen a-donor orbitals (CTN) and AEN molecular orbitals are possible
experimentally by the use of variable (He I and He II) excitation energies. The
experimentally observed first ionization energy of 2 is stabilized by ~2.0 eV relative to 1
due to the strong electron withdrawing effect of the trifluoromethyl groups. The
photoelectron spectroscopic studies of NaTp^^^3^2 further confirm the assignments of
ionizations from On orbitals for 2 associated with the a and e sets in Q symmetry.
Ene-1, 2-dithiolenes, shown in Figure 3.1 (c), are another class of ligands
discussed in this chapter. Transition metal-sulfur complexes containing unsaturated
sulfur donor chelating agents, ene-1,2-dithiolenes, are of continuing interest in a full
gamut of areas ranging from metal-sulfur interactions to their applications in bioinorganic
modeling, material science and catalysis.^^ The unusual ability of enedithiolenes to
stabilize transition metals in multiple oxidation states have been recognized since these
complexes were first investigated.^^'^^ The 1, 2-benzenedithiolenes ligand can be
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synthesized from its precursors in a couple of steps.^"^'^^ Here an electronic structure
study of 1,2-benzenedithiolene (Habdt; 3) and 3, 6-dichloro-l, 2-benzenedithiolene
(H2bdtCl2; 4) has been presented utilizing photoelectron spectroscopy and density
functional theory.

2.0 Experimental
2.1 General
All reactions were carried out under an inert atmosphere of argon gas using
standard Schlenk techniques and a high-vacuum/gas double line setup. All glassware
was dried in an oven at 150°C and Schlenkware was further purged by repeated
evacuation and inert gas flushes prior to use. Benzene and toluene were distilled from
•jf.

Na/benzophenone; triethylamine was distilled from Na/K amalgam.

The prepurified

solvents were subsequently transferred and stored under N2 over fresh drying agents.
These solvents were freshly distilled under nitrogen prior to use, thoroughly degassed by
repeated freeze-thaw-pump cycles, and transferred to reaction vessels via steel cannulae
under a positive pressure of inert gas.
Compounds 1 and 2 were prepared according to the literature procedures.^'^'^'"^^
All of these compounds were purified by Soxhlet extraction and by sublimation as
required. Mass spectra were recorded on a JEOL HXl 10 high-resolution sector
instrument utilizing fast atom bombardment (FAB) ionization in a matrix of 3nitrobenzyl alcohol (NBA). IR spectra (4000-400 cm"') were collected on a Nicolet
Avatar ESP 360 FT-IR spectrophotometer in KBr disks or as dichloromethane solutions
(between NaCl plates) at room temperature. Solvent background corrections were made
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in all cases. 'H-NMR (CDCI3) spectra were acquired on a Bruker DRX-500 spectrometer
operating at a

frequency of 500.13 MHz using a 5 mm Nalorac triple-resonance 3-axis

gradient probe. Chemical shifts were referenced to residual CHCI3 at 7.24 ppm.
Compounds 3 and 4 were used as purchased from Aldrich.

2.3 Photoelectron spectroscopy
Photoelectron spectra were recorded using an instrument that features a 36-cm
radius, 8-cm gap hemispherical analyzer (McPherson) and custom-designed excitation
source, sample cells, and detection and control electronics that have been described in
more detail.^'^ The difference between the argon ^P3/2 ionization at 15.759 eV and the
methyl iodide ^Ei/2 ionization at 9.538 eV was used to calibrate the ionization energy
scale. The argon P3/2 ionization also was used as an internal calibration lock of the
absolute ionization energy throughout data collection. During data collection the
•J

instrument resolution (measured using fwhm of the argon P3/2 peak) was 0.020-0.035
eV. All data are intensity corrected with an experimentally determined instrument
analyzer sensitivity function.
All samples sublimed cleanly with no detectable evidence of decomposition
products in the gas phase or as a solid residue. The potassium and sodium salts of these
ligands are hygroscopic and usually crystallize as a dimer with bridging water molecules.

Contamination from the water of crystallization was observed in the photoelectron
spectrum that disappeared with time due to the evaporation of water. Therefore, upon
sublimation only the monomer is likely to be present in the gas phase. The sublimation
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temperatures were (°C, lO '^ Torr, monitored using a "K" type thermocouple passed
through a vacuum feedthrough and attached directly to the sample cell) 210°-225° for
compound 1, 50°-60° for compound 2, room temperature (25°)for compounds 3 and 4.
For the PES data presented in Figures 3.2-3.6, the vertical length of each data
mark represents the experimental variance of that point. The valence ionization bands are
represented analytically with the best fit of asymmetric Gaussian peaks as described in
more detail elsewhere.^^ The bands are defined with the position, amplitude, halfwidth
for the high binding energy side of the peak, and the halfwidth for the low binding energy
side of the peak. The number of peaks used in a fit was based solely on the features of a
given band profile. The peak positions and halfwidths are reproducible to about ± 0.02
eV ~ 3a). The parameters describing an individual Gaussian peak are less certain when
two or more peaks are close in energy and overlap.

2.4 Theoretical Methods
Geometry optimization, SCF (self-consistent field) and molecular orbital
calculations were performed using the ADF (Amsterdam density functional theory
calculations) package (release 2000.02). Starting geometries were obtained from crystal
structures of NaTp^^ and 2.^^ Compound 2 was constructed in SPARTAN. A
generalized gradient approximation, with the exchange correction of Becke^^ and the
•2Q

correlation correction of Lee et al, was used for all density fimctional calculations. All
core levels (up to 2s for K, up to Is for C, N, B and Na) were treated as frozen orbitals.
The calculations employed triple-zeta basis sets with Slater type orbitals and a
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polarization function for all elements. Calculations on the ground-state molecules were
performed in the spin-restricted mode. Spin-unrestricted ASCF (self-consistent field)
calculations were performed on the proposed ion states formed by photoionization by
removing one electron from the relevant orbital and comparing the total energy with that
of the ground state molecule. A linear correction was applied for comparison of the
calculated and the observed energies, i.e. the calculated ASCF energies and orbital
energies were shifted by the difference between experimentally obtained and calculated
energies of the HOMO.

3.0 Results and Discussions
3.1 Gas-Phase Photoelectron Spectroscopy Studies of Scorpionate Ligands
The gas-phase photoelectron spectra of 1 and 2 recorded with a He I photon
source are shown in Figure 3.2. There are several differences between these spectra that
result from the changes in substituents on the pyrazole rings. In the ionization energy
region greater than ~12 eV the main differences between these three spectra are due to
the addition or removal of ionizations associated with the C-H o bonds of the CH3
substituents, the C-F a bonds of the CF3 substituents, or the halogen lone pair ionizations
of the CF3 substituents. For example, the spectrum of 3 contains much intensity in the
region of 15-18 eV due to F lone pair ionizations. In general, however, the region of the
photoelectron spectra greater than -12 eV gives very little information for these
molecules due to the large number of overlapping ionizations present.
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The region of the photoelectron spectra with ionization energies below -12 eV
contains the most information that can be used to analyze the electronic differences
between these scorpionate ligands. This region of the spectra is shown in more detail in
Figure 3.3. The features in this region and our assignments in general agree with those of
NaTp and TlTp previously reported by Fragala and co-workers. '

Each of these spectra

contain at lowest ionization energy an envelope of ionizations labeled A that is fairly well
separated from all other ionizations. The ionizations under bands A can be assigned to
the total of six possible linear combinations of the pyrazole it-orbitals, two from each
pyrazole ring, that possess one node. In the deconvolutions shown in Figure 3.3
(positions of the Gaussians used in the deconvolutions are listed in Table 3.1), bands A
can be modeled with three Gaussians for 1and 2. As the substituents are varied the
ionizations under band A shift in energy but the spread of the ionizations does not change
dramatically, indicating that all the ionizations under band A are approximately shifting
by the same amount. If the position of the lowest energy Gaussian that is used to model
the band is used as a measure of the shift, the total stabilization of band A from 1 to 2 is

1.98 eV, indicative of a very strong electron withdrawing effect of the trifluoromethyl
substitutents.
In each of the photoelectron spectra the next group of ionizations that follow band
A, and that are labeled bands B and C, are due to the Qn and CTbh molecular orbitals.

According to group theory for scorpionate ligands in C3 symmetry, the Qn orbitals
transform as e and a sets. The a-symmetry Qn orbitals have the proper symmetry to
overlap with the empty s orbital on K and therefore will be expected to be stabilized
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relative to the a-symmetry Qn orbitals. In Fragala and co-workers previous study on
NaTp there were two distinct bands in this energy region, and they assigned the esymmetry CTn ionization at lower ionization energy followed by the overlapping asymmetry On and Qbh ionizations.In contrast, the spectra of 1 and 2 reported here all
require three Gaussians to model the shape of the ionization envelope in this region.
To aid in the assignment of these ionizations, data were also collected on 1 with a
He II excitation source, which will change the relative intensity of ionizations depending
upon the atomic character of the molecular orbitals with which they are associated.^^''^°''^^
A comparison of the He I and He II spectra of 1 is shown in Figure 3.4. The most distinct
difference between the spectra collected with different ionization sources is that the band
labeled C decreases in intensity dramatically in the He II spectrum, as would be expected
for the Obh ionization. The assignment of these ionizations of 1 is then that band B is the
^-symmetry Gn ionization, band B' is the a-symmetry Qn ionization and band C is the
Gbh

ionization. Some splitting of the e-symmetry On ionizations would be expected if the

symmetry is lower than Cj, but any such splitting is not large enough to be
experimentally observed. The Qn and aen ionizations also shift as the substituents on the
pyrazole rings are varied. In 2, band C (QBH) shifts to higher ionization energy due to the
electron withdrawing effect of the trifluoromethyl groups on the pyrazole rings.
Fragala et al. have reported changes in the position and the intensity of the CTn
ionizations for unsubstitued MTp as M is changed from Na to Tl.^° They have observed
that the a-symmetry On ionization is stabilized in the T1 complex due to the more
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covalent interaction of the nitrogen a-donors orbitals with the softer T1 atom than with
the relatively harder Na atom. The ionization of the nitrogen a-donor orbitals (bands B
and B') for Tp* is shifted to higher energy in the photoelectron spectra of molybdenum
complexes^'^'^^ than for 1, consistent with a more covalent nature of the interaction with
the Mo metal center with the nitrogen a-donor orbitals as compared to the K"^ cation. To
further evaluate the effect that differences in metals have on the a-donor abilities of more
electron withdrawing scorpionate ligands, a photoelectron spectrum was collected of
Na(Tp^^^3^2) for comparison to K(Tp^^^3^2). Figure 3.5 shows a stack plot of the close-up
spectra of these Na and K adducts of Tp^^^3^2. A slight shift to higher energy of bands B
and B' is observed in Na(Tp^^^3^2) in comparison to K(Tp^^^3^2), which is
counterintuitive to the expectation that

complexes should be more covalent than

complexes to harder Na"^. This might be due to the strong electron withdrawing effect of
CF3 in Tp^^^3^2 resulting in electron deficient nitrogen atoms 0-bonded to the metal.
These electron deficient (harder) o-donor nitrogen atoms can interact better with hard
Na"^ relative to K^. The bands A, B and B' are destabilized by 0.1 eV, 0.28 eV and 0.62
eV, respectively, in the photoelectron spectrum of K(Tp^^''3^2) in comparison to
Na(Tp^'^^3^2). A significant destabilization of B' is further evidence of its assignment to a
set of symmetric a-donor nitrogen orbitals, which has the right symmetry to donate
electron density into the unfilled symmetric metal s orbitals and hence is affected the
most by metal substitution.

3.3 Computational Results of Scorpionate Ligands
Geometry optimization of NaTp beginning from the reported crystal structure^^
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converged without significant changes in the geometry. This ligand geometry was used
as a starting point for the geometry optimization of the KTp and 1. Geometry
optimization of 2 started with the crystal structure coordinates.^^ A similar pattern of
molecular orbitals was calculated for KTp and for compounds 1 and 2. The results for
KTp are generalized and discussed below in detail, with representative molecular orbitals
plotted in Figure 3.6. The lowest unoccupied molecular orbital (LUMO), has primarily
metal s character (Figure 3.6 a), and is well isolated (4.216 eV in KTp) from the filled
ligand-based molecular orbitals. The highest occupied and several lower energy
molecular orbitals that are closely spaced in energy (HOMO to HOMO-5) are primarily
pyrazole-TT in character. These orbitals correspond to the ionizations under band A of the
photoelectron spectra for 1-2 (Figure 3.2-3.4). The molecular orbital plots for the HOMO
and HOMO-1 are shown in Figure 3.6 b and 3.6 c and show that these molecular orbitals
primarily consist of the combinations of pyrazole-7t orbitals.
Pyrazole-Ji orbitals are separated by 0.68 eV from the next group of molecular
orbitals that comprise mainly the a-donor nitrogen orbitals of the pyrazole rings. These
a-donor nitrogen orbitals are e and a symmetry orbitals in the C3 symmetry. The orbital
with the correct symmetry to interact with the metal-s orbital (K 4s) is plotted in Figure
3.6 d. A third type of calculated molecular orbital is 0.68 eV more stable than the adonor combination of the nitrogen orbitals discussed above. This molecular orbital is
aBH in character (Figure 3.6 e) and corresponds to the ionization occurring under band C
in Figures 3.2-3.5 for 1 and 2.
The computed molecular orbital energies and ASCF estimate of calculated

66

ionization energies for removal of an electron from land 2 are reported in Table 3.1, and
plots of the HOMO of each of these molecules are shown in Figure 3.7. The substitution
of CF3 in 2 results in a very strong electron withdrawing effect and stabilizes the
pyrazole-Tt based molecular orbitals (HOMO) by 2.27 eV relative to 1. This calculated
shift compares very well with the corresponding experimentally obtained value of -2.0
eV. The cjbh and on (a-symmetry) orbitals for land 2 also are plotted in Figure 3.9 for
comparison. The methyl or trifluoromethyl substitutions, for 1 and 2, at the 3 and 5
positions of pyrazole ring do not significantly change the nature of the

Obh

and

on

orbitals.
Finally It is noted that the MuUiken charges at the potassium atom for compounds
1, KTp, and 2 (0.88, 0.91 and 0.99, respectively) correspond very well to the electron
withdrawing properties of the substitutions in these compounds. The Mulliken charge at
the metal center in compound 2 (0.99) contrasts with that of 0.88 in 1 and confirms the
experimental findings of us and others of a very electropositive metal center in the
metal adducts of Tp^^^3^2. Thus, the homoscorpionates discussed here offer a variety of
possibilities for the modification of the steric and the electronic properties by variations
of the substitution at the 3, 4 and 5 positions of the pyrazole rings.

3.4 Photoelectron Spectroscopic and Computational Studies of Enedithiolene

Ligands
The He I and He II photoelectron spectra of ene-l,2-dithiolene ligands 3 and 4 are
shown in Figure 3.8 in the approximate energy range 8-11.0 eV and their peak positions
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are given in Table 3.1. The 1, 2-benzeneciithiolene being a prototype aryldithiolene
ligand, our discussion of the electronic structure of the dithiolene ligands will start with
this ligand. A simplified molecular orbital picture for 1, 2-benzenedithiol is shown in
Figure 3.9. The valence orbitals that must be considered here are benzene eig and
symmetric and antisymmetric combinations of sulfur out of plane orbitals (S/ and Sn ).
The density functional theoretical calculations and photoelectron spectroscopic results
done in this work (cf. Cp2Ti(bdt) in Chapter 8) and by others"^^ show that the highest
occupied molecular orbital (HOMO) has substantial S/ character and is antibonding in
nature between S/ and C/ (out of plane or n orbitals of C=C) of the benzene ring. Thus
the S/ orbital is destabilized the most due to an effective overlap from the C/ orbital and
is set at an appropriate energy to interact with the transition metal d orbitals. The
ionization bands, labeled as 1,1', 2 and 2', in the photoelectron spectrum can be assigned
to the molecular orbitals obtained theoretically and are shown in Figure 3.10. In the He II
source, the ionizations assigned to the molecular orbital with sulfur character decrease in
intensity. Therefore, all four of these occupied frontier orbitals must decrease in intensity
in He II ionization. This intensity change is hard to observe in the absence of an
ionization band in this energy range shown in Figure 3.8, that remains unchanged
between He I and He II sources. A relative intensity change has been observed in the
spectra of 4 and is discussed below.

Similarly, the first four ionization bands, labeled as 1, 1', 2 and 2', in the lower
energy region of the photoelectron spectra of 4 (Figure 3.8) are assignable to the
symmetric and antisymmetric combinations of sulfur out of plane orbitals (S/ and Sn )•
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The substitutions of the CI at 3 and 6 positions of the benzenedithiolene will add some
chlorine character to the antisymmetric S„' orbital (HOMO-1 and HOMO-2). No
chlorine character is expected for the HOMO and HOMO-3 orbitals that have a nodal
plane going through 3 and 6 positions of the 3, 6-dichloro-l,2-benzenedithiolate ligand.
A significant decrease in the intensity of band 2' is observed in the He II source that is
consistent with the presence of the chlorine character in the corresponding molecular
orbital (HOMO-2). A further exploration of the role of "ene" in raising the energy of the
Sn"*" orbitals will be presented in Chapter 8, where it will be shown that the energy
ordering of S/ and

is reversed in the absence of the "ene" functionality.

4.0 Conclusions

The general shape of the low energy ionizations bands A, B, and C in the
photoelectron spectra of land 2, is not greatly effected by the nature of the metal ions as
reported here and by others.

oI

However, substitutions at the 3,4 and 5 positions of the

pyrazole ring can shift the ionization energies of the bands significantly, as especially
shown by the CF3 substitutions.
The scorpionates discussed in this work are coordinated to the metal through the
nitrogen atoms of the pyrazole rings and this a-bonding is modulated by electron density
at the metal center or vice versa. The electronic structure of scorpionate ligands
presented here includes distinct assignments of Obh and ctn {a and e-symmetry) orbitals
confirmed experimentally for the first time. This will help in understanding the
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electronic structure of scorpionate-based transition metal complexes utilized in
bioinorganic modeling and organometallic catalysis. The shift in the positions of band B
can be an indicator of the extent of o-bonding of these scorpionate ligands upon
coordination with transition metals and will be a topic of discussion in later studies.'^^
The electronic structure studies of enedithiolate ligands show that they have a symmetric
combination of the sulfur out of plane orbitals as their highest occupied molecular orbital.
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Table 3.1. Experimental ionization energies (I.E.), calculated absolute orbital eigenvalues (-ei) and
calculated ASCF first ionization energies of compounds 1-3 and experimental ionization energies for 4 (all
values in eV).

Experimental

Calculated

I.E.

-ei

(-8i) HOMO

ASCF

Label and
Assignment

(Shifted)"
K(Tp*) (1)
7.63-8.45'

7.63-8.08

9.51,9.99

8.93-9.31

Band B, aN

10.58

9.88

Band C, oBH

4.66

6.66

Band A, Pyrazole-7t

K(Tp^^^3^2) (2)
9.61-10.55'

9.61-10.13

6.93

8.78

Band A, Pyrazole-7i

11.26,11.88

10.66-11.23

Band B and B', aN

12.44

11.88

Band C, aBH
H2bdt (3)

8.39

8.39

8.99

8.66

9.41

9.80

10.33

10.14

5.39

7.90

Sti

"^, Cti "^ antibonding

S;i", Ctt"

antibonding

S;i", Cti"
Sti

bonding

"^, Ctt "^ bonding

HzbdtCb (4)
Experimental I.E.

Label and Assignment
"^ antibonding

8.55

Sti

8.86

Sti

" antibonding

10.37

Sti"

10.78

Sti

bonding

"^ bonding

® Range of experiment I.E. values for Band A are taken from the positions of Gaussians
used to deconvolute the data. This does not imply that these values are vertical
ionization energies.
^ Eigenvalues were shifted so the HOMO eigenvalue matches the position of the lowest
energy Gaussian used to deconvolute the experimental data.
Only the experimental values of ionizations and their assignments are presented for 4.
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(a)

N-

N

N'
N-

N-N
H

Tp
TpcHg orTp* (1)
Tp(CF3)2
(2)

Hgbdt

R3, R4, R5 = H
R3, R5 = CHg, R4 = H
R3, R 5 = CF3,

(3)

:R1,R2 = H

HgbcltClg (4)

; R 1 , R 2 = CI

R4 = H

Figure 3.1. (a) A generic tripodal scorpionate ligand hydrotris(pyrazol-l-yl)borate; KTp. (b) Examples of
substitutions at the 3 and 4 positions of the pyrazole ring. These substitutions retain the Cj symmetry of the
adducts. (c) A generic aryldithiolate ligand.
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JP (1)

• 13.0-

0

7.0

5:0

Ionization Energy (eV)
Figure 3.2. The He I full photoelectron spectra of the potassium salts of hydrotrisCS.S-dimethylpyrazol- l yOborate, Tp* (1) and hydrotris(3,5-bis(trifluoromethyl)pyrazol-l-yl)borate, Tp'^''3'2 (2). BoA of the
spectra have three general features labeled as bands A, B and C in the lower energy region. These bands
are assigned as A: pyrazole-n; B, B': ctn of the pyrazole nitrogen orbitals; C: Gbh of the trispyrazole borate
ligands.
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KTp(^%)2^(2)

13.0

12.0

11.0

10.0

9.0

8.0

7.0

Ionization Energy (eV)
Figure 3.3. The He I close up photoelectron spectra of KTp* (1); and KTp*"^''3'2 (2). Bands A, B and C are
assigned as in Figure 3.2.
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KTp 1

11

10

9

8

7

Ionization Energy (eV)
Figure 3.4. The He I and He II close up spectra of KTp*. Ionizations associated with molecular orbitals
with hydrogen contributions decrease in relative intensity in the He II source.
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NaTp'^'^sW\ a He I
B'
^1 ivA\ r /1 1 '\j
1 Jp

A J /

^ ^ / X V /Y

KTp''=''3'2 /

He 1

B' § / \A

Ac/

13

12

/

11

10

9

8

Ionization Energy (eV)
Figure 3.5. He I close-up photoelectron spectra of Na(Tp'^^3'2) (top) and K(Tp^'^''3'2) (bottom). The bands
are assigned as A: pyrazole-n; B, B': CTn (e-symmetric and a symmetric combinations, respectively) of the
pyrazole nitrogen orbitals; C: Gbh of the trispyrazole borate ligand.

Figure 3.6. Molecular orbital plots (at 0.05 cutoff levels unless stated) of KTp. (a) Lowest occupied
molecular orbital (LUMO) is primarily metal in character (at 0.03 cutoff levels), (b) The highest occupied
molecular orbital (HOMO) is primarily pyrazole-n in character, (c) HOMO-1 is again pyrazole-Tt in
character, (d) An example of the pyrazole a-donor (ctN) molecular orbital (at 0.008 cutoff levels), (e) The
hydrotris(pyrazol-l-yl)borate ctBH molecular orbital.

KTp- ( 1 )

KT|^=^'(2)

HOMO

0N (a-syminetry)

Figure 3.7. Comparison of the highest occupied molecular orbitals (HOMO), On (a-symmetric) and obh
orbitals of compounds 1-3 (at 0.05 cutoff levels).
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H^bdt (3)

Hel

V

H2bdtCl2 (4)

l]
\ l J \

Hell

^

H^bdt (3)

HzbdtCU (4)

2\
I\
ij

^

h
/

\7^\l
M
\

11.0

10.0

X
9.0

\
V

V'"
8.0

10.4

9.4

8.4

Ionization Energy (eV)
Figure 3.8. The He I full photoelectron spectra of 1, 2-benzenedithiolate (H2bdt; 3) and 3, 6dichlorobenzene-1, 2-dithiolate (H2bdtCl2; 4). Both of the spectra have four first ionizations labeled as
bands 1, 2, 2', 1' in the lower energy region. These bands are assigned as 1, 1': bonding and antibonding
orbitals of S/ ; 2,2': bonding and antibonding orbitals of S^" (where S/ and S^" = symmetric and
antisymmetric combinations of dithiolate out of plane orbitals)
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,4-.

HOMO

HOMO-1

S

MOMO-2

il

2S

^^71

/ HOM0-3

Benzene e^^
'y

Figure 3.9. The molecular orbital diagram of 1, 2-benzenedithiol. The S/ orbital is raised in energy due
to an effective overlap from C=C 7i-orbital of benzene.
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HOMO-3

11

HOMO-a

HOMO-1

10
9
Ionization Energy (eV)

HOMO

8

Figure 3.10. The one-to-one correlation of first four ionization bands with theoretically calculated frontier
molecular orbitals of 1, 2-benzenedithiol. Bands 1, 1', 2, 2' have been assigned as described in Figure 3.8.
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CHAPTER 4: Experimental and Theoretical Evaluation of
Metal- Halide Interactions in (Tp*)MoOX2 Compounds (X
= F, CI, Br, I) by Gas-Phase Photoelectron Spectroscopy
and Density Functional Theory; Molecular Structure of
(Tp*)MoOBr2
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1.0 Introduction
Transition metal halides are the basic building blocks of inorganic compounds
that impact our daily lives as these compounds are some of the most common catalysts
used in industry.' Variation in the halide ligand can retain the nature of the system, but
can fine tune both the reactivity and selectivity of these catalysts for a given
transformation.' Study of metal-halide (M-X) interactions has been an integral part of the
extensively studied electronic structure and bonding in these compounds. The
comparisons of the a-donor and the 7i-donor abilities of different halides to metals is one
of the most interesting research questions addressed in these studies. Substantial
literature precedent^'^ is available, based on IR spectroscopic data,'^"^ electrochemical
potentials,^ chemical reactivityand theoretical calculations,'^'^''" for suggesting that
among the halides, it is the fluoride ligand that appears to be the most efficient electron
pair donor towards the metal. The nature of this interaction remains highly controversial,
however, Holland et al."''^ have come up with a different theory based on Drago's E-C
bonding schemes,' where M-X bonding is primarily explained in terms of electrostatic
(E) and covalent (C) contributions. In some late transition metal compounds
destabilizing n interactions were not considered to be the dominant effect in M-X
bonding."''^
Photoelectron spectroscopy and theoretical calculations have been used to study
metal-halide interactions in the carbonyl adducts of Mn, Re, Fe, Cr, W. For example the
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electronic structure and bonding studies of M(C0)5X (M = Mn, Re and X = CI, Br, I,
and/or H) type compounds by Fenske, DeKock, Hall, and Lichtenberger,'^"'^ etc. One of
the frontier orbitals, the highest occupied molecular orbital (HOMO), in these compounds
is primarily both metal-d and halogen-7t in character. Green et al. have reported
photoelectron spectroscopic studies of V(ri^-C5H5)2X (X= CI, Br, I) in He I and He II
ionization sources and found evidence for weak but significant n interactions between
metal d and halogen p orbitals in these compounds.Lichtenberger et al. have also
reported gas-phase valence photoelectron spectroscopic studies of CpRe(NO)(L)X (Cp =
rj^-CsHs and r|^-C5(CH3)5; L = CO, P(C6H5)3; X = CI, Br, I) and found extensive metalhalogen mixing in the ionizations and very delocalized electronic structure throughout the
metal-ligand system.'^ They reported increasing halogen character of the M-X TI*
orbitals in going from the chloride to the iodide compound, however, the first three
ionizations remain mostly metal throughout. This is in contrast to the previously studied
Re(C0)5X compounds,'"^ where the first ionization shifted from predominantly metal to
predominantly halogen in proceeding from X = CI to X = I. Detailed electronic structure
studies of titanocene, zirconocene and hafnocene halides suggest that iodine behaves as
both a strong o- and Ti-donor.'^
Similar studies have also been reported on the dihalide compounds of the type
M(C0)4X2. For example Levenson et al. reported the photoelectron spectroscopy of

Fe(CO)4X2 (X = Br, I) and found that ionizations from d orbitals appear at higher energy
than those for Mn(C0)5X compounds.'^ The valence orbitals of M(CO)4X2 transition
metal derivatives are well known.

Similar examples of the electronic structure studies
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exist for metals of group VI. Morris-Sherwood et al. have reported photoelectron
spectroscopy and molecular orbital calculations on (ri^-C5H5)M(NO)2X (M = Cr, W and
X= CI, Br,

They compared the ionization energies of metal-halogen a bonds and

suggested that W-X bonds are stronger than Cr-X bonds, which is consistent with the
relative metal-chloride bond lengths from X-ray data. A density functional study of open
shell cyclopentadienyl-molybdenum(II) compounds by Cacelli et al. comparing Mo-X
(X= F, CI, Br, I) n bonding found that the Ti-stabilizing ability decreases in the order F >
CI, Br, I>
The experimental and theoretical studies as a function of halogen atoms on the
well known (Tp*)MoOX2 (X= F (1), CI (2), Br (3), I (4)) series of compounds (Figure
4.1(a)) for studying their electronic structure and bonding, has been carried out.^^ These
compounds are of additional interest because the axial ligation of an oxo group to the
biologically relevant Mo center is reminiscent of the spectator oxygen atom bound to
molybdenum in pyranopterindithiolate enzymes.

The metal-oxo interactions of group

VI metals (Mo, W) has been previously studied using photoelectron spectroscopy of
Mo(Ti^-C5H4Me)20], [W(ti^-C5H4Me)20] and [W(ri^-C5Me5)20] compounds,^^ but
compounds 1-3 possess a formally Mo(V) center with apical oxo and equatorial
monoanionic halide ligands. The presence of this special axial geometry of the Mo=0
unit, and the formal oxidation state Mo(V) of the metal center have lead to the studies of

these compounds (1-3) as first generation spectroscopic models of molybdenum enzymes
by a variety of physical methods, including electron paramagnetic resonance (EPR).^^
The related Mo(V) compounds, (Tp*)MoO(alkoxide)2 and (Tp*)MoO(dithiolate), have
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been studied using photoelectron spectroscopy and metal based ionizations are clearly
observed at lower ionization energies.^^"^' These compounds are stabilized in the Mo(V)
oxidation state in a pseudo-octahedral geometry where the scorpionate ligand (Tp*)
facially coordinates the metal. The photoelectron spectra of these compounds have a
prominent, but now well understood signature of ionizations occurring from Tp*.^^'^"^ In
the photoelectron spectroscopy of K(Tp*), the ionizations starting from the lowest energy
region were assigned to pyrazole-7i based orbitals followed by On, and ctbh-^"^
The changes in the nature of the pyranopterindithiolates due to hydrogen
bonding^^ and dithiolate folding^° can change in the electronic properties of the dithiolate
sulfur atoms and might play a role in modulating the effective nuclear charge (Z'eff) on
the metal center during the course of catalysis and/or determining differences among the
various pyranopterin Mo enzymes. Metal-sulfur covalency has been an interesting area
of research in this regard. The purpose of this study is to use gas-phase photoelectron
spectroscopy to understand the metal-halide covalency in oxo-Mo(V) centers. This study
is also an essential benchmark for understanding the electronic structure of
oxomolybdenum-dithiolate based small molecular models for the pyranopterindithiolatecontaining enzyme active sites. In contrast to remote ligand substitution in
(Tp*)MoO(dithiolate) compounds,^^'^^'^^"^® the (Tp*)MoOX2 system provides flexibility
of ligand substitutions as different halide ligands (X) are easily substituted, allowing the

study of the influence of halogens on the metal-halide interactions. The differences in the
polarizabilities and electronegativities of the halogens can lead to appreciable changes in
Z'eff of the metal center. This series of (Tp*)MoOX2 compounds provides an
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opportunity to investigate the effects of combining a given set of a-donors (N from
pyrazole rings), with both a-donor and Ji-donor halides and contains an invariant monooxomolybdenum core. There is a little previous literature on gas-phase photoelectron
spectroscopy studies of metal-fluoride interactions. To our knowledge, this study is the
first direct investigation of metal-fluoride interactions using photoelectron spectroscopy.
A very strong interaction between molybdenum and the axial oxo ligand results in
the splitting of the tag orbitals (4^ and dxz,

If one considers the Mo=0 bond

parallel to the molecular z axis, then the dxz and dy^^ orbitals will be destabilized due to
the strong o and 7i-donor oxo ligand. As a result metal in-plane orbital {dxy in xy plane) is
the most stabilized valence metal d orbital. A simplified molecular orbital scheme for the
orbitals in the xy plane of (Tp*)MoOX2 molecule is shown in Figure 4.1(b). The orbitals
in this plane that must be considered are metal in-plane {dxy or dx2-y2) and combinations
of halogen in plane orbitals (px and py). A general expression for bonding and anti
bonding molecular orbital is ;r = cidxy + czTts, where

represents a metal orbital, TI is a
s

symmetric combination of halogen in-plane p-orbitals and c/ and C2 are two constants.
The magnitudes of constants ci and C2 will determine the contributions of the fragment
orbitals to these interactions and hence the extent of mixing in each of the metal - halide
interactions in this plane. The electronegativity of the halogen atom stabilizes all the
molecular orbitals, while the overlap between the metal and halogen orbitals leads to the

destabilization of the antibonding molecular orbitals and hence a trend opposite to the
one predicted on the basis of the electronegativity. In some cases it has been observed
that the overlap effect is sufficiently large that the first ionization energies are
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significantly destabilized. This later phenomenon, known as the inverse halogen effect,'*^"
has recently been observed on Cp*Fe(dppe)X series (X = F, CI, Br, I) and studied
employing thermodynamics, NMR and Mossbauer spectroscopy, structural and
theoretical approaches.''^ A similar theory has been proposed^^ for oxo-Mo
monodithiolate compounds where a pseudo o-bonding interaction that effectively
couples the Mo dxy redox orbitals into the sulfur in-plane orbitals of the coordinated
dithiolate has been suggested. This pseudo a interaction is present in compounds 1- 4,
and might aid in understanding of this common electronic structure theme of oxo-Mo
dithiolate centers in enzymes.^^'^°'^° The antibonding orbital discussed above for
(Tp*)MoOX2 system is partially occupied and will be referred to as the HOMO (highest
occupied molecular orbital).

2.0 Experimental and Theoretical Section
2.1 Abbreviations
Tp*, hydrotris(3,5-dimethylpyrazol-l-yl)borate; Tp, hydrotris(pyrazol-l-yl)borate.

2.2 Synthesis
Potassium hydrotris(3,5-dimethylpyrazol-l-yl)borate (KTp*) and the compounds
22 51
1-4 were prepared and characterized according to the literature precedent. '

2.3 X-Ray Crystal Structure Determination
A yellow plate of Ci5H22BBr2MoN60 (3) was mounted on a glass fiber for structure
determination using a Bruker SMART 1000 CCD detector X-ray diffractometer. Key
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parameters for the structure determination are summarized in Table 4.1. Empirical
absorption and decay corrections were applied using the program SADABS. The
structure was solved by direct methods using SHELXS in the Bruker SHELXTL (Version
5.0) software package. Refinements were performed using the freely available SHELXL
and illustrations were made using XP. Hydrogen atoms were added at idealized
positions, constrained to ride on the atom to which they are bonded and given thermal
parameters equal to 1.2 or 1.5 times Uiso of that bonded atom. A parameter describing
extinction was included. Scattering Factors and anomalous dispersion were taken from
International Tables Vol C Tables 4.2.6.8 and 6.1.1.4.^^'^^

2.4 Photoelectron Spectroscopy
Photoelectron spectra were recorded using an instrument that features a 36-cm, 8
cm gap hemispherical analyzer (McPherson) and custom designed sample cells and
detection and control electronics. The instrument and data collection and manipulation
procedures have been described in detail elsewhere.^'^'^'^ During data collection the
instrument resolution (measured using the full-width-at-half-maximum of the argon
2P3/2 peak) was 0.020-0.030 eV.
The sublimation temperatures (5°C, at 10"^ torr) were: 198°C for 1,193°C for 2,
and 169°C for 3 (monitored using a "K" type thermocouple passed through a vacuum
feed through and attached directly to the sample cell). Valence region spectra of all the
compounds investigated are shown in Figures 4.3 and 4.4. The mass spectra recorded at
temperatures used in the collection of the spectra confirmed that the parent ion is present.
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The spectra are represented analytically with the best fit of asymmetric
Gaussians.^"^ Each Gaussian is defined with the position, amplitude, halfwidth for the
high binding energy side, and the halfwidth for the low binding energy side. The peak
positions and halfwidths are reproducible to aboiit 0.02 eV (3a level). The parameters
describing an individual ionization peak are less certain when two or more peaks are
close in energy and overlap. The number of peaks used in a spectral deconvolution was
based solely on the features of a given band profile.

The deconvolution procedures are

described in more detail elsewhere.^"^

2.5 Computational details
Density functional theory (DFT) calculations were carried out using the
Amsterdam density functional (ADF) program (ADF version 2000.01).^^"^^ The
hydrotris(3,5 dimethylpyrazol-l-yl) borate ligand (Tp*) was truncated to the
hydrotris(pyrazol-l-yl) borate ligand (Tp) to simplify the computational efforts. The
functional xalpha was used to generate the atoms as well as for molecular calculations. A
double-i^ Slater-type orbital (STO) basis set was used for H, C, B, N, F, CI, Br and a
triple-^ with polarization (IV) basis sets were used for Mo and I. Atoms were used with
frozen cores up to the Is level for F, C, B, N, O; to the 2p level for CI; to the 3p level for
Br; to the 4p level for I and to either the 3d or 4p level for Mo, Both of the frozen cores
for Mo produced similar results and results for 3d are presented. Full geometry
optimizations (assuming Cj symmetry) were carried out on each compound using the
above approach. Calculations on the ground-state molecules were performed in the spinrestricted mode. Spin-restricted.SCF (self-consistent field) calculations were performed
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on the proposed ion states formed by photoionization by removing one electron from the
relevant orbital and comparing the total energy with that of the ground state molecule.
The ionizations energies were also calculated by taking the difference of SCF (selfconsistent field) energies of the spin unrestricted neutral ground state and the molecular
ion state. Molecular visualization software Molekel was used for generating the pictures
shown in Figure 4.5.^^

3.0 Results
3.1 X-ray Crystal Structure of (Tp*)MoOBr2
The X-ray crystal structure for 3 is reported in this work (Figure 4.2). The
average Mo-0 and Mo-X bond lengths in 3 (1.640 A, 2.335 A) is 0.054 A and 0.401 A
smaller than 4 (1.694 A, 2.736 A). The terminal oxo group exerts a strong trans effect^^
lengthening the Mo-N31 distance by 0.163 A in 3 and 0.207 A in 4. The average Mo-N
bond lengths of nitrogen donors cis to the oxo ligand are similar in 3 (2.167 A) and 4
(2.150 A). The X-M-X angle in 3 (95.1A) is 0.5 A larger than 4 (94.6A).
The rotational disorder in 3 can be rationalized by the site occupancy factor
analysis. This analysis in the crystal structure of 3 reveals that there is 80.62 % oxygen
and 19.38 % bromine at site 1,9.69 % oxygen and 90.30 % bromine at site 2 and site 3,
thus approximately 20% of molecules of 3 had crystallized in a different orientation
(rotated along a three fold axis) than the rest of them.
Two X-Ray crystal structures of 2 (CSD REFCODE: BEBCOA,®° DOXJAB^')
have also been reported with disorders. These disorders are thermodynamically favored
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as a pseudo Csv symmetry is imposed on the system because of the Tp* ligand and this
compound crystallizes randomly in such a fashion that halide and oxygen atoms might be
switched, giving rise to disordered structures. The molecular structure of 1 is not yet
determined.

3.2 Gas-Phase Photoelectron Spectroscopy: Valence Ionizations
The general attributes and band assignments of the valence photoelectron
spectroscopy of (Tp*)MoOX2 shown in Figures 4.3 and 4.4 will be provided here. Plots
of the He I photoelectron spectra of compounds 1-3 in the energy range 6.5 to 11.5 eV
are shown in Figure 4.3 and reported in Table 4.2. In general, the region of the
photoelectron spectra greater than 11.5 eV contains overlapping ionizations and provides
very httle information for these molecules. The lowest energy band (Band A) can be
assigned to a partially occupied metal based orbital (Mo d^) based on the reported
photoelectron spectroscopic studies of similar species; Tp*Mo(E)(OR)2 and
Tp*Mo(E)(S-S) (E = O, S, N0).^"°
He I photoelectron spectroscopy of KTp* reported and assigned recently by us
and others shows the pyrazole-7t based bands in the region 7 to 11

The higher

formal oxidation state of the metal center in these compounds (Mo(V)), and therefore, the
higher charge potential, will shift the Tp* based ionizations to higher energy than in
KTp*. A comparison of the photoelectron spectra of KTp* and 1-3 shown in Figure 4.3
indicates that the ionizations (Band B) from the pyrazole-7t based orbitals shift by
approximately ~1 eV in 1-3. The ON and CTBH of the ligand, the former being a bonding
orbital to metal (Mo(V)), will be stabilized more than ~1 eV and will be outside the
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spectral range shown in Figure 4.3. Therefore, in Figures 4.3 and 4.4, the ionizations
between 8-10 eV (Band B) for 1-3 are mostly pyrazole n based and other higher energy
ionizations can be either halogen or oxygen based. Fluorine, being a highly electron
withdrawing element, has its lone pair ionizations stabilized at around 17 eV in HF and
other fluoro-organic compounds.^^ Therefore, in 1, the fluorine lone pair ionizations will
be outside the spectral window shown in Figure 4.3. This suggests that the ionization
band C at 10.51 ± 0.02 eV which does not change in intensity in the He II source can be
assigned to the 7t(Mo=0) based molecular orbital. A similar ionization feature is present
at 10.63 ± 0.02 eV in 2 and 10.58 ± 0.02 eV in 3 that remains unchanged in intensity in
He II and is consistent with ionization from a 7t(Mo=0) based orbital. The ionization
bands Xi- X3 in 2 and Xi, X2 in 3 decrease in intensity in He II photon source (Figure
4.4). The decrease in intensity of these bands indicates substantial halogen character in
the associated molecular orbitals, and therefore, these bands can be assigned to halogen
based orbitals, as described in Table 4.2.

3.4 Computational Results
Due to the absence of good molecular structures, the DFT calculations were used
to optimize the geometry for all the structures (1-4) under study. The calculated bond
lengths (presented in Appendix Al) are close to the available experimental data. The
calculated ionization energies are reported in Table 4.2. The DFT calculations were
performed to obtain the contributions from individual atomic orbital to the HOMO (Table
4.2). According to the calculations 1 has 19.26% fluorine character, 2 has 28.12 %
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chlorine character, 3 has 32.28 % bromine character and 4 has 37.78% iodine character.
Plots of the electronic potential and the HOMO for 1-4 are shown in Figure 4.5.

4.0 Discussion
The general shape of the spectral profile is comparable in compounds 1-3. The
lowest energy ionization band is similar to the previously reported photoelectron spectra
of (Tp*)MoO(alkoxide)2 and (Tp*)MoO(dithiolate) compounds^^'^® and has been
assigned to a metal based molecular orbital. The ionization energies corresponding to
this band in 1-3 are not strikingly different despite significant differences in the
electronegativities of the coordinated halides.
According to theoretical calculations on atomic subshell photoionization cross
(\X
sections done by Lindau et al., bands with fluorine character will grow and bands with
chlorine and bromine character will decrease in intensity as the ionization source is
changed from He I to He II. The experimental verification of these relative changes in
the intensity of the ionizations between He I and He II sources have been previously
reported for halogen containing molecules.^^'®^ A shoulder to pyrazole based ionizations
observed at 7.63 eV for KTp*, and at about 8.2 eV for 1-3, primarily contains
contributions from carbon and nitrogen atoms that do not change significantly with He II
ionization source. A comparison of the peak areas, given in Table 4.3, reveals that in
compound 1 the first band increases 38% with respect to second band, implying
significant F character in the ionization of the HOMO. For compound 2, the first band
decreases 50% with respect to the second band, implying significant CI character in the
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ionization of the HOMO. Meaningful percent change calculations cannot be made for
compound 3, as the second band is not well resolved.
The first ionizations energies in the photoelectron spectroscopy of compounds
Tp*MoO(S-S) series (where (S-S) represents a generic ene-l,2-dithiolate ligand that
forms a five membered chelate ring with the Mo atom) are 6.95 eV for Tp*MoO(tdt),
7.04 eV for Tp*MoO(bdt), 7.26 eV for Tp*MoO(bdtCl2) and 7.72 eV for Tp*MoO(qdt)
(where bdt, 1,2-benzenedithiolate; qdt, 2,3-dithioquinoxaline; tdt, 3,4-toluenedithiolate;
bdtCl2, 3,6-dichloro-l, 2-benzenedithiolate).^^'^^'^^ Comparing these values to those for 13 suggests that halides are more electron withdrawing than tdt, bdt and bdtC^. However,
the qdt ligand is more electron withdrawing than the halogens or the other ene-dithiolate
ligands.
The calculated ionization energies for 1-4 reported in Table 4.2 reveal similar
trends to those obtained experimentally by photoelectron spectroscopy. This trend
neither follows the electronegativity trend nor the inverse halogen effect. As we go down
the halogen series, the calculated percent metal character in the HOMO decreases and the
percent halogen character increases and follows a trend (Figure 4.5 (b)) similar to that
measured by EPR hyperfine splitting studies.The polarizability of electron rich
halogen p orbitals increases as we go down the halogen group. The pseudo o-bonding is
most prominent in the case of X = I, as there is more electron density between halogen

atoms due to the diffuseness of halogen p orbitals. The halogen character of the HOMO
in 1 is the least among all the compounds suggesting that fluoride ligand is very compact

99

and more like a point charge, and that electrostatic interactions might be important for
explaining its ionization energies.
Electronic potentials for 1-4, plotted in Figure 4.5 (a) show that electron density is
mostly delocalized in the pyrazole ring. These plots give a very good comparison of
electronic potential at oxygen and halogen atoms in these molecules. There is relatively
m o r e n e g a t i v e electronic potential a t t h e h a l o g e n a t o m f o r 1 c o m p a r e d t o 2 , 3 a n d 4
consistent with their electronegativities. As we proceed from F to I in the halogen series
the electronic potential at the oxygen atom increases at the expense of its decrease on
halogen atoms. Thus, this interplay between halogen and the axial oxo atom leaves a
similar charge potential at the formally Mo(V) metal center in 1-4, and therefore, results
in similar energy of the first ionization in their photoelectron spectra.
The (Tp*)MoOX2 system contains a formally Mo(V) metal center with one
unpaired electron in a predominately metal based molecular orbital (HOMO). Previously
reported

studies in this series (X= F, CI, Br) show a very high metal

character in the HOMO (> 80 %), whereas significant halogen character was calculated
by DFT methods.
The ionization band present at 10.51 eV in 1,10.63 eV in 2 and 10.58 eV in 3 is
of similar shape and equal in area and does not appreciably change in intensity between
He I and He II sources. This band cannot be a CTBH based ionization because the CBH
based ionization in K(Tp*) significantly decreases in He II ionization source.^'^ Also, as
mentioned earlier the ON and OBH based ionizations are outside this spectral range.
Therefore, this feature is assigned to an oxomolybdenum (Mo=0) based orbital. The IR
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VMO=O stretching

vibrations previously reported for these species at 964 cm"' for 1; 962

cm ' for 2; and 961 cm ' for 3 do not change significantly with the electronegativity of the
coordmated halides.

The presence of an invariant oxomolybdenum band C in the

photoelectron spectra of 1-3 and similar IR

= stretching vibrations suggest the

vmo

o

presence of an electronically isolated Mo=0 diatomic unit in compounds 1-3 that
dominates the electronic structures of these compounds and related mimics of
molybdenum and tungsten based pyranopterindithiolate enzymes.^^'^^ '^^ The ionizations
corresponding to 7i(Mo=0) in the previous photoelectron spectroscopic study^'^ of MO(TI^CsftiMe)!©], [W(ri^-C5H4Me)20] and [W(ri^-C5Me5)20] compounds are at 10.67 eV,
10.65 eV and 9.84 eV, respectively, and their similar ionization energies with those for 13 further support our assignments of Band C.

5.0 Conclusions
Theoretically obtained first ionization energies have similar trend as obtained
experimentally by photoelectron spectroscopy and EPR for 1-3. The presence of a
7t(Mo=0) band at similar energies in the photoelectron spectra of 1-3 suggests an
electronically isolated Mo^O diatomic core. A strong molybdenum and axial oxo
interaction dominates the electronic structure of these and similar other species. The
DFT calculations show that the metal-halide covalency increases in these compounds as
we go down the halogen group due to the increased number of electrons leading to more
diffusion of the electron cloud along the halogen-metal bond. The compound 4 has the
most covalent metal-halogen interaction. Significant differences in the metal-ligand
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covalency are observed between coordination of molybdenum with the first row element
(F; 1) and other elements (CI; 2, Br; 3,1; 4) in the halogen group resulting in highly
covalent bonds in 2-4. This could suggest that relatively softer second row element
sulfur has been selected in the biological systems for enhanced covalent interaction with
metal to relatively harder first row element oxygen in the pyranopterindithiolate cofactor.
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Table 4.1. Crystal data and structure refinement for (Tp*)MoOBr2 (3)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(OOO)
Crystal size
Theta range for utilized data
Limiting Indices
Reflections utilized
Independent reflections
Completeness to theta = 26.40°
Absorption correction Integration
Max. and min. transmission
Refinement method
Data / restraints / parameters

Ci5 H22 B Br2 Mo Nfi O
568.96
100(2) K
0.71073 A
Monoclinic
P2(l)/c
a = 9.006(1) A
a=90°
b = 15.937(2) A
p= 105.287(3)°
c = 14.250(2) A
Y = 90°
1972.8(5) A^
4
1.916 MgW
4.733 mm^
1116
0.30 X 0.15 X 0.01 mm^
1.96 to 26.40°
-ll<h<ll,-19<k<19,-17^kl7
20671
4033 [R(int) = 0.1336]
99.9 %
SADABS
0.8238 and 0.3513
Full-matrix least-squares on F^
4033/6/246

Goodness-of-fit on
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
RMS difference density

1.122
R1 = 0.0567, wR2 = 0.1545
R1 =0.0945, wR2 = 0.1718
0.995 and -1.636 e.k^
0.180e.A-^
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Table 4.2. Experimental ionization energies (I.E.), calculated absolute orbital eigenvalues (-ei) and
calculated ASCF first ionization energies of compounds 1-3 (all values in eV).

Experimental
I.E. (eV)

Calculated
-ei
(Shifted)"

7.63-8.45'
9.51,9.99
10.58

7.63-8.08
8.93-9.31
9.88

7.63"
8.40-9.30

7.63
9.85-10.64
10.91,
11.22

(-ei) HOMO
% Metal/ % Halide
Character in
HOMO
K(Tp*)
4.66

ASCF
(eV)

Label and Assignment

6.66

Band B, Pyrazole-7i
aN
oBH

(Tp*)MoOF2 (1)

10.51

3.95
72.23/ 18.12

6.80

Band A
Band B, Pyrazole-7i
Band C, 7i(Mo=^0)

(Tp*)MoOCl2 (2)
7.68®

9.80
10.63
10.91,11.22

7.68
9.5,10.010.30
9.4
10.80
9.53, 9.80

7.55'
8.31-9.28
10.13
10.58
10.89

7.55
9.44-10.13
8.91
10.90
9.10,9.37

8.37-9.33

Band A
4.38
66.75/ 26.28

Band B, Pyrazole-7t
6.94

Xi: CI in-plane
Band C, 7t(Mo=0)
X2, X3: CI out-of-plane

(Tp*)MoOBr2 (3)
4.30
61.94/30.22

6.76

Band A
Band B, Pyrazole-7i
X I : Br in-plane
Band C, 7t(Mo=0)
X2: Br out-of-plane

" Range of experiment I.E. values for Band A are taken from the positions of Gaussians
used to deconvolute the data. This does not imply that these values are vertical ionization
energies.
^ Eigenvalues were shifted so the HOMO eigenvalue matches the position of the lowest
energy Gaussian used to deconvolute the experimental data.
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Table 4.3. Ionization energies and areas of Gaussian fits.

Areas of Gaussians
Molecule

First Ionization
Energies (eV)

Hel

Relative
Areas
Hell/Hel

Hell

Peak 1

Peak 2

Peak 1

Peak 2

(Tp*)MoOF2 (1)

7.63

0.17

1.00

0.20

1.00

18%

(Tp*)MoOCl2 (2)

7.68

0.38

1.00

0.19

1.00

50%

(Tp*)MoOBr2 (3)

7.54

1.13

1.00

0.18

1.00

38.5%
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Figure 4.1. (a) Systematic representation of (Tp*)MoOX2 (X = F, CI, Br, I), (b) Simplified molecular
orbital scheme for orbitals in the xy plane showing metal and halide interaction.

Figure 4.2. ORTEP representation of (Tp*)MoOBr2 (3) at 50% probability level. Hydrogen atoms are
made arbitrarily small for comparison. A rotational disorder can be viewed along the pseudo three fold
axis.
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Ionization Energy (eV)
Figure 4.3. The stack plot of the He I photoelectron spectra of (Tp*)K, (Tp*)MoOF2 (1), (Tp*)MoOCl2
(2) and (Tp*)MoOBr2 (3)
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Figure 4.4. The He I and He II photoelectron spectra of (Tp*)MoOF2 (1), (Tp*)MoOCl2 (2) and
(Tp*)MoOBr2 (3)
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(Tp)MoOF2

(Tp)MoOCl2

(Tp)MoOBr2

(Tp)MoOl2

(a)
Electronic
Potential

Occupied
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Figure 4.5. (a) Electronic potential and (b) highest occupied molecular orbital plots for (Tp*)MoOX2 (X =
F, CI, Br, I).
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CHAPTER 5: Structural Studies of Active Site Models:
Metal Dithiolates with and without a Terminal Oxo
Ligand

A portion of this chapter has been published as
Inscore, F. E.; Joshi, H. K.; McElhaney, A.; Enemark, J. H. "Remote ligand substituent
effects on the properties of oxo-Mo(V) centers with a single ene-l,2-dithiolate ligand"
Inorg. Chim. Acta 2002, 331, 246-256.
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1.0 Introduction
The X-ray crystal structure of small molecular models of metalloproteins is
intriguing as one can often get high resolution structures without involving the complex
experimentation and cumbersome data refinement that has to be undergone in
macromolecular crystallography. Small molecular crystallography can often be
conducted at in-house facilities and refinement yields a very high resolution solution,
providing fine details of the molecular structures.
This chapter reports some atomic resolution structures that contain one
enedithiolate ligand coordinated to either Mo or W. The effect of variation of
substituents on the benzene ring of the enedithiolate ligand, and variation of metal from
Mo to W will be discussed. Finally, a correlation between the geometric and the
electronic structures will be attempted.
There are a number of structures of oxo-Mo(V) complexes reported that contain
the [(Tp*)MoO]^'^ core.^"^ However, only a few structures of oxometal complexes of
group VI that contain one enedithiolate ligand have been reported.^'^'®'^° Until recently,
the crystal structure of (Tp*)MoO(bdt) (1) reported in 1994 was the only representative
structure of this family.^'^
The structures of (Tp*)MoO(bdtCl2) (2) and (Tp*)MoO(qdt) (3) and their
tungsten analogue (Tp*)WO(bdt) (4) are reported here. A comparison and contrast
among the structural parameters of the family of oxometal-enedithiolate compounds 1-4
and a metal-enedithiolate compound Cp2Mo(bdt) (5) are also presented. These
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mononuclear six-coordinate monooxo-Mo(V) monodithiolene complexes (1, 2, and 3), in
addition to the bis-thiolate (Tp*)MoO(SPh)2 are, to the best of our knowledge, the only
known species of the [(Tp*)MoO(S2)] system type that have been structurally
characterized by single-crystal X-ray diffraction.

2.0 X-Ray Crystal Structure Determinations
The crystals for structural characterization were obtained from either vapor or liquid
diffusion. A burgundy plate of (Tp*)MoO(bdtCl2) (2) was obtained by slow vapor
diffusion of hexane into a dichloromethane solution at room temperature. Suitable
crystals of the (Tp*)MoO(qdt) (3) complex were obtained as dark-red blocks by slow
vapor diffusion of pentane into a dichloromethane solution at room temperature. A green
plate of (Tp*)WO(bdt) (4) was obtained by slow vapor diffusion of pentane into ether,
and a brown needle of Cp2Mo(bdt) (5) was obtained from liquid diffusion of pentane into
an acetonitrile solution of 5. The experimental details for the X-ray crystallographic
study of 2-5 are summarized in Tables 5.1, 5.3, 5.6 and 5.8, respectively, and the key
intermolecular bond lengths and angles are summarized in Tables 5.2, 5.4,5.5, 5.7, and
5.9. Each crystal mounted on a glass fiber (in a glass capillary) one at a time in a random
orientation, and examined on a Bruker SMART 1000 CCD detector X-ray diffractometer
at 170(2) K and a power setting of 50 kV (40 mA). The structural data presented here is
shown with empirical absorption and decay corrections using the program SADABS
wherever required, as specified in Tables 5.1, 5.3, 5.6 and 5.8. The structure was solved
by direct methods using SHELXS in the Bruker SHELXTL (Version 5.0) software
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package. Refinements were performed using SHELXL and illustrations were made using
XP. Hydrogen atoms were added at idealized positions, constrained to ride on the atom
to which they are bonded and given thermal parameters equal to 1.2 or 1.5 times Uiso of
that atom. Scattering factors and anomalous dispersion were taken from International
Tables Vol C, Tables 4.2.6.8 and 6.1.1.4.^''^^ Selected crystallographic data and
molecular structural parameters are listed in Tables 5.1, 5.3,5.6 and 5.8, respectively.
The crystals of 3 contain one half molecule solvent (hexane) of crystallization per
asymmetric unit. The large values of thermal displacement parameters of the carbon
atoms of the hexane of crystallization can be attributed to the partial loss of solvent
molecules during the time interval between crystal isolation and low temperature data
collection. The ORTEP diagram of 2-5 are shown in 50% probability level and their
crystal packing diagram are shown in Figures 5.2-5.11.

3.0 X-ray Structure Analysis
3.1 Structure of (Tp*)MoO(bdtCl2) l/2(C6Hi4)
The structure of (Tp*)MoO(bdtCl2) (2), determined by single-crystal X-ray
diffraction, is shown in Figures 5.2 and 5.3. Table 5.2 presents selected interatomic
distances and bond angles. The molecule exhibits a distorted pseudo-octahedral
coordination geometry, where the Mo atom is ligated by a terminal oxo atom, two sulfur
donor atoms of the bdtCl2 ligand and three nitrogen atoms of the tridentate facially
coordinated Tp* ligand. No symmetry is imposed on 2 by its space group, but the
effective symmetry is

The terminal oxo ligand and the two sulfur donor atoms of the
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ene-l,2-dithiolate chelate ligand (bdtCh) are constrained to be mutually cis to each other
by the fac stereochemistry imposed by the tridentate Tp* ligand. This is the second such
structurally characterized six-coordinate oxo-Mo(V) complex that contains a single ene1,2-dithiolate ligand cis to the terminal oxo group. The structure of (Tp*)MoO(bdt)^'^
has been previously reported.
The structural parameters of the [(Tp*)MoO]^"^ core in (Tp*)MoO(bdtCl2) agree
with those found for other oxo-Mo(V) complexes.'"^ The observed Mo=0 distance
(1.679(3) A) is similar to that of (Tp*)MoO(bdt) (1.678(4) A),^'^ (Tp*)MoO(qdt)
(1.6865(18) A), and (Tp*)MoO(SPh)2 (1.676(4) A).^ The terminal axial oxo ligand, as
expected, exerts a strong trans influence, lengthening the Mo-N31 distance (2.391(3) A)
by 0.214 A relative to Mo-N21 (2.177(2) A) and 0.225 A relative to Mo-Nll (2.166(3)

A).

This effect is slightly greater than that observed in the (Tp*)MoO(bdt) complex

where the Mo-N31 bond was found to be 2.372(4) A.^ The average Mo-S distance
(2.3744(12) A) in (Tp*)MoO(bdtCl2) is indistinguishable from that observed in
(Tp*)MoO(bdt) (2.373(2) A). These Mo^O and Mo-S bond length comparisons for
(Tp*)MoO(bdtCl2) and (Tp*)MoO(bdt), clearly show that these structural parameters are
not significantly perturbed by remote ligand substituent effects. The bond angles about
the six-coordinate Mo atom deviate significantly from that of octahedral geometry, as

illustrated by O-Mo-Sl = 101.81(10)° and 0-Mo-S2 = 100.99(10)°. The average O-MoS angle of 101.40° is slightly greater than that reported for (Tp*)MoO(bdt) (100.95°).^
The molybdenum atom is displaced -0.258 A above the mean N2S2 equatorial plane in
the direction of the apical 0x0 ligand. This is smaller than observed for (Tp*)MoO(bdt)
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at 0.264 A.^ The S-Mo-S chelate bite angle of 84.38(4)° is tighter by 0.74° relative to the
corresponding angle (85.12(6)°) in (Tp*)MoO(bdt).^ The S~S nonbonded contact
distance was calculated to be 3.190 A; this is only 0.021 A smaller than that observed for
(Tp*)MoO(bdt) (3.211 A).
The most significant differences between the structures of (Tp*)MoO(bdtCl2) (3)
and (Tp*)MoO(bdt) (1) is the angle (5) formed between the ene-l,2-dithiolate (S-C=C-S)
least squares plane and the S-Mo-S plane along the line of intersection containing the S—
S atoms. This angle in (2) is 173.1°, and thus the S-C=C-S plane is folded up towards the
terminal oxo group by 0 = 180°- 5 = 6.9°. The fold angle (0) is defined as an acute angle
between metal-sulfur and sulfur-carbon planes within the metallacycle (see Figure 5.1).
The (bdtCla) ring structure itself is essentially planar. The fold angle for (Tp*)MoO(bdt)
is considerably greater with 0 = 21.3(1)°.^ This deformation in (Tp*)MoO(bdt) has been
previously attributed to a steric interaction between the C36 methyl group of the trans
N31 pyrazolyl ring and the CI and C2 atoms of the chelate ring.^ The C36—CI and
C36—C2 non-bonded contact distances in (Tp*)MoO(bdt) are 3.58 and 3.57 A,
respectively, and significantly greater than the corresponding distances of 3.375 and
3.345 A in (Tp*)MoO(bdtCl2). The estimated van der Waals contact between a methyl
group and an aromatic ring is 3.72 A. Thus, non-bonded contacts in (Tp*)MoO(bdtCl2)
would seemingly favor a larger fold angle, as was observed in (Tp*)MoO(bdt). The
packing of the molecules in the unit cell for each of these systems was also examined,
and it was determined for 2 that the C36 methyl groups from neighboring molecules were
well separated from the CI and C2 atoms (greater than 8 A). The packing diagram
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showed that the closest CI—CI distance between neighboring molecules was 3.920 A,
greater than the van der Waals contact of 3.60 A for chlorines. The results for the
packing diagram analysis suggests that non-bonded intermolecular contacts are not the
cause of the observed fold angle deviation. The origin and contributions to this fold
angle in (Tp*)MoO(bdt), (Tp*)MoO(bdtCl2), and (Tp*)MoO(qdt) has been investigated
through DFT calculations and is discussed in Chapter 6. Comparison of the bond
distances within the S-C=C-S chelate rings of

1 and 2 shows that the C1-C2 distance of 1

of 1.395(8) A and the distance in 2 of 1.406(5) A are similar. The average S-C distances
of 1.760(6) in 1 and 1.751(4) A in 2 are also not significantly different from one another.

3.2 Structure of (Tp*)MoO(qdt) (3)
The structure of (Tp*)MoO(qdt) (3), determined by single-crystal X-ray
diffraction, is presented in Figure 5.4. The perspective view (Fig. 5) illustrates the
general atomic numbering scheme used for defining the molecular structural parameters
of 3 and other related [(Tp*)MoO(S2)] complexes. Table 5.4 presents selected
interatomic distances and bond angles for (Tp*)MoO(qdt) (3). Table 5.5 provides the
corresponding mean geometric structural parameters of (Tp*)MoO(bdt)

(1) and

(Tp*)MoO(bdtCl2) (2) for comparative purposes. The molecular structure of 3 (Fig. 4, 5
and Table 5.3) revealed the distorted six-coordinate geometry, which is defined by one
terminal axial oxygen, two equatorial dithiolate sulfurs, and three pyrazolyl ring
nitrogens. No symmetry is crystallographically imposed on the (Tp*)MoO(qdt) complex
by the PI space group; however, the effective point symmetry of the molybdenum center
is Cs- The terminal oxo ligand and the two sulfur donor atoms of the ene-l,2-dithiolate
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chelate ligand (qdt) are constrained to be mutually cis to each other by the fac
stereochemistry imposed by the tridentate (Tp*)' ligand. The bond angles about the sixcoordinate Mo atom deviate from that of octahedral geometry. This is evident by the
three nonlinear trans angles, and as illustrated by the obtuse 0-Mo-Sl = 99.82(7)° and OMo-S2 = 99.75(7)° cis angles. The 0-Mo-S and 0-Mo-N cis angles are found to be
greater than 90° in all of the structurally characterized (Tp*)MoO(S2) complexes, as
anticipated. The angular distortions of the equatorial ligand donor atoms cis to a terminal
0X0

has been rationalized in terms of minimizing nonbonded repulsions between the

filled p(7r) orbitals of the donor atoms coordinated to Mo and the 7t-electron density in the
short Mo=0 bond. The rigid geometric constraints and bonding properties of the (Tp*)"
ligand minimize the cis angular distortions involving the pyrazolyl ring nitrogens
coordinated to Mo. These distortions result in the characteristic square pyramidal
geometry for five-coordinate oxo-Mo(V) systems containing two to four sulfur donors,
and are clearly greater than those in the six-coordinate (Tp*)MoO(S2) complexes. This is
evident from the larger 0-Mo-S angles (~108°) and a greater displacement of Mo from
the least-squares basal plane (~0.5 - 0.8 A) in the five-coordinate complexes. The
structural parameters of the [(Tp*)MoO]^"^core are not unusual and are in agreement with
those found for other related structurally characterized oxo-Mo(V) complexes.'"^ The
observed Mo^O distance (1.686(2) A) in 3 is not significantly different from that of
(Tp*)MoO(bdt) (1.678(4) A),^'^ (Tp*)MoO(bdtCl2) (1.679(3) A) or (Tp*)MoO(SPh)2
(1.676(4) A). The terminal oxo ligand, as expected, exerts a trans influence, lengthening
the Mo-N31 distance (2.348(2) A) by 0.177 A relative to Mo-N21 (2.171(2) A) and 0.164

A relative to Mo-Nl 1 (2.184(2) A).

The Mo-N31 distance (2.372(4) A) observed in

(Tp*)MoO(bdt) is somewhat longer than in 3. The average Mo-S distance (2.388 A) in
(Tp*)MoO(qdt) is lengthened (-0.015 A (7o)) compared to that observed in
(Tp*)MoO(bdt) (2,373(2) A). The mean 0-Mo-S angle in 3 (99.8°) is slightly smaller
than in 1 (100.9°) or 2 (101.4°) (see Table 5.4). The 0-Mo-N cis angles in each of these
complexes are observed to decrease slightly relative to an increase in the mean 0-Mo-S
angle, which tilts the N2S2 least squares-plane towards the ± z axes (projected along the
Mo^O bond vector), respectively. The trans 0-Mo-N31 angle is distorted the least in 3,
which possesses the smallest mean 0-Mo-S angle within this series of compounds.
These angular deviations within the equatorial N2S2 planes of 3,2, and 1 appear to be
invariant as reflected by the nearly constant dihedral angle (0d =162°) measured between
the midpoint of the M0S2 and M0N2 planes in these six-coordinate systems. The result of
these distortions in the cis angles (0-Mo-Leq > 90°) is that the molybdenum atom in 3 is
displaced -0.258 A above the N2S2 least-squares plane in the direction of the axial 0x0
ligand. This perpendicular displacement is slightly less than that observed for
(Tp*)MoO(bdt) (0.264 A). The S-Mo-S angle is 85.14(2)°, and nearly identical to that
observed for (Tp*)MoO(bdt) (85.12(6)°). However, due to the elongated Mo-S bond
lengths in 3, the measured S—S non-bonded contact distance (3.231 A) is slightly greater
than that observed for (Tp*)MoO(bdt) (3.210 A). This metric parameter is somewhat
smaller than the estimated van der Waals contact of 3.7 A and the nominal non-bonded S—S contact of 3.4 A in the (Tp*)MoO(SPh)2 complex (Mo-Savg = 2.382 A, S-Mo-S =
90.98°), which underscores the unique geometric constraints imposed by the ene-1,2-
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dithiolate chelate ring coordinated to Mo in 1-3. The other mean non-bonded contact
distances in (Tp*)MoO(qdt) involving the atoms defining the inner coordination sphere
about Mo are also slightly less than their estimated van der Waals contacts, as was the
case for 1 and 2.
The qdt ligand in 3 is approximately planar but folded up toward the terminal oxo
ligand (Figure 5.4 and 5.5). The fold angle measured with respect to the midpoint of
each of the planes is 29.5° in 3. This is somewhat greater than the 21.3(1)° fold angle
measured for (Tp*)MoO(bdt). This deformation has been previously attributed to a steric
(non-bonded) interaction between the C36 methyl group of the trans N31 pyrazolyl ring
and the chelate ring CI and C2 atoms of (Tp*)MoO(bdt). The C36—CI and C36—C2
contact distances of 3.57 and 3.58 A, respectively, in 1 are less than the estimated van der
Waals contact of 3.72 A between a methyl group and an aromatic ring. However, the
C36—CI and C36—C2 contact distances of 3.797 and 3.752 A in 3 are substantially
larger than those reported for 1 and 2. A crystal packing analysis of 3 revealed no
additional interactions with neighboring molecules (Figure 5.6). The C36—CI and C36~C2 contact distances illustrate an interesting point regarding the symmetry of the
molecule. The 0-Mo-N31 angle is 169.2°, and the C36—CI and C36—C2 distances are
indistinguishable in (Tp*)MoO(bdt). A similar 0-Mo-N31 angle is observed in
(Tp*)MoO(qdt) (169.85°), but the C36—CI and C36—C2 contact distances differ by
0.045 A. These data are consistent with the N31 pyrazolyl ring deviating slightly from
the mirror plane (see Figure 5.4; where C36 is canted towards C2) implying a lower
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symmetry (C;) for this compound (3). However, the difference in non-bonded contacts is
sufficiently small that the effective point symmetry of 3 is still treated as Cs.
The metric parameters of the M0S2C2 chelate ring are also of particular interest.
Both complexes (1 and 3) have nearly identical S-C bond lengths of 1.76 A that are
1 Q

within the normal range reported for oxo-Mo(V) ene-l,2-dithiolate systems. " However,
the C1-C2 distance of 1.444(4) A for 3 is larger than the corresponding bond length of
1.395(8) A in 1 (Table 5.5). The dimensions of the qdt ligand in 3 are similar to those
which have been reported for [Mo(qdt)3]^"^'", [Ni(qdt)2]^" and [Cu(qdt)2]^''''.'^''^
Therefore, the longer C1-C2 bond length observed in (Tp*)MoO(qdt) relative to
(Tp*)MoO(bdt) appears to be a structural feature characteristic of transition metal
complexes possessing the qdt ligand, which reflects the electron-withdrawing properties
of the heterocyclic nitrogen atoms of the pyrazine ring that is fused directly to the ene1,2-dithiolate chelate. The ene-l,2-dithithiolate chelate ring fragment in these
(Tp*)MoO(dithiolate) complexes also exhibits a significant structural variation with
respect to the Mo-S-C angle (Table 5.5). The mean Mo-S-C angle of 102.0° in 3 is
smaller than that measured for 1 (103.8°) and 2 (107.0°).
The results of the X-ray crystallographic studies of (Tp*)MoO(qdt) (3) and those
reported previously for (Tp*)MoO(bdt) (1) and (Tp*)MoO(bdtCl2) (2) are important for
understanding remote, and second coordination sphere ligand effects on the geometric
and electronic structures of oxo-Mo mono-ene-l,2-dithiolate systems. The key feature
obtained from comparing the molecular parameters of (Tp*)MoO(qdt) (3) and
(Tp*)MoO(bdt) (1) is that the coordinate geometries are very similar, suggesting that
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remote effects resulting from substitution on the benzene ring of the ene-l,2-dithiolate
ligand do not induce significant structural changes involving the inner coordination about
the molybdenum atom. These results are consistent with structures of oxo-Mo-ene-1,2dithiolates obtained by X-ray and EXAFS that show no appreciable differences in the
Mo-S bond distance.

However, as these remote effects involve EXAFS indiscernible

changes, their contributions to the overall geometric structure in the protein active sites
during catalytic turnover can only be elucidated directly by high-resolution X-ray
crystallography as it becomes available. This is important, as the molecular structures of

3, 2 and 1 have revealed that remote ligand effects do induce substantial changes in the
second coordination sphere, which is evident by perturbations to the fold (0) and Mo-S-C
angles of the ene-l,2-dithiolate chelate. These outer-sphere structural variations may
play an important role in fine tuning the electronic properties of oxomolybdenum
dithiolates. Therefore, it remains to be determined whether the electronic structure
differences observed between these complexes are due exclusively to the electron
donating capabilities of the dithiolate ligand S donor atoms, as suggested by the relatively
invariant inner coordination sphere metric parameters, or are also a consequence of
second coordination sphere effects resulting in structural variations which affect the
orientation of those orbitals involved in Mo-S interactions. These electronic and
geometric structure correlations will be discussed in Chapters 6, 7 and 8.

128

3.3 Structure of (Tp*)WO(bdt) (4)
To the best of our knowledge, the X-ray crystal structure of (Tp*)WO(bdt) (4)
reported here represents the first mononuclear six-coordinate monooxo-W(V)
monoenedithiolate complex that has been structurally characterized by single-crystal Xray diffraction. This structural characterization is of additional interest for the metal
effects on the structural parameters upon substitution of a second row transition metal by
a third row transition metal. Similar to its molybdenum analogue (1), the six-coordinate
W center is facially coordinated by a hydrotris(3, 5-dimethylpyrazol-l-yl) ligand and a
benzenedithiolate that is cis to the oxo ligand. The W=0 bond is 1.684(8) A and
compares to the observed Mo=0 distances of 1.678(4) A) in 1,1.679(3) A in 2, 1.686(2)

A in

3

and 1.676(4) A in (Tp*)MoO(SPh)2. The terminal oxo ligand, as expected, exerts

a trans influence, lengthening the W-N31 distance (2.369(10) A) by 0.189 A relative to
W-N21 (2.180(12) A) and 0.183 A relative to Mo-Nll (2.186(9)A) that compares with
the average trans effect of 0.194 A in 1. The average Wo-S distance of 2.377 compares
with Mo-S distance 2.373 A in 1. The mean 0-W-S angle of 100.8° in 4 is larger than OMo-S angle in 3 (99.8°) but slightly smaller than in 1 (100.9°) or 2 (101.4°). These
angular deviations within the equatorial N2S2 planes of

1-4 appear to be invariant as

reflected by the nearly constant dihedral angle (Od =162°) measured between the midpoint
of the MS2 and MN2 (where M = Mo or W) planes in these six-coordinate systems. The
result of these distortions in the cis angles (0-W-Leq > 90°) is that the tungsten atom in 4
is shifted 0.232 A above the N2S2 least-squares plane in the direction of the apical 0x0
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ligand and this shift is slightly smaller than that observed for 1 (Tp*)MoO(bdt) (0.264 A).
The S-W-S angle of 85.73(12)° is larger than that observed for (Tp*)MoO(bdt)
(85.12(6)°). The key bond lengths and angles for 4 are given in Table 5.7 and an ORTEP
drawing of the molecule and its crystal packing is shown in Figures 5.7 and 5.8. The bdt
ligand in 4 is folded up toward the terminal oxo ligand by an angle of 20.6° and compares
with the 21.3(1)° fold angle measured for (Tp*)MoO(bdt) complex and is smaller than
that of 29.5° in (Tp*)MoO(qdt) (3).
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3.4 Structure of CpiMoCbdt) (5)
The crystal structure of Cp2Mo(bdt) has been reported previously^ ^ but its
coordinates are not available in the Cambridge Structural Database. The crystal structure
was determined again in this work and utilized as a starting point for the density
functional calculation reported in Chapter 7.
The crystal data, structure refinement parameters and key bond lengths and angles
are given in Tables 5.8 and 5.9. The ORTEP diagram is shown in Figures 5.9 and 5.10.
The molecules of Cp2Mo(bdt) co-crystallize (see Figure 5.10) with a dimer of
benzenedithiolate (C6H4S2)2, the source of which is not known. This dimer might have
formed upon oxidation of the compound on the silica gel colunm during purification.
However, this impurity did not affect the quality of the crystal, the diffraction data or the
refinement. This crystal and the structure refinement turned out to be the best one of all
of the structures reported in this work. The final R1 value is very small (2.9 %) and
Goodness of fit (1.066) is very close to 1.00 for an ideal refinement. A crystal packing
diagram for 5 is shown in Figure 5.11. The Mo-S bond lengths of 2.4355(6) A and
2.4416(6) A are larger than those observed for (Tp*)MoO(bdt) (1) and their average of
2.4386(6) A contrasts with the average Mo-S bond lengths of 2.373(2) in 1, 2.374(12) in

2, and 2.388(7) in 3. The lengthening of the Mo-S bond in Cp2Mo(bdt) (5) might be due
to the effective reduction of the metal center, that has an electronic configuration of 4(^
in 5 compared to 4d^ in 1-3. S-Mo-S angle of 82.04(2) is smaller than that observed for
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1-4 (85.12(6)° in 1 (Tp*)MoO(bdt) and 85.73(12) ° in 4 ((Tp*)WO(bdt))). The
cyclopentadienyl rings are bent at an angle of 46.1°.
The fold angles of the metal-dithiolate are 5.9° and 8.2° in the two
crystallographically distinct but chemically equivalent molecules.

4.0 Geometric and Electronic Structural Correlation:
The most significant structural perturbation observed within the (Tp*)MoO(S-S)
system is the fold angle (0, Figure 5.1), which exhibits considerable variation among the
(Tp*)ME(S-S) and Cp2Mo(bdt).complexes that have been investigated. For the
(Tp*)MoO(S-S) compounds the fold angle varies between 6.9 - 29.5°. The fold angle of

2 (6.9°) is substantially smaller than that of 1 (21.3°) and 3 (29.5°). Investigation of the
crystal packing forces and electronic contributions to the fold angle in 1-4 has been done
to assess the role that the fold angle may play in controlling the electronic structure and
reactivity of Mo ene-l,2-dithiolate systems. Previous electronic studies and available
crystal structures on various Mo(V)/ Mo(IV) dithiolene complexes such as [Cp2Mo(S[MoO(S-S)2]"'^'^^'^® and [Mo(S-S)3]"^'' revealed that the fold angle generally
decreased upon reduction of the Mo center. This distortion appears to be electronic in
origin. In a recent anionic and neutral photoelectron spectroscopic and computational
study of Cp2M(bdt) (M = Mo, Ti), [MoO(bdt)2]' and related compounds it was proposed
that the fold angle was electronic in origin and appears to persist in the gas phase.
The observed variances in fold angle as a function of the metal, axial substitution, and
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electron donor properties of the dithiolate ligand in (Tp*)MoO(dithiolate) compounds
seems electronic in origin. However, the fold angle observed in 1, 2, and 3 does not
appear to follow the trends in the electron donor properties of the dithiolate ligand
implied by the measured solution reduction potentials.^® It is proposed that this structural
distortion may fine tune the electronic structure and properties of the oxo-Mo(V)
dithiolate systems, and also may play a regulatory role in the pyranopterin Mo and W
enzymes during catalysis. The postulated role of this fold angle in conjunction with the
obtuse 0-M-S angles (oxo-gate hypothesis, orbital overlap model)^' would be to control
the orientation (overlap) of the ene-l,2-dithiolate S p(7i) donor orbitals with the Mo 4dxy
redox orbital and concomitantly with the unoccupied metal acceptor orbitals (dxz,yz, dx^-y^,
and dz^).
The compounds 1-5 provide access to two electronic configurations d' and d^ of
the metal center and the fold angles of the dithiolate range from 6.9° to 29.5° for the d'
and 5.9° and 8.2° for d^. The structure of Cp2Mo(bdt) (5) (d^) reveals presence of a
planar dithiolate. Structural studies of compounds with no electrons in the metal in-plane
(metal orbital(s) in the metal-sulfur plane) orbital, are reported and discussed in Chapter
7. A large fold angle has been observed in these cases. Thus, the fold angle of the
dithiolate, which is a geometric parameter, is closely related to the electronic occupation
of the metal in-plane orbital. This folding could possibly play a role in modulating redox

potentials by controlling the Mo effective nuclear charge via Sa and Sn charge donation
into the unfilled Mo acceptor d-orbitals.
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Table 5.1. Crystal data and structure refinement parameters for (Tp*)MoO(bdtCl2) (2).
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(OOO)

C„H,,BCl,MoNpS,-1/2C,H„

618.23
173(2)K
0.71073 A
Monoclinic
P2(l)/c
a = 7.963(3) A

b = 26.272(11) A
c= 14.016(6) A
2828(2) A3

A= 90°.
P= 105.352(7)°
Y = 90°.

4

1.553 Mg/m^
0.83 MM-1
1252

Crystal size
Theta range for utilized data
Limiting Indices
Reflections utilized
Independent reflections
Completeness to theta = 27.78°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on
Final R indices [I>2sigma(I)]
R indices (all data)

0.25 X 0.10 X 0.03 MM^
1.69 to 27.78°.

Largest diff. peak and hole

0.636 and -0.432 E.A'^

RMS difference density

0.098e.A-3

-10 ^ h ^ 9, -34
^34, -18^ 1 s 17
30776
6266 [R(int) = 0.0539]

93.7 %
None

0.9757 and 0.8203
Full-matrix least-squares on F^
6266/0/340

1.040
R1 = 0.0442, wR2 = 0.1005
R1 =0.0764, wR2 = 0.1147
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Table 5.2. Important bond lengths [A] and angles [°] for (Tp*)MoO(bdtCl2) (2).
Mo(l)-0(l)
Mo(l)-N(ll)
Mo(l)-N(21)
Mo(l)-S(2)
Mo(l)-S(l)
Mo(l)-N(31)
S(2)-C(2)
S(l)-C(l)
C(2)-C(l)
0(l)-Mo(l)-N(ll)
0(l)-Mo(l)-N(21)

1.679(3)
2.166(3)
2.177(3)
2.3683(12)
2.3805(12)
2.391(3)
1.750(4)
1.753(4)
1.406(5)
91.60(12)
91.87(12)

N(ll)-Mo(l)-N(21)
0(l)-Mo(l)-S(2)
N(ll)-Mo(l)-S(2)
N(21)-Mo(l)-S(2)
0(l)-Mo(l)-S(l)
N(ll)-Mo(l)-S(l)
N(21)-Mo(l)-S(l)
S(2)-Mo(l)-S(l)
0(l)-Mo(l)-N(31)
N(ll)-Mo(l)-N(31)
S—S bite distance:
Mo distance from N2S2 plane:

86.17(11)
100.99(10)
94.92(8)
167.05(8)
101.81(10)
166.47(8)
91.54(8)
84.38(4)
166.79(11)
78.40(11)
3.190 A
0.258 A
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Table 5.3. Crystal data and structure refinement parameters for (Tp*)MoO(qdt) (3).
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

C23H26BMoN80S2
601.39
170(2) K
0.71073 A
TricHnic
Pi

a = 9.8424(7) A
b= 11.2323(8) A
c = 11.9408(8) A
1259.21(15) A3

Volume
Z
Density (calculated)

2

Absorption coefficient
F(OOO)

0.721 mm-1
614

Crystal size
Theta range for utiUzed data
Limiting Indices
Reflections utilized
Independent reflections
Completeness to theta = 29.57°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters

0.15 X 0.10 X 0.10 mm^
1.73 to 29.57°.
-13<h<13, -15^15, -16<1<16
16848
6424 [R(int) = 0.0309]
90.9 %
Empirical
1.00 and 0.934873

Goodness-of-fit on
Final R indices [I>2sigma(I)]
R indices (all data)

1.071
R1 = 0.0346, wR2 = 0.0850
R1 = 0.0490, wR2 = 0.0925

Largest diff. peak and hole

1.626 and -0.349 e.A'^

RMS difference density

0.098e.A-3

1.586 Mg/m3

Full-matrix least-squares on F^
6424/0/331

a
p
y

92.7560(10)°.
98.9530(10)°.
104.1680(10)°.
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Table 5.4. Important bond lengths [A] and angles [°] for (Tp*)MoO(qdt) (3).
Mo(l)-0(l)
Mo(l)-N(ll)
Mo(l)-N(21)
Mo(I)-N(31)
Mo(l)-S(l)
Mo(l)-S(2)
S(2)-C(2)
S(l)-C(l)
C(2)-C(l)
0(I)-Mo(l)-N(ll)
0(l)-Mo(l)-N(21)
N(Il)-Mo(l)-N(21)
0(l)-Mo(l)-N(31)
N(ll)-Mo(l)-N(31)
N(2I)-Mo(l)-N(31)
(Sl)-Mo(l)-N(31)
(S2)-Mo(l)-N(3I)
0(l)-Mo(l)-S(l)
N(ll)-Mo(I)-S(l)
N(21)-Mo(l)-S(I)
0(l)-Mo(I)-S(2)
N(ll)-Mo(l)-S(2)
N(21)-Mo(l)-S(2)
S(l)-Mo(l)-S(2)
C(l)-S{l)-Mo(l)
C(2)-S(2)-Mo(l)
C(I)-C(2)-S(2)
C(2)-C(I)-S(I)
S—S bite distance:
Mo distance from
Fold Angle (0)
0, (MoS, Z MoN,)

plane:

1.686(2)
2.171(2)
2.184(2)
2.348(2)
2.3824(7)
2.3938(7)
1.761(3)
1.760(3)
1.444(4)
93.49(9)
93.00(8)
86.30(8)
169.85(8)
79.68(8)
79.16(7)
87.13(6)
88.13(5)
99.82(7)
166.68(6)
93.06(6)
99.75(7)
92.55(6)
167.25(6)
85.14(2)
101.69(9)
102.38(9)
120.3(2)
120.5(2)
3.231
0.258
29.5
162.2
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Table 5.5. Important mean bond lengths [A] and angles [°] for (Tp*)MoO(qdt) (3), (Tp*)MoO(bdt) (1)
and (Tp*)MoO(bdtCl2) (2)."

(3)
Mo(l)-0(l)
Mo(l)-N(eq)
Mo(l)-N(31)
Mo(l)-S(eq)
S-C
C(2)-C(l)
0(l)-Mo(l)-N(eq)
N(ll)-Mo(I)-N(21)
0(l)-Mo(l)-N(31)
N(eq)-Mo(l)-N(31)
S(eq)-Mo(l)-N(31)
0(I)-Mo(l)-S(eq)
N(ll)-Mo(l)-S(I)
N(21)-Mo(l)-S(I)
N(ll)-Mo(l)-S(2)
N(21)-Mo(l)-S(2)
S(l)-Mo(l)-S(2)
Mo-S(eq)-C
S(eq)-C(l)-C(2)
S—S bite distance:
Mo distance from
Fold Angle (0)
0, (MoS, Z MoN,)

plane:

1.686(2)
2.177(2)
2.348(2)
2.388(7)
1.761(3)
1.444(4)
93.25(9)
86.30(8)
169.85(8)
79.42(8)
87.63(6)
99.79(7)
166.68(6)
93.06(6)
92.55(6)
167.25(6)
85.14(2)
102.0
120.4
3.231
0.258
29.5
162.2

(2)
1.679(3)
2.171(3)
2.391(3)
2.374(12)
1.751(4)
1.406(5)
91.73(12)
86.17(11)
166.79(11)
78.70(11)
88.32(8)
101.40(10)
166.47(8)
91.54(8)
94.92(8)
167.05(8)
84.38(4)
107.0
120.6
3.190
0.258
6.9
162.2

(1)'
1.678(4)
2.178(5)
2.372(4)
2.373(2)
1.760(6)
1.395(8)
92.35(2)
85.5(2)
169.2(2)
79.8(2)
86.95(1)
100.95(2)
167.3(1)
93.7(1)
92.6(1)
166.1(1)
85.12(6)
103.8
121.0
3.210
0.264
21.3
161.2

® eq refers to averaged equatorial ligand parameters. Parameters taken from reference?
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Table 5.6. Crystal data and structure refinement for (Tp*)WO(bdt) (4).
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

C„H,,BN,OS,W
637.26
173(2)K
0.71073 A
Monoclinic
P2( l )/n
a= 10.7433(11) A
b = 14.5586(15) A
c = 15.6532(16) A

Volume
Z
Density (calculated)

2407.8(4) A3
4
1.758 Mg/m3

Absorption coefficient
F(OOO)
Crystal size
Theta range for utilized data
Limiting Indices
Reflections utiUzed
Independent reflections
Completeness to theta = 27.33°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
RMS difference density

4.997 mm"^
1252
0.10 X 0.10 X 0.02 mm^
1.93 to 27.33°.
-135hsl3,-17^k^ 17,-19 skl9
24586
5031 [R(int) = 0.1224]
92.4 %
None
0.9067 and 0.6349
Full-matrix least-squares on F^
5031/0/295
0.986
R, = 0.0605, wR, = 0.1360
R, = 0.1421, wR, = 0.1782
1.701 and-1.810 e.A-3
0.229e.A-3

a
P=
y.
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Table 5.7. Important bond lengths [A] and angles [°] for (Tp*)WO(bdt) (3).
C(2)-C(l)

1.424(19)

W(l)-0(1)

1.684(8)

W(l)-N(21)

2.180(12)

W(l)-N(ll)

2.186(9)

W(l)-S(2)

2.365(4)

W(l)-N(31)

2.369(10)

W(l)-S(l)

2.389(3)

S(l)-C(l)

1.791(15)

S(2)-C(2)

1.748(14)

0(1)-W(1)-N(21)

91.6(4)

0(1)-W(1)-N(11)

93.8(4)

N(21)-W(l)-N(ll)

84.9(4)

0(1)-W(1)-S(2)

101.4(3)

N(21)-W(l)-S(2)

166.9(3)

N(ll)-W(l)-S(2)

93.6(3)

0(1)-W(1)-N(31)

168.9(4)

S(2)-W(l)-S(l)

85.73(12)

N(31)-W(l)-S(l)

86.8(2)

S(2)-W(l)-N(31)

87.5(3)

0(1)-W(1)-S(1)

100.2(3)

C(l)-S(l)-W(l)

103.5(5)

C(2)-S(2)-W(l)

104.5(5)

C(3)-C(2)-S(2)

120.8(11)

C(l)-C(2)-S(2)

121.7(11)
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Table 5.8. Crystal data and structure refinement for Cp2Mo(bdt) (5).
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(OOO)
Crystal size
Theta range for utiUzed data
Limiting Indices
Reflections utiUzed
Independent reflections
Completeness to theta = 27.52°
Absorption correction
Refinement method
Data / restraints / parameters
Goodness-of-fit on
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
RMS difference density

C,6
Mo, S„
1745.75
170(2) K
0.71073 A
Monoclinic
P2(I)/c
a = 12.4247(9) A
a= 90°.
b = 20.1645(15) A
P= 109.474(2)°.
c= 14.1781(11) A
Y = 90°.
3348.9(4) A'
2
1.731 Mg/m'
1.152 mm'
1760
.3 X .3 X .5 mm'
1.74 to 27.52°.
-I6^h^I6, -26<k^26, -18ikI8
40594
7704 [R(int) = 0.0401]
99.9 %
Empirical
Full-matrix least-squares on F^
7704 / 0 / 415
1.066
R1 =0.0291, wR2 = 0.0656
R1 = 0.0396, wR2 = 0.0692
0.952 and -0.335 e.A'
0.093e.A'
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Table 5.9. Important bond lengths [A] and angles [°] for Cp2Mo(bdt) (5).
Mo(l)-S(ll)

2.4355(6)

Mo(l)-S(12)

2.4416(6)

S(ll)-C(ll)

1.759(2)

S(12)-C(12)

1.763(2)

C(12)-C(ll)

1.397(3)

S(ll)-Mo(l)-S(12)

82.04(2)

C(ll)-S(ll)-Mo(l)

108.10(8)

C(12)-S(12)-Mo(l)

107.39(8)

Fold
Angle

Mo;

z

Y

Figure 5.1. The definition of the fold angle.

143

Ci16)
C(15

Ci14S

Cli2)

S(2)

Ndlll Moil)

C(2)

C124] Z

C(23r

N(21)

5(11

C(1)

Ni3

Bfi)

C!27

Cldl
C(36)

r 0(351
C(33)

D34i

C(37)
Figure 5.2. The ORTEP drawing of (Tp*)MoO(bdtCl2) (2). The atoms are drawn as 50% probability
ellipsoids. H-atoms have been made arbitrarily small for clarity
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Figure 5.3. Compound (Tp*)MoO(bdtCl2) (2) in P2(l)/c space group, orientation along a axis in a unit
cell.
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Figure 5.4. The ORTEP drawing of (Tp*)MoO(qdt) (3). The atoms are drawn as 50% probability
ellipsoids. H-atoms have been made arbitrarily small for clarity
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N(21!

Nd)
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C(23)
Ci24)

£(26)

Figure 5.5. Top view; the ORTEP drawing of (Tp*)MoO(qdt) (3). The atoms are drawn as 50%
probability ellipsoids. H-atoms have been made arbitrarily small for clarity

Figure 5.6. Compound (Tp*)MoO(qdt) (2) in PI space group, orientation along a axis in a unit cell.
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Figure 5.7. The ORTEP drawing of (Tp*)WO(bdt) (4). The atoms are drawn as 50% probabiHty
ellipsoids. H-atoms have been made arbitrarily small for clarity.
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Figure 5.8. Compound (Tp*)WO(bdt) (4) in P2(l)/n space group, orientation along a axis in a unit cell.
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Figure 5.9. The ORTEP drawing of CpaMoCbdt) (5). The atoms are drawn as 50% probability ellipsoids.
H-atoms have been made arbitrarily small for clarity.
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C(5AI 1
ci4A) p m c m }

AISi2A)

Figure 5.10. The ORTEP drawing of Cp2Mo(bdt) (5) after grow command in XP. A dimer of
benzenedithiolate can be noticed on the left, cocrystallized with Cp2Mo(bdt). The atoms are drawn as 50%
probability ellipsoids. H-atoms have been made arbitrarily small for clarity.

Figure 5.11. Compound Cp2Mo(bdt) (5) in P2(l)/c space group, orientation along a axis in a unit cell.
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CHAPTER 6: Electronic Structure Comparison to
Ionization Potential of Oxo-Mo/W Ene-1, 2-dithiolate
Compounds: Experimental and Theoretical Evaluation of
the Second Coordination Effects
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1.0 Introduction
Pyranopterindithiolate Mo and W enzymes are ubiquitous in nature. These
enzymes are categorized into three families based on their structure and reactivity, (i)
sulfite oxidase (SO), (ii) xanthine oxidase (XO) and (iii) dimethylsulfoxide (DMSO)
reductase/'^ They catalyze a variety of oxidation/reduction and oxygen atom transfer
reactions in carbon, nitrogen and sulfur metabolism.' The oxygen atom transfer reactions
are also accompanied by a transfer of two electrons. The versatile chemistry including
ability to switch between multiple oxidation states and their bioavailability designate the
transition metals Mo and W suitable for enzymatic reactions.
The X-ray crystal structures and EXAFS studies of sulfite oxidase from chicken
liver^'"^ and plant,^ Arabidopsis thaliana, reveal presence of an unusual square pyramidal
coordination geometry of Mo center with a pyranopterindithiolate cis to an axial oxo
ligand. The chicken liver and plant sulfite oxidase represent the only known structurally
characterized enzymes in the SO family, where the 3 D structures of Mo containing
domain is known. However, a number of enzymes have been structurally characterized
in the XO family including a recent atomic resolution crystal structure of aldehyde
oxidase (MOP) at 1.28 A from Desulfovibrio gigas. These structures highlight the
presence of a single Mo=0 (bond lengths of 1.7

and 1.77 A^) in an axial position.

The mononuclear W-containing enzymes aldehyde ferredoxin oxidoreductase (AOR),
formaldehyde ferredoxin oxidoreductase (FOR) from the hyperthermophilic archaeon
Pyrococcus furiosus (Pf), and formate dehydrogenase (W-FDH) from Desulfovibrio
gigas are some examples of structurally characterized pyranopterin W enzymes.®'^ The
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crystallographic results for these enzymes have established that two pyranopterin
dithiolate ligands are coordinated to W in a distorted square pyramidal arrangement. A
selenium atom ( as a Se-cysteine) is coordinated to the W site in W-FDH.^'^ The results
from a W-XAS study of dithionite-reduced active samples of Pf AOR reported the
presence of a single W=0 (1.75A), four or five W-S (2.40A), and one possible W-O/N
(1.97A) interaction(s).^° While no details of the active site were reported in the X-ray

crystallography studies, the W-XAS , EPR, spectroscopic and chemical data appears to
be in good agreement with the crystallographically determined structure with respect to
the type and number of ligands coordinated to

The structural data for Pf AOR

can be interpreted in the context of a monooxo-W(VI) active site (desoxo-W(IV) site), or
that a single terminal oxo ligand may be present throughout the catalytic cycle of Pf AOR
as observed in the xanthine oxidase family of Mo containing enzymes.
A structural role for the pyranopterindithioate cofactor has begun to emerge with
the recent report of a number of the enzyme crystal structures; however a functional role
has not been established yet. This cofactor is postulated to modulate the effective nuclear
charge and hence the chemical potential of the metal center. Some of these issues can be
addressed through studies of the discrete molecules containing essential features of the
active sites. The metal coordination to the pyranopterindithiolate can be mimicked up to
the second coordination sphere by metal-enedithiolate adducts. An unusual ability of

dithiolate ligands to stabilize the multiple oxidation sates of the metal center was realized
1o

when these compounds were first reported.
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The spectroscopic,'®"^® electrochemical,and oxo atom transfer reactivity,
TO

properties of oxo-M, oxo-M dithiolene and M-dithiolene complexes (M= Mo, W) are
of considerable importance for developing insight into the origin of Mo vs W selectivity
at the active sites of the pyranopterin-dithiolate Mo and W enzymes. Some very
interesting trends of chemically reversible redox couples measured for a wide range of
mononuclear Mo and W complexes are present. ' '

The half-wave potentials are found

to be not only dependent upon the nature of the central metal ion but also on the nature of
the ligand donor atoms and remote ligand substituents for the same metal. The reduction
potentials of Mo and W complexes possessing identical donor ligand sets, without
exception, follow the order EMO > Ew-

on

The more positive reduction potentials for the

Mo complexes is indicative of their greater ability to be reduced relative to their
equivalent W counterparts. The more positive reduction potentials of Mo redox couples
than their W analogues (EMO > Ew) might be due to the inherent difference between
valence ionization energies of 4d and 5d shells. The Mo and W complexes of Mhexachloride (0.68 V) and M-trisdithiolate type have considerable (0.04 ~ 0.20 V)
90
separation of reduction potentials. '

Oxo-M (V/IV) complexes possessing ene-1,2-

dithiolate ligands such as bdt and mnt (maleonitrile dithiolate) are of the symmetric
1 / '7

dithiolate type. In the [M0(bdt)2]' " couple for example, the M(V) oxidation state is
well defined by EPR spectroscopy and as a consequence, the bidentate sulfur donor
chelate ligand coordinated to the +5 and +4 metal ion centers is reasonably formulated as
a dithiolate dianion with a formal oxidation state of 2-.^^ Within this formulation, the
oxidation states of the metal and redox innocent dithiolate ligand are both well defined.
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The decreased potential difference in complexes of [M0(L)4]"'^'^ type containing sulfur
donor ligands relative to those possessing halide donors (L = CI) has been attributed to
bond covalency as in the [M0(SPh)4]"^'"^ and [MO(SR)4]"^'"^ type compounds/^ and their
redox potential difference (EMO- EW = 0.28 V) is approximately the same as that in
[M0(bdt)2]''''^. The decreased potential difference discussed by Holm and co-workers,^^
is presumably a direct consequence of the covalency of the Mo-S and W-S bonds that
leads to considerable delocalization of the electronic charge and thus diffusing the effect
of the metal. The [M0(mnt)2]'^''^ couples exhibit a potential difference of -0.17 V. The
smallest potential differences (0.04 V) are found between the highly oxidized Mo and W
[M(tfd)3]'^''^

complexes (where tfd

= l,2-bis(trifluoromethyl)ethylene-l,2-

dithiolate)in which the metal and noninnocent ligand oxidation states are not certain as a
result of electron delocalization. Similar metal-dependent trends in reduction potentials
have been observed within a analogous series of asymmetric ene-l,2-dithiolate
complexes, [MO(dithiolene)2]'^^"^ (where dithiolene = -SC(H)C(R)S-; R = phenyl,
pyridin-2-yl, pyridin-3-yl, pyridin-4-yl, quinoxalin-2-yl), which exhibited W(V)-W(IV)
couples -0.225 V more negative than the corresponding Mo(V)-Mo(IV) system.^^'^^ The
potential differences (EMO- EW - 0.225- 0.240 V) appears to be invariant regardless of the
nature of the substituent R group and is only slightly smaller to that reported between the
symmetric ene-l,2-dithiolate [MO(bdt)2]"^'"^ complexes. However, examination of the
individual W(V)-W(IV) couples (and of the Mo analogs as well) clearly showed that the
nature of the remote substituents strongly influence the magnitude of the reduction
potentials. The M(V)/ M(IV) reduction potentials become less negative (harder to
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oxidize) as the net electron withdrawing nature of the R group increases (e.g. R: Ph (W, 0.705 V; Mo, -0.480 V); quinoxaline-2-yl (W, -0.520 V; Mo, -0.280 V)). It is significant
that the potential shift as a function of these two R groups is -0.200 V for both the W and
Mo series. Such differences in redox potentials may be important with respect to one
metal ion being preferred over the other metal for a specific biological role. In this
context, Holm and co-workers have shown that the relative strength of Mo=0 and W=0
bonds appear to facilitate faster oxygen atom transfer for Mo vs. W, which may add
selectivity (reactivity differences) based on reduction potentials.^^
The scorpionate ligand stabilized group VI metal compounds (Tp*)Mo(bdt) (1),
(Tp*)Mo(bdtCl2) (2), (Tp*)Mo(qdt) (3), (Tp*)Mo(tdt) (4), (Tp*)W(bdt) (5), (Tp*)W(tdt)
(6) (where Tp* = hydrotris(3,5-dimethylpyrazol-l-yl)borate, bdt = 1,2-benzenedithiolate,
bdtCla = 3, 6-dichloro-l, 2-benzenedithiolate, qdt = 2,3-dithioquinoxaline, tdt = 3,
4-toluenedithiolate have been studied as minimum molecular models of the M(V)
oxidation state that contain a M=0 group cis to an enedithiolate relevant to the active
sites of pyranopterindithiolate enzymes. A combination of electronic absorption,
magnetic circular dichroism, and resonance Raman spectroscopies was utilized by
Inscore and Kirk et al. to probe the excited state electronic structure of LWO(bdt) and
LWO(tdt).^^
The solution redox potential studies of (Tp*)MO(S-S) found a strong dependence
of electrochemical potential on nature of the remote substituents on the benzene ring of
the dithiolate ligand.'^'^ However, the heterogeneous electron transfer rates were
insensitive to the variation of metal (M = Mo or W) or remote ligand substitution

The
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reduction potential difference of MoAV couple in (Tp*)MO(tdt) complexes is 0.38 V, and
again the Mo complex was found easier to be reduced.'^^
The previous photoelectron spectroscopic studies on (Tp*)MoO(diolato)
complexes'^' indicate that the lowest ionization is a metal based ionization. In these
complexes, the diolato ligand is part of metallocycle and it was shown that increase in the
size of the cycle by modification in dialato ligand lowers the ionization energy of the
HOMO. The ionization region 8.00 -11.00 eV contains overlapping ionizations for these
complexes and has been assigned to the pyrazole-7i based molecular orbitals. This study
was followed by a comparative photoelectron spectroscopic studies of (Tp*)MoE(OEt)2
and (Tp*)MoE(tdt) (where E = O, S, NO) that found that the changes in the oxidation
states of the metal and the 7t-effects of strongly bound axial ligands are essentially
neutralized by the coordinated enedithiolate ligand and resulted in the proposal of an
"electronic-buffering effect" of the dithiolate coordination."^^ The dithiolate based
ionization were identified in another follow-up study on (Tp*)MoO(qdt) complex.'^^ The
Cp2M(dithiolate) compounds have been recently utilized to study metal-dithiolate

interactions.'^'^ The reports of the experimental evidence of a "dithiolate-folding-effect"
for these have provided a mechanism for the buffering of electron density at the metal
center that can be instrumental in stabilizing multiple oxidation states of the metal
center."^ Similarly, interactions of the metal and oxo ligation have been studied utilizing
X-ray crystal structural and MCD, rR and electronic spectroscopies.'^^ An "oxo-gate
hypothesis" emphasizing the strong metal-oxo interactions dominating the electronic
structure of related compounds was proposed.'^^ According to this hypothesis a strong o
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and ;t-donor oxo ligand destabilizes the metal out of plane orbitals (dxz, dyz). Thus the
metal in plane orbital (dxy) is well isolated from the rest of the metal d orbitals and is
poised in an appropriate orientation to couple the metal into a pseudo-o pathway for
electron transfer regeneration of the active site.
Here, the electronic structure studies are reported, utilizing a combination of
photoelectron spectroscopy and density functional theory, of prototype (Tp*)MO(bdt) (M
= Mo, W) and their other known derivatives. This is the first photoelectron spectroscopic
study of scorpionate tungsten complexes, and their comparison to analogous
molybdenum complexes provides a systematic mean for the study of change in metal.
Density functional theoretical calculations have been performed to gain further insight
into electronic structures.

2.0 Experimental Section
2.1 Abbreviations
Tp*, hydrotris(3,5-dimethyl-l-pyrazolyl)borate; bdt, 1,2-benzenedithiolate; qdt, 2,3dithioquinoxaline; tdt, 3,4-toluenedithiolate; bdtCh, 3,6-dichloro-l, 2-benzenedithiolate.
(S-S) represents a generic ene-l,2-dithiolate ligand that forms a five membered chelate
ring with the Mo atom.
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2.2 Synthesis and characterization
Reactions and operations required for preparing the compounds were performed
under strict anaerobic conditions obtained by blanketing synthetic manipulations with
pre-purified argon gas and by utilizing standard Schlenk techniques, a high-vacuum/gas
double line manifold, and an inert atmospheric glove bag. Glassware was oven-dried at
150°C and repeatedly flushed with inert gas prior to use. The employed organic solvents
were purified following standard procedures, distilled under nitrogen gas, degassed by
freeze-thaw-pump cycles, and transferred to reaction vessels under inert gas via steel
cannulae techniques.
Reagents used in synthetic procedures were generally used as received. The
following reagents (Aldrich) were dried and/or distilled in vacuo and stored under
nitrogen gas prior to use; Habdt (1,2-benzenedithiol), Hatdt (3,4-toluenedithiol), and
HibdtCla (3,6-dichloro-1,2-benzenedithiol). Potassium hydrotris(3,5-dimethyl-1pyrazolyl)borate (KTp*)''^ and the precursor complexes (Tp*)MoOCl2,'^® and
(Tp*)W0l2^^ were prepared according to the literature. The compounds
(Tp*)MoO(bdt),'^'''^^ (Tp*)MoO(tdt),'^^ and (Tp*)MoO(bdtCl2)^° were synthesized as
previously described. The synthesis, isolation, purification, and characterization of
(Tp*)WO(bdt) and (Tp*)WO(tdt) involved procedures developed by Young and coworkers.^^'^'
Reaction progress was monitored and product purity was confirmed by thin-layer
chromatography (silica gel 60 F254 plastic sheets, EM Science). All of the dithiolate
compounds were purified under argon by column chromatography (silica gel, 230-400
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mesh) prior to spectroscopic and electrochemical characterization as previously discussed
in the literature.^^"^° Multiple physical methods were utilized in the characterization of
the compounds. Electronic absorption spectra of samples solvated in 1,2-dichloroethane
were collected on a modified Gary 14 (with OLIS interface, 250-2600 nm)
spectrophotometer. Infrared (IR) spectra (4000-400 cm"') were acquired in KBr disks or
as dichloromethane solutions (between NaCl plates) on a Nicolet Avatar ESP 360 FT-IR
spectrophotometer. Mass spectra were recorded on a JEOL HXl 10 high-resolution
sector instrument utilizing fast atom bombardment (FAB) ionization in a matrix of 3nitrobenzyl alcohol (NBA). Electronic paramagnetic resonance (EPR) spectra of fluid
solutions (298 K) or of frozen glasses (77 K) in dry degassed toluene were acquired at Xband frequency (~9.1 GHz) with a Bruker ESP 300 spectrometer for these complexes
containing a {(Tp*)MO}^"^ (formally d^) center. The results of these spectroscopic
studies were consistent with previous data and confirmed the purity of the samples for
photoelectron spectroscopic studies.'^^'^°

2.3 Theoretical
Geometry optimization, SCF (self-consistent field) and molecular orbital
calculations were performed using the ADF (Amsterdam density functional theory
calculations) package (release 2000.02). Starting geometries were obtained from crystal
structures of

2^'^ and 3^^ and 5. A generalized gradient approximation, with the

exchange correction of Becke^^ and the correlation correction of Lee et.

was used

for all density functional calculations. All core levels (up to 3d for Mo, 4d for W and Is
for C, N, B and O) were treated as frozen orbitals. The calculations employed triple-zeta
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basis sets with Slater type orbitals and a polarization function for all elements.
Calculations on the ground-state molecules were performed in the spin-restricted mode.
Spin-unrestricted ASCF (self-consistent field) calculations were performed on the
proposed ion states formed by photoionization by removing one electron from the
relevant orbital and comparing the total energy with that of the ground state molecule. A
linear correction was applied for comparison of the calculated and the observed energies,
i.e. the calculated ASCF energies and orbital energies were shifted by the difference
between experimentally obtained and calculated energies of the HOMO.

166

3.0 Results
3.1 Gas-Phase Photoelectron Spectroscopy
3.1.1 (Tp*)MoO(S-S) Compounds: Remote Ligand Substitution Effect
The gas-phase photoelectron spectra for compounds 1-4 are shown in Figures 6.26.4 and will be discussed in this section. The general shape of ionizations is similar to
that previously reported for (Tp*)MoO(S-S) (S-S = tdt and qdt) compounds shown in
Figure 6.4. The lower ionization potential, band 1, observed in compounds 1-4 and
shown in Figure 6.1-6.3 can be assigned to a metal based ionization. A stack plot of
photoelectron spectra of compounds 1-4 shown in Figure 6.4 reveals that the ionization
potential of band 1 follows the electron withdrawing trend of remote substitution on the
benzene ring of the enedithiolate ligand. The ionization bands 2, 2', 3, 3' are proposed to
be symmetric and antisymmetric combinations of in-plane and out of plane dithiolate p
orbital based ionizations and further details on them will be provided in the
computational section. Photoelectron spectroscopic experiments utilizing He II
ionization source, Figure 6.1 and 6.3, were done on compounds 1 and 2. A careful
examination of band intensities for 1 and 2 shows that band 3 increases in intensity in He
II source suggesting that the dithiolate orbital associated with this ionization has mixing
with metal orbitals. Further ionizations between 8.5 ± 0.02 to 10 ± 0.02 eV are from
pyrazole-Tt based orbitals.
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3.1.2 (Tp*)MO(bdt) (M = Mo (1), W (5)) Compounds; Metal Effect
The He I photoelectron spectra of compounds 1 and 5 stacked in Figure 6.5 are
remarkably similar. Band 1 in photoelectron spectra of 5 observed at 7.04 ± 0.02 eV is
assigned to tungsten based molecular orbital similar to its Mo counterpart. This tungsten
based ionizations occurs at 6.90 ± 0.02 eV for compound 6 and compares with that at
6.95 ± 0.02 eV for analogous molybdenum complex (3). For 5 and 6, bands 2, 2', 3, 3'
are assigned to dithiolate sulfur based ionizations similar to their Mo counterparts.
An ionization at around 10.5 eV has been identified as 7i(Mo=0) in the
•

•

S8

photoelectron spectroscopic studies of (Tp*)MoOX2 (where X = F, CI, Br).

•

A similar

ionization band is observed in the spectra of 1 and 6 where data have been collected near
the ionization potential of this band. This ionization band at 10.42 ± 0.02 eV for 1, 10.25
± 0.02 eV for 4,10.32 ± 0.02 eV for 5 and 10.17 ± 0.02 eV for 6 is assigned to 7t(M=0)
(M = Mo or W) based ionization in these compounds.
In Figure 6.2 and 6.3, band 2 and 2' change in intensities in the He II source.
However, in Figures 6.2, 6.3 and 6.6, an increase in the intensity of band 3 in He II
ionization for compounds 1,2 and 6 is observed. These intensity changes will be further
addressed in the discussion section.

3.1.3 Computational Study
DFT calculations were used to optimize the geometry of prototype compounds 1
and 5 and their derivatives (2, 4) starting from their crystal structures. The calculated
geometries are reasonably close to the available crystal structure geometries (< 2%

168

deviations). The calculated ionizations energies are reported in Table 6.1. The DFT
calculations were performed to obtain the contributions from individual atomic orbital to
the frontier orbitals shown in Figures 6.7 and 6.8 and Table 6.1. For the study of the
effect of the variation in the fold angle on electronic structure of these compounds, a
computational model (Tp)MoO(edt) (where edt = ethene-1, 2-dithiolate) was constructed
and results are plotted in Figure 6.9.

4.0 Discussion
4.1 Gas-phase Photoelectron Spectroscopy
The series of compounds, 1-4, have remote substitutions on their aromatic rings.
These substitutions have a varying electron withdrawing property that manifests in the
first ionization potentials for these compounds. Compound 4 corresponds to the most
electron withdrawing heterocyclic dithiolate and has the highest ionization potential of all
the {(Tp*)MO} (M = Mo, W) core compounds studied by photoelectron spectroscopy to
date. These compounds are arranged in Figure 6.4 from top to bottom according to
increasing electron withdrawing property of the coordinated dithiolate.
In Figures 6.2, 6.3 and 6.6, increase in the intensity of band 3 in He II ionization
for 1,2 and 6 is interesting and shows mixing of associated dithiolate orbital with metal
orbital. In the photoelectron spectroscopic studies of Cp2M(bdt) compounds, the two
lower energy ionization were experimentally identified as dithiolate sulfur out of plane
orbitals (symmetric and antisymmetric combinations). The intensities of dithiolate based
ionizations observed for 1-6 are lower than those in Cp2M(bdt) compounds. The
intensity changes of metal and dithiolate based ionizations cannot be quantified
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effectively due to the overlapping nature of ionizations and their lower intensities. Some
conclusions can be drawn, for example, in Figures 6.2 and 6.3, ionizations 2 and 2' are
lower in intensity in the He II source, which is suggestive of their assignment to sulfurbased orbitals. Comparison of these photoelectron spectra to those of KTp*,^^ and
(Tp*)MoX2 (where X = F, CI, Br) suggests the presence of some additional ionization
features that appear as an additional shoulder (near 8.25 eV for 1) to pyrazole-;t based
ionizations. The deconvolution of this feature as bands 3 and 3' may be due to dithiolate
in-plane orbitals. Ionization band 3 increases in intensity in He II ionization in 1,2 and 6,
which is suggestive of its assignment to a symmetric combination of sulfur in-plane p
orbitals that has right symmetry to mix with a metal in-plane orbital.
The ionization energy of the metal based orbital (first ionization) occurs at 7.04 ±
0.02 eV for both 1 and 5 that contain 1,2-benzenedithiolate, and at 6.95 ± 0.02 eV and
6.90 ± 0.02 eV for both 4 and 6, respectively, that contain 3,4-toluenedithiolate. It is also
interesting to note that in the Cp2Mo(bdt) compound, the ionization energy of the metalin plane orbital, which is HOMO-1, is observed at 7.04 ± 0.02 eV.'^'^ Therefore,
irrespective of the other spectator ligands, and different formal oxidation states of the
metal, the ionization energy of the metal in-plane orbital seems to be stabilized by the
type of enedithiolate.

4.2 Computational Study
The calculated eigenvalues, -4.35 and -4.32, for the HOMO for compounds 1 and
5, respectively, are very close and add to the experimental finding of similar first
ionization energies of these two compounds. The plots of frontier molecular orbitals with
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individual atomic orbital contributions are shown in Figure 6.7 and 6.8 for the MoAV
prototype compounds 1 and 5. The highest occupied molecular orbitals (HOMO) are
predominantly metal in-plane. This is consistent with the photoelectron spectroscopic
assignments discussed earlier and their EPR studies that show a characteristic EPR signal
corresponding to the paramagnetic Mo center. However, the contributions of dithiolate
out of plane p orbitals (Sop^) are present in the HOMO, and shows that the metallocycle
helps raise the energy of the Sop"^ orbitals for mixing with metal based orbitals. This out
of plane ligand orbital is not observed in the HOMO of the dihalide complexes of type
(Tp*)MoOX2, discussed previously, due to the absence of any such a metallacyle.
The calculated HOMO-1 orbital is predominantly a Sop"^ type orbital and is lower
in energy than metal based orbital (HOMO) which is in contrast to Cp2Mo(bdt) system,
where the reverse energy order has been observed. However, in both systems dithiolate
out-of-plane orbitals are present as frontier orbitals. The molecular orbital plots for the
HOMO-1 also manifest the presence of out of plane carbon-Ti orbitals of the enedithiolate
that raise the energy of Sop"^ orbitals for interaction with metal orbitals.
The HOMO-2 is an antisymmetric combination of dithiolate orbitals (Sop ) and the
following orbitals are either pyrazole-7i based or symmetric or antisynmietric
combinations of the dithiolate sulfur in plane orbitals (Sip"^, Sip"). A one to one
assignment of experimentally obtained ionizations to calculated molecular orbitals is not

possible due to very similar computed eigen values of these orbitals. However, the
presence of a pseudo-sigma interaction in the frontier orbital (HOMO-8) is encouraging.
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This orbital has the appropriate symmetry to mix with the metal in-plane orbital as noted
earlier and has been referred to as a pseudo-o interaction of metal and dithiolate.®
The frontier orbitals of the Mo and W prototype compounds 1 and 5 are
remarkably similar and show that the substitution of a third row transition metal tungsten
for molybdenum does not significantly change the electronic structure of these model
compounds.
The results of the theoretical study of variation in the fold angle vs. total bonding
energy and atomic contributions to the HOMO of (Tp)MoO(edt) are plotted in Figure 6.9.
A shallow total bonding energy profile is present near the experimentally observed fold
angle of 21.3° for 1, suggesting a very small energy change (less than 1 eV or 23
kcal/mol, for a fold angle variation up to 50° above and below the experimental value of

21.3° for 1) in this process. As the fold angle is varied, the total metal and sulfur
characters remain effectively constant in the HOMO, with the change of sulfur in-plane
and out of plane contributions compensating for one another.

5.0 Conclusions
The combined photoelectron spectroscopic and density functional theoretical
results presented here support the conclusion that these oxomolybdenum and oxotungsten
compounds have considerable metal-sulfur covalency. The assignment of lower energy
ionizations to frontier orbitals that contain contributions from dithiolate in-plane or out of
plane orbitals has been possible. The results presented here for compounds 1-4 reveal a
trend in their first ionization energies which is consistent with the electron withdrawing
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properties of the substitution on the benzene ring of the dithiolate ligand. The effectively
similar ionization potentials for the metal in-plane orbital in 1, 5 and Cp2Mo(bdt)'^ and 4
and 6 indicates that dithiolate can maintain a nearly constant effective nuclear charge on
metal center. This property of dithiolate donors have been previously sunmiarized as
"electronic buffering effect"'^^ and "dithiolate-folding-effect"'^ and shown here for
transition metals Mo and W relevant to the active site of the pyranopterindithiolate
enzymes. The computed total energy involved in the variation of fold angle for a Mo(V),
d^ system is of the order of 23 kcal/mol which compares with the energy of a few
hydrogen bonds and can be provided to the pyranopterindithiolate by movements of the
protein backbone or breaking of hydrogen bonds. Finally, it is noted that the metal
substitution of Mo by W does not significantly change the electronic structure of the
metal-dithiolate compounds investigated here.
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Table 6.1. Experimental ionization energies (I.E.), calculated absolute orbital eigenvalues (-ej) and
calculated ASCF first ionization energies of compounds land 6 (all values in eV).

Experimental

Calculated

(-si)

I.E.

-si

HOMO

ASCF

Label and
Assignment

(Shifted)"
(1rp*)MoO(bdt) (1)

7.04

7.04

7.54, 7.71

7.61,7.85

2, 2'

8.08, 8.24

8.52, 8.70

3,3'

8.58-9.26'

8.92-9.25

Pyrazole-7t

10.22

9.40

7t(Mo=0)

4.35

(Tp*)WO(bdt)
4.32

6.51

1

'6)

7.04

7.04

7.51,7.71

7.62,7.88

2,2'

8.19, 8.42

8.62, 8.76

3,3'

8.70-9.81'

8.99-9.67

Pyrazole-7t

10.32

10.10

7l(W=0)

6.49

1

® Range of experiment I.E. values taken from the positions of Gaussians used to
deconvolute the data. This does not imply that these values are vertical ionization
energies.
Eigenvalues were shifted so the HOMO eigenvalue matches the position of the lowest
energy Gaussian used to deconvolute the experimental data.
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(Tp*)MO(S-S) =

N—-M,

H-B

N
qdt
bdt:

R^,R2 = H

bdtCIa: Ri=CI, R2 = H
tdt:
M:

R^ = H, R2 = CH3
Mo, W

(Tp*)MoO(bdt)
1
(Tp*)MoO(bdtCl2) 2
(Tp*)MoO(qdt)
(Tp*)MoO(tdt)
(Tp*)WO(bdt)
(Tp*)WO(tdt)

3
4
5
6

Figure 6.1. Schematic drawing of (Tp*)MoO(S-S) (where Tp* = hydrotris(3,5-dimethylpyrazol-lyl)borate, bdt = 1,2-benzenedithiolate, bdtC12 = 3, 6-dichloro-l, 2-benzenedithiolate, qdt = 2,3dithioquinoxaline, tdt = 3,4 toluenedithiolate) complexes.
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(Tp*)MoO(bdt)
He I

He

10.0

9.0

8.0

7.0

Ionization Energy (eV)
Figure 6.2. The He I and He II photoelectron spectroscopy of (Tp*)MoO(bdt) (1). The ionization band 1
corresponds to a metal based ionization and bands 2, 2', 3, 3' correspond to dithiolate based ionizations.
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(Tp*)MoO(bdtCl2)
He

2'2

He II

2" 2

10.0

9.0

8.0

7.0

6.0

Ionization Energy (eV)

Figure 6.3. The He I and He II photoelectron spectroscopy of (Tp*)MoO(bdtCl2) (2). The ionization
band 1 corresponds to a metal based ionization and bands 2, 2', 3, 3' correspond to dithiolate based
ionizations.
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(Tp*)MoO(tdt)

(Tp*)MoO(qdt)

10.0

9.0

8.0

7.0

6.0

Ionization Energy (eV)
Figure 6.4. The He I and He II photoelectron spectroscopy of (Tp*)MoO(S-S) series of compounds (1-4).
The ionization band 1 corresponding to a metal based ionization shows a trend consistent with the electron
withdrawing property of the coordinated dithiolate. The ionization bands 2, 2', 3, 3' correspond to
dithiolate based orbitals.

(Tp*)MoO(bdt)

(Tp*)WO(bdt)

10.0

9.0

8.0

7.0

6.0

Ionization Energy (eV)
Figure 6.5. Comparison of the He I photoelectron spectrum of (Tp*)MO(bdt) (where M = Mo and W).
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(Tp*)WO(tdt)
He 1
air
jr
if'

*^111

\\IJ/ N

W
^
A

A

\3'

W A X 2
vW\^'y\

1

He II

V'
V,

j/A
IF
1\

hn Y\ ^3
1
IA I A
10.0

9.0

A\
8.0

7.0

6.0

Ionization Energy (eV)

Figure 6.6. The He I and He II photoelectron spectra of (Tp*)WO(tdt).

180

HOMO

HOMai

50.21 %MOip+17.18 %Sop^ 27.09%MO|p+30.71 %Sop''
4.6f%Ccp"
13.78 %Cep^
^

H0Ma3
Pyrazole-7i

HOMCM

H0Ma2
47.48%Sop^

HOMO-8

Pyrazole-rc + 17.74 % %- 3.08 % MOjp+ 26.33 % ^p""
(Tp)MoO(bdt)

Figure 6.7. Frontier orbitals of (Tp)MoO(bdt) (1). These orbitals have significant metal and dithiolate
characters.
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HOMO

HOMO-1

HOMO-2

HOMO-3

HOMO-4

HOMaS

Pyrazole-TT

33.87 % Sip"

3.86 % Wip+ 26.34 % S,p+

(Tp)WO(bdt)
Figure 6.8. Frontier orbitals of (Tp)WO(bdt) (5). These orbitals have significant metal and dithiolate
characters.
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Atomic Orbital Cliaracters in HOIVIO/Total Bonding Energy
-216
-218

S5 35

-220

o 30
CO
CO 25

-222

6 20

-224
-226
-228

-230
Fold Angle

S px
Mo dx2-y2

Spy
Energy (eV)

S pz

Figure 6.9. Fold angle variation against individual orbital contribution to highest occupied molecular
orbital (HOMO) and total bonding energy of the molecule.
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CHAPTER 7: Six-Coordinate Molybdenum Nitrosyis witli
a Single Ene-1,2-Dithiolate Ligand

A portion of this chapter has been published as
Joshi, H. K.; Inscore, F. E.; Schirlin, J. K.; Dhawan, I. K.; Carducci, M. D.; Enemark, J.
H. "Six-Coordinate Molybdenum Nitrosyls with a Single Ene-l,2-Dithiolate Ligand"
Inorg. Chim. Acta 2002, 337, 275-286.
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1.0 Introduction
Mononuclear metal-nitrosyl complexes are of continuing interest/'^ Their
possible applications include; molecular sensors,^ magnetically-dilute hosts for
paramagnetic guests,"^ non-linear optical^ and ferrimagnetic materials.^'^ In biology
metal-nitrosyls are implicated in the immune system to kill tumor cells,^ as a
physiological NO carrier,^ and as intracellular parasites/^ The metastable linkage
isomers of transition metal nitrosyl complexes have potential technological importance
which, in principle, could allow the design of a high capacity storage device/'
In transition metal-nitrosyl complexes there is a significant mixing between the
metal d and K* (NO) orbitals which led to the development of the {MNO}" formalism for
describing mononitrosyl complexes/^'^^ In this notation n is the total number of electrons
contained in the metal d and n* (NO) orbitals. The title complexes are six-coordinated
{MNO}'^ species, with the metal center coordinated to a bulky tripodal ligand (Tp*). The
steric interaction of (Tp*) prevents additional coordination to the metal center, hence,
affording stable six-coordinate 16-electron species, which have a formally 4cf electronic
configuration {i.e. Mo(II)). The {MNO}"^ center in (Tp*)Mo(NO)Cl2 can be reduced by
one electron to the corresponding paramagnetic {MNO}^ center, and EPR spectroscopy
is consistent with the unpaired electron being localized in a MO that is predominantly Mo
McCleverty and Jones and their coworkers have prepared a series of homoand heterobimetallic complexes in which the redox active (Tp*)Mo(NO)(X,Y) (where X,
Y are mono anions) center is linked to a second redox active metal center through
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polyene bridges.These binuclear systems with a reducible {MNO}^ center are of
general interest due to their possible application as non-linear optical materials.
The synthesis and molecular structures of the (Tp*)Mo(NO)(S-S) family of
compounds (where (Tp*) is hydrotris(3,5-dimethyl-l-pyrazolyl)borate; (S-S) is an ene1,2-dithiolate) are reported. The compounds; (Tp*)Mo(NO)(bdt) (1), (Tp*)Mo(NO)(tdt)
(2), and (Tp*)Mo(NO)(bdtCl2) (3) (bdt, 1,2-benzenedithiolate; tdt, 3,4-toluenedithiolate;
bdtCl2, 3,6-dichloro-l, 2-benzenedithiolate), are the first such structurally characterized
{MoNO}'^ compounds that contain a {(Tp*)Mo(NO)}^"^ fragment ligated to an ene-1,2dithiolate. Numerous metal nitrosyl complexes have been structurally characterized. A
Cambridge Crystallographic Database (CSD) search showed 2037 hits of metal-nitrosyl
structures, out of which 542 hits were of group VI transition metal-nitrosyl complexes
and 292 hits had molybdenum centers.'^ A total of ten structures containing mononuclear
16-electron {(Tp*)Mo(NO)(S,S)} cores (where (S,S) = two sulfur donor ligands)
including the title complexes, are structurally compared here (Chart 1). The synthesis of
compound 2 was first reported by McCleverty and coworkers in 1989.'^ However, this
family of compounds has remained essentially unexplored in the intervening years as
evident by a recent review of the coordination and organometallic chemistry of metal-NO
complexes.^ Complexes 1-3 (Figure 7.1) are the first structurally characterized Monitrosyl complexes containing a single ene-l,2-dithiolate (S2C2) chelate. However, it has

long been known that the crystal structures of LMo(NO)(SC6H5)2 (where L = ri^-CsHj,
Tp*(8)) exhibit unusual ON-Mo-S-C torsion angles (Figure 7.2A) that have been ascribed
to dK-pK bonding interactions between the thiolate lone pairs, primarily S 3p in character.
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and the empty Mo Ad^y orbitals?°'^' Molecular orbital calculations by Hoffmann and
coworkers suggested that the sulfur atoms can contribute to the stability of 16-electron
systems. '

Fourmigud et al. have shown that the fold angle (9, Figure 7.2B) is sensitive

to the electronic occupation of metal-dithiolate complexes.Here It is shown that the
ene-l,2-dithiolate chelate in compounds 1-3, which have a dxy^ ground state, exhibit a
large fold angle (0). Similar to (Tp*)Mo(NO)Cl2, the metal centers in 1-3 can be reduced
by one electron to yield the spectroscopically interesting

state (formally

(dxzdyzfdxy'f'^'^^ whose detailed study will be presented elsewhere.^^
Compounds 1-3 are of further interest because the active sites of sulfite oxidase
and xanthine oxidase have a molybdenum atom coordinated by a single ene-l,2-dithiolate
at the active site.^^'^°"^^ This pyranopterin-dithiolate unit coordinated to molybdenum is
postulated to function as an electron transfer conduit and modulator of the redox potential
of the enzyme active site.^^ The electronic structure of these active sites and their
relationship to electron transfer is not yet understood; however, the metal-sulfur
interaction appears to play an important role.^"^ The inner coordination-sphere of the
small molecular models of the active site seems invariant, even though large differences
are observed in the reduction potentials.^^"^^ It has been suggested that modulation of the
fold angle (0) might be pivotal in tuning the properties of these active sites and their
models.^^
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2.0 Experimental Section
2.1 General
All reactions and manipulations were carried out under an inert environment of
argon gas using standard Schlenk techniques, a high-vacuum/gas double line setup, and
an inert atmosphere glove bag. The argon was predried by passing the high-purity-grade
gas through a series of drying towers. All glassware was dried in an oven at 150°C and
Schlenk ware was further purged by repeated evacuation and inert gas flushes prior to
use. Tetrahydrofuran (THF) and toluene were distilled from Na/benzophenone;
triethylamine was distilled from Na/K amalgam.^^ The prepurified solvents were
subsequently transferred and stored under N2 over fresh drying agents. These solvents
were freshly distilled under nitrogen prior to use, thoroughly degassed by repeated
freeze-thaw-pump cycles, and transferred to reaction vessels via steel cannulae under a
positive pressure of inert gas. Dichloromethane, 1,2-dichloroethane, cyclohexane,
toluene (EM Science, Omnisolv), n-hexane and n-pentane (Burdick and Jackson) were
used as received and deoxygenated by bubbling with argon. Molybdenum hexacarbonyl
(MO(CO)6, Aldrich) was dried in vacuum prior to use. Potassium hydrotris(3,5-dimethyl-

l-pyrazolyl)borate (KTp*) and the precursor complexes (Tp*)Mo^(NO)(CO)2 and
(Tp*)Mo^(NO)l2.C6H5CH3 and the ligands Habdt (1,2-benzenedithiol) were prepared
according to literature procedures.^^'"^ The ligand Hitdt (4-methyl-1,2-benzenedithiol)
and HABDTCB (3,6-dichloro-1,2-benzenedithiol) employed in the syntheses of the
(Tp*)Mo^(NO)(S-S) compounds (2,3) were used as received from Aldrich.
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TLC analysis was carried out on silica gel 60 F254 plastic sheets (EM Science) and
column chromatography was carried out in glass columns with silica gel (Merck, grade
9385,230-400 mesh, pore diameter 60 A) as the stationary phase. Mass spectra were
recorded on a JEOL HXl 10 high-resolution sector instrument utilizing fast atom
bombardment (FAB) ionization in a matrix of 3-nitrobenzyl alcohol (NBA). IR spectra
(4000-400 cm'^) were collected on a Nicolet Avatar ESP 360 FT-IR spectrophotometer in
KBr disks or as dichloromethane solutions (between NaCl plates) at room temperature.
Electronic absorption spectra of samples dissolved in 1,2-dichloroethane solutions were
recorded with a 1-cm pathlength Helma quartz cell equipped with a teflon stopper, on a
modified Gary 14 (with OLIS interface, 250-2600 nm) spectrophotometer. Solvent
background corrections were made in all cases. ^H-NMR (CDCI3) spectra were acquired
on a Bruker DRX-500 spectrometer operating at a

frequency of 500.13 MHz using a 5

mm Nalorac triple-resonance 3-axis gradient probe. Chemical shifts were referenced to
residual CHCI3 at 7.24 ppm.

2.2 Synthesis of (Tp*)Mo(NO)(bdt) (1)
In a 100 ml round bottom evacuated Schlenk flask, highly purified
(Tp*)Mo(NO)l2-C6H5CH3 (0.38 g, 0.5 mmol) was added to Habdt (0.1 g, 0.7 nrniol) in 50
ml of dry, degassed toluene in a 100 ml round bottom Schlenk flask for synthesis of

1.

The mixture was deoxygenated thoroughly with argon saturation while being stirred at
-80° C. Dry, degassed EtaN (0.4 ml, 2.2 mmol) was added slowly dropwise via a gas
tight syringe to this rigorously stirring solution. The solution changed color to greenish
and later to deep blue. The reaction mixture was refluxed for 16 hours, and the reaction
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progress was monitored by IR spectroscopy (shift of v(NO) stretching frequency) and
TLC analysis (disappearance of (Tp*)Mo^(NO)l2 precursor). Upon completion of the
reaction, the blue-green precipitate, primarily EtsN-HI resulting from the proton
abstraction and ligand exchange processes, was removed by filtration from the hot
solution under dry argon. The filtrate was cooled to room temperature and evaporated to
dryness with a rotary evaporator. The solid dark-purple residue was re-dissolved in
toluene, concentrated under vacuum, and layered with n-pentane. The dark-purple
powder precipitate was collected by filtration and washed with n-pentane until the filtrate
was clear. The powder was then dissolved in dichloromethane, filtered to remove any
insoluble materials, and evaporated to dryness in vacuum. The solid was pumped on for
several hours to assure dryness and the complete removal of excess triethylamine. The
solid material was re-dissolved in dichloromethane, concentrated, and loaded on a silica
gel chromatographic column under a positive pressure of argon. A dark-purple fraction
(band #1) eluted off the column using dichloromethane: cyclohexane (1:3) as the eluant.
Band #1 was further purified by a second silica gel column using dichloromethane:
cyclohexane (1:1) as the eluant. The purity of compound was confirmed by TLC
analysis. The dark-purple solution, which was deemed pure by TLC was evaporated to
dryness in vacuum, re-dissolved in dichloromethane, and layered with n-pentane to yield
a dark -purple crystalline material. This material was filtered, washed with pentane and
then dried in vacuum. The product was characterized by IR, UVA^IS and mass
spectroscopy. Slow vapor diffusion of n-pentane into a saturated dichloromethane
solution of 1 afforded diffraction quality crystals. Characterization: HRMS {M + H}^
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peak gives m/z = 565.0798 (calculated, 565.0792) and corresponds to the formula
{^^C2iH27N7"B^^S2^^0^^Mo}, IR data (KBr) v(B-H) = 2551 cm'^ v(NO) 1670 cm"\ UV-

vis data }i(nm)(E(cm-^); 8(M-^cm"')): 732(13661; 1576), 579(17271; 4527), 370(27027;
3154), 326(30675; 3645), 292(34247; 5898), ^H-NMR (500MHz, CD2CI2, 298 K):
6(ppm) 8.057, 7.274 (2H, dd, ^JHH = 4.5Hz, 3.0 Hz; 2H, dd, %H = 4.5Hz, 3.0 Hz), 5.992,
5.623 (2H, s; IH, s), 2.485, 2.404, 2.308 (7H, s; 4H, s; 7H, s).

2.3 Synthesis of (Tp*)Mo(NO)(tdt) (2)
The preparation of (Tp*)MoNO(tdt) (2) followed from published procedures.
A mixture of (Tp*)Mo(NO)l2-C6H5CH3 (0.9 g, 1.2 mmol) and Hatdt (0.33 g, 2.1 mmol)
were refluxed for 16 hours instead of 24 hours as given in the literature.

Slight

modifications were also made in the work up procedures to obtain the pure compound
suitable for growing X-ray diffraction quality crystals. In our work-up procedure the
reaction mixture was evaporated to dryness under reduced pressure and the solid obtained
was dissolved in a 1:3 CH2Cl2:cyclohexane mixture and subjected to column
chromatography. The product is contained in a deep blue band that is well separated
from other side products, which do not separate well when eluted with CH2CI2 as in the
original preparation.'^ Further purification was achieved by a second column
chromatography step using 1:1 CH2CI2: cyclohexane as the eluant. Slow diffusion of
heptane into a CH2CI2 solution of 2 yielded X-ray diffraction quality crystals. Compound
2 show similar spectroscopic features to those reported in the literature.'^
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2.4 Synthesis of (Tp*)Mo(NO)(bdtCl2) (3)
All the synthetic steps were similar to those described for 1, except for the
stoichiometric ratio of the reagents. Highly purified (Tp*)Mo(NO)l2-C6H5CH3 (677 mg,
1.00 mmol) was added to a solution of HabdtCh (220 mg, 1.1 mmol) in 50 ml of dry,
degassed toluene in a 100 ml round-bottom Schlenk flask. Characterization: HRMS {M
+ H}^ peak that gives m/z = 633.0035 (calculated, 633.0002) and corresponds to the
formula {^^C2IH25N7''B^^S2^^C120^®MO} for 3, IR (KBr) v(B-H) = v(B-H) = 2548 cm"^;
v(NO) 1674 cm ^ UV-vis data ?i(nm)(E(cm"'); s(M"^cm"')): 739(13531; 1583),
573(17452; 6476), 372(26882; 3734), 330(30303; 5186), 294(34013, 8477). ^H-NMR
(500MHz, CD2CI2,298 K): 6(ppm) 7.369 (IH, s), 6.017, 5.629 (2H, s; IH, s), 2.502,
2.415, 2.287 (7H, s; 4H, s; 7H, s).

2.5 X-Ray Crystal Structure Determinations:
Crystal Structures ofl and 2: Crystals of 1 and 2 were mounted on glass fibers
for structure determination using an Enraf-Nonius CAD4 diffractometer. Crystal data
and details of structure determinations are given in Table 7.1. The structures were
determined by direct methods and refined on

by full-matrix least squares with

anisotropic parameters for the non-hydrogen atoms. Scattering factors were taken from
Cromer and Waber,'^' anomalous dispersion effects were included for all non-hydrogen
atoms with the values of Af and Af' taken from Cromer,and the structure was solved
by direct methods using SHELXS in the Bruker SHELXTL (Version 5.0) software
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package. Hydrogen atoms were placed in calculated positions with isotropic
displacement parameters.
Crystal Structure of 3: A dark-purple cuboid of 3 was mounted on a glass fiber
for structure determination using a Bruker SMART 1000 CCD detector X-ray
diffractometer. Key parameters for the structure determination are also summarized in
Table 7.1. Empirical absorption and decay corrections were applied using the program
SADABS. The structure was solved by direct methods using SHELXS in the Bruker
SHELXTL (Version 5.0) software package. Refinements were performed on

by full-

matrix least squares with anisotropic displacement parameters for all the non hydrogen
atoms (using SHELXL and illustrations were made using XP). Hydrogen atoms were
added at idealized positions, constrained to ride on the atom to which they are bonded
and given thermal parameters equal to 1.2 or 1.5 times Uiso of that bonded atom.
Scattering factors and anomalous dispersion were taken from International Tables Vol C,
Tables 4.2.6.8 and 6.1.1.4.'^^''^^

2.6 Photoelectron Spectroscopy:
He I gas-phase photoelectron spectra were collected on an instrument with a 36cm radius hemispherical analyzer (8 cm gap, McPherson) and custom designed sample
cells, excitation sources, and detection and control electronics.The excitation source
was a quartz lamp with the ability to produce Hel photons (21.21 eV). The ionization
energy scale for the Hel experiments was calibrated by using the E1/2 ionization of
methyl iodide (9.538 eV), with the argon ^P3/2 ionization (15.759 eV) used as an internal
calibration lock during the experiment. During data collection the instrument resolution
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(measured using the FWHM of the argon ^P3/2 ionization peak) was 0.022 - 0.025 eV.
All data were intensity corrected with an experimentally determined instrument analyzer
sensitivity function. The He I spectra were corrected for the presence of ionizations from
other lines (He Ip line, 1.9 eV higher in energy and 3% the intensity of the He la line).
All samples sublimed cleanly with no detectable evidence of decomposition products in
the gas phase or as a solid residue. The sublimation temperatures were monitored using a
"K" type thermocouple passed through a vacuum feed and attached directly to the
aluminum ionization sample cell. The sublimation temperatures (in °C, lO '^ Torr) were
as follows: (Tp*)Mo(NO)(bdt), 209-218°; (Tp*)Mo(NO)(tdt), 220229°; (Tp*)Mo(NO)(bdtCl2), 218-230°.

2.7 Theoretical
Geometry optimization, SCF (self-consistent field) and molecular orbital
calculations were performed using the ADF (Amsterdam density functional theory
calculations) package (release 2000.02). Starting geometries were obtained from crystal
structures of 1,2, and 8. A generalized gradient approximation, with the exchange
correction of Becke'^^ and the correlation correction of Lee et.

was used for all

density functional calculations. All core levels (up to 3d for Mo and Is for C, N, B and
O) were treated as frozen orbitals. The calculations employed triple-zeta basis sets with
Slater type orbitals and a polarization function for all elements. Calculations on the
ground-state molecules were performed in the spin-restricted mode. Spin-unrestricted
.SCF (self-consistent field) calculations were performed on the proposed ion states formed
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by photoionization by removing one electron from the relevant orbital and comparing the
total energy with that of the ground state molecule. A linear correction was applied for
comparison of the calculated and the observed energies, i.e. the calculated.SCF energies
and orbital energies were shifted by the difference between experimentally obtained and
calculated energies of the HOMO.

3.0 Results and Discussion:
3.1 Synthesis and Physical Properties of Tp*Mo(NO)(S-S) Compounds:
The identities of the reaction products were confirmed by their high resolution
mass spectra. The reaction products 1,2,3 are soluble in dichloromethane, 1,
2-dichloroethane, toluene and benzene. Scheme 1 shows several different routes to the
synthesis of Tp*Mo(NO)(S-S) complexes. The Tp*Mo(NO)X2 precursors (X = CI, Br, I)
are well known; however, partial halogenation of the pyrazole ring at C-4 position has
been observed in the preparation of Tp*Mo(NO)Cl2 and Tp*Mo(NO)Br2 precursors.'^^ In
addition, use of the precursor Tp*Mo(NO)Cl2 can lead to the formation of unexpected
products, including disulfide formation during the synthesis of
Tp*Mo(NO)((SCH2)2C6H4).'^^ The Tp*Mo(NO)l2-C6H5CH3 precursor has been primarily
used for the synthesis of Tp*Mo(NO)(S-S) complexes in this work because it is relatively
easy to prepare from Tp*Mo(NO)(CO)2 and the iodide ligand seems to be a very good
leaving group in the subsequent substitution reactions.
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The solid-state IR spectra in KBr exhibited bands characteristic of the (Tp*)
ligand (v(B-H) = 2551 cm"' for 1,2550 cm"^ for 2 and 2548 cm"' for 3). This v(B-H) is
similar to that observed in the range of 2543 to 2549 cm"' for the related chelate
complexes (including 5, 6).'^® The solution IR spectra of the (Tp*)Mo(NO)(S-S)
complexes in dichloromethane showed no significant frequency shifts or additional
bands, indicating that the solid phase and solution structures are similar. The purity of
the products was also confirmed by the absence of v(CO) and the shift in the v(NO)
stretching vibrations of the precursor complexes (Tp*)Mo(NO)(CO)2 (v(CO) = 1906
cm"', v(NO) = 1655 cm"') and (Tp*)Mo(NO)l2 (v(NO) = 1700 cm"') which also served
as a diagnostic tool for monitoring the progress of the reaction.
The values of v(NO) range from 1674 cm"' for 3 to 1660 cm"' for 2 and decrease
slightly with increasing electron withdrawing properties of the substituents on the
benzene rings of the coordinated ene-dithiolates. The reduction potential (E1/2) of -723
mV for 3, -896 mV for 2, and -862 mV for 1 also follows the trend 3> 1> 2.'*^
McCleverty and coworkers have earlier proposed a correlation between E1/2 and v(NO).^°
Our results also show that the more electron withdrawing the ene-dithiolate the higher is
the v(NO) stretch. Thus v(NO) is a sensitive indicator of the perturbation of electron
density on the Mo center by the remote substitution on the ene-dithiolate ligand.
The diamagnetic {MoNO}'^ complexes have been probed using ^H-

The 1-D NMR data and the X-ray structures show that complexes 13 have effective Cs symmetry with two of the three pyrazolyl rings being magnetically
equivalent. The 'H-NMR spectrum shows pyrazolyl methyl groups in the (Tp*)-ligand
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as singlets of relative area 1-A\1 at 6(ppm) 2.308, 2.404, 2.485 in 1 and 5(ppm) 2.287,
2.415, 2.502 in 3. The pyrazolyl 4-H signals appeared as two signals of relative area 1:2
at 6(ppm) 5.623, 5.992 for 1 and 6(ppm) 5.629, 6.017 for 3. These are in the typical
range of CH3 (5(ppm) 1.5 to 3.0) and pyrazolyl 4-H (6(ppm) 5.0 to 6.5) shifts for other
(Tp*)Mo(NO)(S,S) complexes.^' The aryl protons of the bdt^" ligand in 1 resonate as two
doublets of doublets (4.5 Hz, 3.0 Hz) at 6(ppm) 7.274 and 8.057 and those protons of the
bdtCl2^" ligand in 3 resonate as one singlet at 6(ppni) 7.369.

3.2 Molecular Structure Analysis of (Tp*)Mo(NO)(S-S) compounds:
The structures of compounds 1-3, determined by single-crystal X-ray diffraction,
are shown in Figure 7.3. Tables 7.2 and 7.3 show key geometric features of the
coordination environment of the Mo atom. Compounds 1-3 are the first structurally
characterized six-coordinate {MoNO}'^ complexes that contain a single ene-l,2-dithiolate
ligand cis to the terminal nitrosyl group. Enemark et al. have previously reported the
structures and properties of the corresponding 0x0 analogues, (Tp*)MoO(S-S).'^'^^'^'^'^^
Compounds 1, 2 and 3 crystallize in three different space groups P2i/c, P2i/n and Pnma,
respectively. No symmetry is imposed on 1 and 2 by their space groups, but Cs
symmetry is imposed on 3 by the space group Pnma (Figure 7.4). In the crystals of 3, the
atoms Nl, 01, Mol, Bl, HIA, N31, N32, C33, C34, H34A, C35, C36, H36A, C37,
H37A lie on a mirror plane. In these complexes the terminal nitrosyl ligand and the two
sulfur atoms of the ene-dithiolate are constrained to be mutually cis to each other by the
fac stereochemistry imposed by the tridentate Tp* ligand. Thus molecules of compounds
1 and 2 also have effective C symmetry. All three molecules exhibit a distorted pseudo-
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octahedral coordination geometry, in which the Mo atom is ligated by a nitrogen atom
from the nitrosyl ligand, two sulfur donor atoms of the (S-S) ligands and three nitrogen
donor atoms of the tridentate facially coordinated (Tp*) ligand. The maximum angular
deviations from ideal octahedral geometry within the N2S2 planes of the compounds are:
5.96° in 1 (N(21)-Mo(l)-S(2)); 5.52° in 2 (N(ll)-Mo(l)-S(l)); and 4.08° in 3 (N(21)Mo(l)-S(2), N(ll)-Mo(l)-S(l)). The mean deviation of 4.00° in 1, 3.45° in 2 and 3.38°
in 3 is consistent with deviations observed in other structures based on {(Tp*)Mo(NO)}^^
fragment.^^'"^^'^^'^^'^^'^^ The N-Mo-N angles between the nitrogen atoms of (Tp*) ligand
are always less than 90°.
Seven other structurally characterized complexes with {(Tp*)Mo(NO)S2} cores
are available in the CSD database (Chart 1).^® Of these {MoNO}'^ complexes, only 1-3
have five-membered ene-l,2-dithiolate chelate rings. The molecular structure of a
complex containing similar fragment and an oxygen containing five membered chelate
ring (catechol) has been reported earlier, in which boron sequestering resulted in the
degradation of the (Tp*) ligand skeleton.^' Structurally characterized chelate compounds
4, 5, and 6 contain nine, seventeen, and twenty-five membered chelate rings,
respectively

Compound 7 contains the organometallic chelate ligand 1,1-

dithiaferrocenyl-S,S'." Compounds 8, 9 and 10 possess two mono thiolates.^'""
The structural parameters (bond lengths and angles) for the {(Tp*)Mo(NO)}^'^

core reported in Table 7.2 for compounds 1, 2 and 3 are similar to one another and also
agree with those found for compounds 4 through 10 (Chart 1). The observed Mo-Nl
distance of 1.818(6) A in 1 is 0.044 A (8a) longer than that of 1.774 (6) A in complexes 2
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and 3. All three values are between the largest (1.839 A in 7) and the smallest (1.730 A in
5). Another structural parameter of interest in metal nitrosyl complexes is the M-N-0
angle. This angle is 174.2(6)° in 1,175.0(4)° in 2 and 174.5(5)° in 3. The other Mo-N-0
angles in Chart 1 range from 179.026° in 8 to 172.431 ° in 7. A nearly linear Mo-N-0
unit is expected for a six-coordinate {MoNO}" compound.'^ The N-0 bond distance is
1.113(7) A in 1, 1.171(5) A in 2, and 1.181(7) A in 3, and shows no correlation with
v(N0).
Additional common structural features in these compounds are the angles between
trans ligands. The angle involving the nitrosyl nitrogen atom (Nl-Mo-N31) is close to
180°, whereas other two trans angles (Sl-Mo-Nll and S2-Mo-N21) fall in the range
160-166°. Compound 3 shows the strongest trans effect from a terminal nitrosyl group
of all of the compounds in Table 7.2. Its Mo-N31 distance (2.258(5) A) is 0.110 A
longer relative to Mo-Nll and Mo-N21 (both 2.148

A).

This trans effect due to the

strong a donor and n acceptor properties of the nitrosyl ligand' is not as pronounced as
the trans effect in the corresponding oxo-Mo analogue of complex 3 where the strong n
donor and o donor properties of the oxo-ligand lengthen the corresponding Mo-N31
distance (2.391(3) A) by 0.214 A relative to Mo-N21 (2.177(2) A) and 0.225 A relative
to Mo-Nll (2.166(3) A).^^
The Mo-Sl and Mo-S2 distances are 2.374(2) A and 2.3882(19) A in 1,
2.3773(15) A and 2.4078(15)

A in 2 and 2.3926(12) A in 3'.

The average Mo-S bond

' The shortest Mo-S distance in mononuclear group VI transition-metal-nitrosyl
complexes containing at least two sulfur donor ligands is 2.289 A in (tris(2-
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lengths of 2.3811 A in 1 and 2.3926 A in 3 compares to 2.376 A and 2.374 A in the
corresponding oxo-Mo anologues. Thus a slight Mo-S bond lengthening is observed in
nitrosyl-Mo family in the chelate complexes which is opposite of the trend observed in
non chelated complexes. A bond reduction is observed from an average value of 2.382 A
in (Tp*)MoO(SPh)2 to 2.357 A in (Tp*)Mo(NO)(SPh)j(8). It is interesting to note that
the Mo-S distance of 2.375 A and 2.357 A in complex 7 does not significantly vary from
those in 1 through 3 despite the significant change in the nature of the sulfur donor ligand
(1,1-dithiaferrocenyl-S,S') in 7." Table 7.2 shows that there are no significant changes
observed in M-S distances between chelate rings and non chelated ligands, however,
significant differences are observed in bond angles of S atoms with axial ligands (NlMo-Sl or S2). Bond angles Nl-Mo-X (X = centroid of SI and S2) of 86.14(10) A in 1,
87.26(14) A in 2, and 87.63(13) A in 3 are the most acute in all of the structurally
characterized mononuclear group VI transition metal-nitrosyl complexes containing at
least two sulfur donor ligands^
The dihedral angle (cpd) (Table 7.2) between the planes Mol-Nl 1-N21 and MolS1-S2 groups the ene-l,2-dithiolate compounds 1-3 distinct (cpd > 174°) from the other
complexes in Chartl. The value of cpd = 175° for 1 and 174.7° for 3 is significantly
larger than 161.9° and 162.2° in corresponding oxo-Mo complexes. This is due to the
longer Mo-NO bond (1.818(6) A in 1 and 1.774(6) A in 3) whereas a lone pair interaction
thioethyl)amine-N,S,S',S")-nitrosyl-molybdenum^^ and the longest is 2.639 A in (2,3:8,9dibenzo-1,4,7,10-tetrathiadecane-S,S',S",S"')-nitrosyldiphenyl(methyl)phosphineiminato-molybdenum(III).''
^ This angle has the largest value of 161.862 A in (l,2-bis(2-mercaptophenylthio)ethane)nitroso-trimethylphosphine-molybdenum(II) complex.®"

205

of strongly bonded terminal oxo atom (Mo-0 = 1.678(4) A in (Tp*)MoO(bdt) and
1.679(3) A in (Tp*)MoO(bdtCl2)) draws the Mo atom out of

(N11-N21-S1-S2)

plane. This is also indicated by relatively smaller Mo distances from N2S2 plane (Table
7.3) in the reported complexes (0.069 A in 1 and 0.063 A in 3) compared to their 0x0
analogues (0.264 A and 0.258 A respectively).'*'"'^^'''''"
The ene-l,2-dithiolate fragment does not show significant structural differences
with remote substitution as indicated by the average S-C bond length of 1.742 A in 1,
1.743 A in 2 and 1.743 A in 3 and the C=C bond length of 1.406 A in 1,1.413 A in 2 and
1.431 A in 3. The most significant structural difference between (Tp*)MoE(S-S) systems
(where E = NO, O) is the angle (5) formed between the ene-l,2-dithiolate (S-C=C-S)
least squares plane and the S-Mo-S plane along the line of intersection containing the S—
S atoms (see Figure 7.2B). This angle in 1 is 137.9°, and thus the S-C=C-S plane is
folded up toward the terminal nitrosyl group by 0 = 180°- 5 = 42.1°. This fold angle is
41.1 ° in 2, and 44.4° in 3 and thus increases slightly with respect to the electron
withdrawing nature of the remote substituent on ene-dithiolate. The fold angle is in
contrast to what is observed in the oxo-Mo systems where it ranges from 6.9° in
(Tp*)MoO(bdtCl2) to 29.5° in (Tp*)MoO(qdt).'^'^^'^^'^'^'^^ The (bdt) ring structure itself is
essentially planar in all of the complexes. As mentioned earlier, compounds 1-3 have
large fold angles not withstanding their acute ON-Mo-S angles, which are ~ 14° smaller
than the 0-Mo-S angles in the analogous oxo-Mo compounds.
In summary, the molecular structures of 1,2 and 3 show that remote substituents
on ene-l,2-dithiolate ligand do not significantly alter the structural parameters of the
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inner coordination sphere of the Mo center. However, a change of axial ligand (E) from
0X0

to nitrosyl induces significant changes in the fold angle and the E-Mo-X angle (X =

centroid of SI, S2). The large fold angle in nitrosyl-Mo complexes despite their smaller
E-Mo-X angle is intriguing. A CSD search for the transition metal complexes containing
an ene-l,2-dithiolate chelate showed a range (0-52°) of fold angles.'® A majority of these
complexes have planar (0 = 0.0°) ene-l,2-dithiolate rings but some of them are folded by
as much as 52°^'® " The fold angle range in the structures of group VI transition metal
ene-dithiolene complexes is 0 to 44.4° (Figure 7.5) with the largest value of fold angle
observed in the complexes 1-3 reported here.
The geometric structure perturbations in terms of the fold angle has implications
with respect to the significant differences between the electronic structures of
(Tp*)MoE(S-S) (E = NO, O). In these compounds the strong covalent bonding of
{MNO}" group leads to an energetically isolated LUMO which is a nonbonding metal d
orbital {d^ (Figure 7.6). The short Mo-0 bond in (Tp*)MoO(S-S) complexes, on the
other hand, dominates the splitting of t^^ orbitals (strong a and n donor oxo-ligand).^^'^
The electronic configuration of the oxo-Mo(V) systems is (d,y)'(d^^dy^)'' and the nitrosylMo(II) is (d,,dy^)\d^y)''. The d^-p overlap in LMo(NO )(SC6H5)2 (where L = ii^-CeHs,
Tp*(8)), {MNO}" complexes with filled

and d^^ orbitals, is maximized by a ON-Mo-S-

C torsion angle near 0 and 180° (Figure 7.2A).^°'^' The torsion angle ON-Mo-S-C in the

above two LMo(NO)(SC6H5)2 compounds are 12 and -174° in the former and -16 and -

^ The most folded ene-l,2-dithiolate ring has been observed in the disordered structure of
a uranium complex where 0 = 76.21 °.^'
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168° in the latter and indicate that the electronic structure of L has little influence on the
overall stereochemistry of the complex.^"'^'
It is believe that the fold angle in compounds 1-3 has an electronic origin that may
be attributed to the interaction of sulfur lone pairs {Sp^, or

or

orbitals) with the metal

d-orbitals. The folding of the ene-l,2-dithiolate minimizes the interaction of the filled Sp^
orbitals with the filled metal ^^^^and

orbitals and favors the bonding interaction

between the Sp^ orbitals and the empty metal

orbital (Figure 7.2B). It has been

observed that the electronic occupation of d^ orbital has significant effect on the fold
angle. The complexes with (d^f electronic configuration have the most folded ene-1,2dithiolate (1-3: 0 = 41.1 to 44.4°) in related group VI complexes. It is postulated that the
fold angle should decrease as the complexes 1-3 are reduced to (d^y and the enedithiolate should become close to planar (0 ~0°) on further reduction to (^/^)^ The
metallocene-dithiolene complexes show a fold angle (0) close to 0° in the 18 electron cf
complexes; upon oxidation this angle increases to 0 = 45-50° in the 16 electron d"
complexes.^"'^' "'"'®® The electronic origin of the fold angles in compound 1-3 is a current
active research area in our laboratory.^'"

3.3 Photoelectron Spectroscopy
A stack plot of He I gas phase valence photoelectron spectra (PES) of 1, 2 and 3

in the region 5.00 eV to 15.00 eV is displayed in Figure 7.7. The region from 8.50 eV to
15 eV is primarily due to the ligand ionizations (Tp*, benzene ring, nitrosyl group). The
broad Tp* ionization centered about 9 eV is also observed in analogous compounds with
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terminal oxo and sulfide groups."'®' In compound 3, the chlorine lone pair based
ionization appearing at 10.76 (0.02) eV is easily assigned based on its reduced intensity
in the He II excitation source (spectrum not shown). The ionizations appearing at lower
energy than 8.50 eV, assigned to the sulfur and the molybdenum based molecular
orbitals, are broader in the nitrosyl complexes (1,2 and 3) than their oxo-Mo analogues."'
The first ionization energies of 6.95 (0.02) eV for 2, 6.97(0.02) eV for 1, and 7.06 (0.02)
eV for 3 (Table 7.4) suggest that electron withdrawing substituents on the ene-1,2dithiolate stabilize the HOMO. However, this effect is less than that observed for the oxoMo counterparts, where the energy range is 0.8 eV." The first band can be fitted with
two symmetric Gaussians, 1 and 1', associated with the metal out of the plane orbitals {d^
and dj. Bands 2, 2' and 3, 3' are assigned to dithiolate sulfur based orbitals (symmetric
and antisymmetric combinations of out of plane (S„p^, S„p") and in-plane sulfur p orbitals
(Sjp\ Sjp"), respectively) and are further discussed in detail in the computational section.
A stack plot of the phototoelectron spectra of pairs of (Tp*)MoE(tdt), (Tp*)MoE(bdt)
and (Tp*)MoE(bdtCl2) (where E = O, NO) is shown in Figure 7.8. The differences in the
ionization energies of the HOMO in these pairs are 0.05,0.13 and 0.26, respectively.
These values show that the more electron withdrawing is the substituent on the benzene
rings of the enedithiolate ligand, the more separated are the first ionizations in these pairs.
This implies that the electron withdrawing groups make the enedithiolate ligand less
effective of an electronic buffer due to the withdrawal of the electron density from sulfur
atoms.
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3.4 Computational Study
The results of DFT calculations are reported in Table 7.4 and Figure 7.9. The
individual contributions of the major contributor atomic orbitals to six frontier orbitals
are also provided in Figure 7.9. As discussed earlier, the lowest unoccupied molecular
orbital (LUMO) is predominantly a metal in-plane orbital {dxy). The highest occupied
molecular orbital (HOMO) and HOMO-2 are predominantly metal out of plane orbitals
{dxz and dy^. The HOMO-1 orbital that would be proposed to be predominantly a
dithiolate out of plane (Sop^ or S/) orbital has significant metal in-plane characters mixed
in. The Sop^ orbital has the right symmetry and energy to mix with the metal in-plane
orbital. Thus, the HOMO-1 supports the hypothesis of dithiolate folding as a stabilizing
interaction of filled sulfur p orbitals with the empty metal orbital. The HOMO-3 and
HOMO-4 are antisymmetric combinations of the dithiolate out of plane and in-plane
molecular orbitals.

4.0 Conclusions
The synthesis, structural and physical characterization of three (Tp*)Mo(NO)(SS) compounds have provided an opportunity to investigate the geometric and electronic
structure differences of (Tp*)MoE(S-S) (where E = O, NO) systems as a function of
axial ligation and remote substituent effects on the ene-l,2-dithiolate ligand. The most
significant structural difference is the large fold angle of ene-l,2-dithiolate along S—S
axis in the nitrosyl-Mo compounds.
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Photoelectron spectroscopy and density functional theoretical studies provide
insight into the electronic structures of these molybdenum nitrosyls and supports the
hypothesis of folding of the dithiolate ligand. This folding of the dithiolate ligands in
compounds 1-3 minimizes the filled-filled interaction of out of plane metal and sulfur
orbitals. The frontier orbitals have significant contributions from dithiolate out of plane
and in-plane molecular orbitals and support the assignment of ionizations in the
photoelectron spectroscopic studies. Thus, there is sufficient evidence to support the
electronic origin of the geometric perturbations of dithiolate folding. This angular
perturbation (fold angle) is sensitive to the electronic occupation of metal in-plane
(equatorial) orbital.
It has been postulated earlier that the variation in the fold angle of pyranopterinene-l,2-dithiolate may control the electronic structure of the Mo center of enzymes and
could play a regulatory role in their catalysis.

-3C

The reduction potential of these

(Tp*)Mo(NO)(S-S) compounds is sensitive to peripheral substitution of the ligand,
whereas the first ionization energy is not. This diversity is due to the different orbitals
involved in each of these processes and supports the electronic structure origin behind the
fold angles in Mo-nitrosyls containing an ene-l,2-dithiolate.
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Chart 1. Classification, v(NO) (IR, KBr), and Abbreviations of (Tp*)Mo(NO)(S,S)
Compounds ((Tp*): hydrotris(3,5-dimethyl-l-pyrazolyl)borate).

(S,S)

Compound No.

bdt
tdt
bdtCl2
S(CH2)2C0NH(CH2)2S
(1,4-(SCH2)2C6H4)2
(1,4-(SCH2)2 C6H4)3
(Fe(TI'-C5H4S)2)
(SC6H5)2
(SCH2C0NHCH3)2
(SC2H4C0NHCH3)2
(bdt)
(tdt)
(bdtCh)

1
2
3
4
5
6
7
8
9
10

1,2-benzenedithiolate
3,4-toluenedithiolate
3,6-dichloro-l, 2-benzenedithiolate

V(NO) (cm"')

References

1670
1660
1674
1667
1653
1644
1634
1682
1672
1662

this work
[19], this work
this work
[53]
[48]
[48]
[57]
[21,52]
[53]
[53]
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Mo(CO)6
\ K(Tp*)
(Tp*)Mo(CO)3
^ CH3C6H4S02N(CH3)N0
(Tp*)Mo(NO)(CO)2

•

(Tp*)Mo(NO)l2

NaOH/
EtOH

EtsN
(S,S)H2

NOCl or HCl

(Tp*)Mo(NO)(OEt)2

or

(Tp*)Mo(NO)Cl2
HCl
HCl

j

Na2(S,S)

t
(Tp*)Mo(NO)(S,S)

(Tp*)Mo(NO)(S,S)

1
y (s,S)H2
(Tp*)Mo(NO)(S,S)

19.39.40,47.51

Scheme1. General synthetic routes to the (Tp*)Mo(NO)(S,S) compounds.
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Table 7.1. Crystal data and structure refinement for complexes 1, 2 and 3
Identification code

1 2

3

C21H26BM0N7OS2

C22H28BM0N7OS2

563.36
298(2) K
0.71073 A
Monoclinic
P2,/c
a = 11.115(2) A,
b = 13.667(3) A,
c = 16.410(3) A,
a, Y= 90°, |3= 98.36(3)°

577.38
632.25
298(2) K
173(2) K
0.71073 A
0.71073 A
Monoclinic
Orthorhombic
P2i/n
Pnma
a = 15.579(3) A
a = 17.9879(9) A ,
b = 9.942(2) A
b = 13.2277(7) A
c = 16.527(3) A
c= 11.2505(6) A
a, Y = 90°, p= 95.79(3)° a, p, Y = 90°

Volume

2466.4(8) A'

2546.7(9) A

2676.9(2) A

Density (calculated)

1.517 MgW

1.475 Mg/m'

1.534 Mg/m

Absorption coefficient

0.729 mm"'

0.707 mm '

0.872 mm"'

F(OOO)

1152
0.23 X 0.13 X 0.03 mm^

1160

1252

0.17 X 0.12 X 0.08 mm^

0.40 X 0.10 x 0.10 mm^

1.71 to 24.97°.
0^hsl8, 0<k<ll,

2.14 to 27.29°.
-23sh^23,-16^k^l6,
-14^kl4
26517
3004 [R(int) = 0.0741]

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Crystal size
Theta range for
utilized data
Limiting Indices
Reflections utilized
Independent reflections
Completeness to
24.97°
theta =
Absorption correction
Max. and min.
transmission
Refinement method
Data / restraints
/ parameters
Goodness-of-fit on F
Final R indices
[I>2sigma(I)]

1.85 to 24.97°.
0<h<13,0<k<16,
-19<kl9
4328
4328 [R(int) = 0.0000]
100.0 %
None

-19^1^19
4468
4468 [R(int) = 0.0000]

100.0 %

C21H24BCI2M0N7OS2

None

95.5 %
Empirical

Full-matrix
least-squares on F^

0.9456 and 0.8893
Full-matrix
least-squares on F^

0.9179 and 0.7219
Full-matrix
least-squares on F^

4328 / 0/289
1.043

4468/0/314
1.051

3004/0/177
1.069

R1 = 0.0484,
wR2 = 0.1092
R1 = 0.0922,
wR2 = 0.1222
0.631 and -0.327 e.A"^
0.077 e.A"'

R l = 0.0517,
wR2 = 0.1202
R1 =0.0921,
wR2 = 0.1457
0.595 and -0.521 e.A"'
0.127 e.A'^

0.9784 and 0.8502

R1 = 0.0630,
wR2 = 0.1218
R1 =0.1507,
R indices (all data)
wR2 = 0.1454
Largest diff. peak and hole 0.855 and -0.550 e.A"^
RMS difference density
0.106 e.A"^
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Table 7.2. Comparison of key bond lengths (A) and parameters for compounds with
{(Tp*)Mo(NO)S2} core (trans effects are in A and angles in °).
Compds Mo-Nl Mo-Nl-01 Mo-Nll Mo-N21 Mo-N31 Mo-Sl
1
2
3
4
5
6
7
8
9
10

1.818(6)
1.774(4)
1.774(6)
1.767
1.730
1.759
1.839
1.765
1.763
1.791

174.2(6)
175.0(4)
174.5(5)
175.939
175.509
176.764
172.431
179.026
176.904
177.605

2.181(6)
2.187(4)
2.148(3)
2.230
2.237
2.238
2.202
2.215
2.223
2.209

2.164(5)
2.161(4)
2.148(3)
2.234
2.231
2.234
2.197
2.205
2.219
2.222

2.260(6)
2.257(4)
2.258(5)
2.249
2.256
2.260
2.263
2.244
2.242
2.256

2.374(2)
2.3773(15)
2.3926(12)
2.342
2.366
2.345
2.375
2.345
2.347
2.337

AT = Trans Effect [(Mo-N31)-(average Mo-Nll and Mo-N21)]

(pd = Dihedral angle between planes Mo-Nl 1-N21 and Mo-Sl-S2.

Mo-S2

Sl-Mo-S2

2.3882(19) 84.17(8)
2.4078(15) 83.79(5)
2.3926(12) 83.96(6)
105.171
2.352
2.340
102.612
102.248
2.339
2.357
90.278
102.957
2.368
2.349
102.820
2.345
104.353

Nl-Mo-X AT

(pd

86.14(10)
87.26(14)
87.63(13)
96.547
95.691
94.462
98.165
90.950
95.638
95.794

175.0
174.4
174.7
164.2
166.6
166.0
167.5
172.7
165.0
166.1

0.088
0.080
0.110
0.017
0.022
0.024
0.064
0.034
0.020
0.041
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Table 7.3. Selected bond lengths (A), bond angles (°) and torsion angles (°) (esd's in parentheses).
12
N(l)-0(1)
S(l)-C(l)
S(2)-C(2)
C(l)-C(2)
N(l)-Mo(l)-S(l)
N(l)-Mo(l)-S(2)
N(l)-Mo(l)-N(21)
N(l)-Mo(l)-N(lI)
N(l)-Mo(l)-N(31)
N(21)-Mo(l)-N(ll)
N(21)-Mo(l)-N(31)
N(21)-Mo(l)-S(l)
N(21)-Mo(l)-S(2)
N(ll)-Mo(l)-N(31)
N(ll)-Mo(l)-S(l)
N(ll)-Mo(l)-S(2)
N(31)-Mo(l)-S(l)
N(31)-Mo(l)-S(2)
C(l)-C(2)-S(2)
C(2)-C(l)-S(l)
N(l)-Mo(l)-S(l)-C(l)
N(l)-Mo(l)-S(2)-C(2)
N(21)-Mo(l)-S(l)-C(l)
N(2I)-Mo(l)-S(2)-C(2)
N(21)-Mo(l)-N(l)-0(l)
N(Il)-Mo(l)-S(l)-C(l)
N(ll)-Mo(l)-S(2)-C(2)
N(ll)-Mo(l)-N(l)-0(l)
N(31)-Mo(l)-S(l)-C(l)
N(31)-Mo(l)-S(2)-C(2)
N(31)-Mo(I)-N(l)-0(l)
S(l)-Mo(l)-S(2)-C(2)
S(I)-Mo(I)-N(l)-0(l)
S(2)-Mo(l)-N(l)-0(l)
S(2)-Mo(l)-S(l)-C(l)
Mo(l)-S(l)-S(2)-C(2)
Mo(l)-S(2)-C(2)-C(l)
Mo(l)-S(l)-C(l)-C(2)
S—S bite distance:
Mo distance from N2S2 plane:
C36- -centroid of CI and C2:
Fold Angle (0)
Dihedral Angle
(between planes: Mol-Nll-N21
andMoI-Sl-S2)

1.113(7)
1.758(9)
1.726(8)
1.406(11)
84.6(2)
87.67(18)
97.4(2)
97.6(2)
176.7(2)
81.3(2)
84.2(2)
99.35(16)
174.04(16)
85.5(2)
177.65(16)
94.97(15)
92.32(15)
90.83(15)
120.1(6)
121.6(6)
-52.9(3)
49.2(3)
-149.6(3)
-162.0(17)
178(100)
104(4)
146.6(3)
-99(7)
125.9(3)
-127.8(3)
59(9)
-35.5(3)
80(7)
-5(7)
35.3(3)
138.4(3)
29.0(7)

1.171(5)
1.734(6)
1.751(6)
1.413(7)
87.78(14)
86.75(14)
95.06(18)
97.72(17)
177.38(17)
81.59(15)
84.27(16)
97.52(12)
177.80(12)
84.70(14)
174.48(11)
96.94(11)
89.79(11)
93.98(11)
121.2(4)
120.3(4)
-52.0(2)
53.5(2)
-146.8(2)
-161(3)
125(5)
132.8(12)
150.9(2)
-153(5)
129.0(2)
-124.0(2)
50(7)
-34.60(18)
28(5)
-56(5)
35.0(2)
138.8(2)
29.7(4)

-31.2(7)

-29.5(5)

3.192
0.069
4.185
42.0
5.0

3.195
0.071
4.159
41.1
5.6

3
1.181(7)
1.743(5)
1.743(5)
1.431(10)
87.63(13)
87.63(13)
96.40(16)
96.40(16)
178.0(2)
82.17(19)
85.07(14)
96.80(10)
175.92(10)
85.07(14)
175.92(10)
96.80(10)
90.92(11)
90.92(11)
120.52(16)
120.52(16)
-50.5(2)
50.5(2)
-146.62(19)
-138.3
138.60(10)
138.3(14)
146.6
-138.60(10)
128.24(19)
-128.2
0.000(6)
-37.4
42.02(3)
-42.02(3)
37.41(17)
142.6
31.6
-31.6
3.201
0.063
4.198
44.4
5.3
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Table 7.4. Ionization energies (± 0.02 eV) of frontier orbitals in Hel gas phase photoelectron spectra for
(Tp*)Mo(E)(S-S) systems.

Complexes

Bands

(Tp*)Mo(E)(tdt) (Tp*)Mo(E)(bdt) (Tp*)Mo(E)(bdtCl2)
6.90

6.91

7.00

r

7.02

7.16

7.29

2

7.60

7.66

7.70

2'

7.84

7.87

7.91

3

8.27

8.19

8.33

3'

8.43

8.32

8.65

1

6.95

7.04

7.26

2

7.43

7.54

7.65

2'

7.65

7.71

7.89

3

8.20

8.08

8.08

3'

8.54

8.24

8.29

O

II

w

1

E=0
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(Tp*)Mo(NO)(S-S) =

NO,.S
H-

R2 = H
R^ = H, R2 = CHg
bdtCIa; Ri = CI, Rg = H

bdt:
tdt;

N

(Tp*)MoO(bdt)
1
(Tp*)MoO(tdt)
2
(Tp*)MoO(bdtCI2) 3

Figure 7.1. Representation of the {(Tp*)Mo(NO)}^^ system containing equatorial ene-I,2-dithiolate
ligands (S-S) coordinated to the Mo center. Structures of the dithiolate dianions (S-S) are also shown.
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Fold
Angle

\
Figure 7.2. Orbital interaction diagram in (a) (Tp*)Mo(NO)(SPh)2 and (b) (Tp*)Mo(NO)(S-S) complexes.
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(Tp)Mo(NO)(bdt)

(Tp)Mo(NO)(tdt)

(Tp)Mo(NO)(bdtCl2)

Figure 7.3. The ORTEP drawing of (Tp*)Mo(NO)(bdt) (1), (Tp*)Mo(NO)(tdt) (2), and
(Tp*)Mo(NO)(bdtCl2) (3). The atoms are drawn as 50% probability ellipsoids. H-atoms have been made
arbitrarily small for clarity.

220

Figure 7.4. Compound (Tp*)Mo(NO)(bdtCl2) (3) in Pnma space group, orientation along c axis in a unit
cell.
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mm

0

4

8

12 16 20 24 28 32 36 40 44 48
Fold Angle

Figure 7.5. The distribution of fold angles (0) of ene-l,2-dithiolates in group VI transition metal-ene-1 ,2dithiolate complexes.
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^X2» ^yz

/
dx,

H
H
"xz' *^yz

ly

/

alXv'''"'
I^

[Mo(NO)]'"

4_

t

[Mo(0)]'"

Figure 7.6. The orbital splitting diagram for the molybdenum t2o orbitals of the {Mo(NO)}^'^ and {MoO}^
cores."-
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(Tp*)MoNO(tdt)

(Tp*)MoNO(bdt)

(Tp*)MoNO(bdtCl2)

10.0

9.0

8.0

7,0

6.0

Ionization Energy (eV)

Figure 7.7. Photoelectron spectra of (Tp*)MoO(tdt) (2), (Tp*)MoO(bdt) (1), (Tp*)MoO(bdtCl2) (2). A
broad metal based ionization can be deconvoluted with two Gaussians.
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(Tp*)MoO(tdt)

(Tp*)MoO(bdt)

(Tp*)Mo(NO)(tdt)

(Tp*)Mo(NO)(bdt)

(Tp*)MoO(bdtCl2)

(Tp*)Mo(NO)(bdtCl2)
3

10.0

9.0

8.0

7.0

6.0 10.0

9.0

B.O

7.0

6.0 10.0

9.0

B.O

Ionization Energy (eV)
Figure 7.8. Photoelectron spectra of (Tp*)MoE(tdt), (Tp*)MoE(bdt), (Tp*)MoE(bdtCl2) (where E = O,
NO) pairs.

7.0

6.0
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20.76 % MOdy, + 23.45 % S " +
14.33 Opy+ 9.66 %+ 13.76 % S-,;

LUMO

HOMO-1

49.49 % MOdx2.y2 + 16.59 % Sop'
+ 9.37 % Si •

24.68 % M0d,2 y2 + 11.24 % Mo,„+
HOMO 14.26 % S<,p' + 6.85 Op,+ 13.71 % S^p"

HOMO-3
HOMO-2
33.37 % MOdxz+
17.04 Op,+8.18 Np,

18.52 % MOdyz + 14.92 % Sop' +
10.91 Opy+ 8.39 Npy+ 12.14 % Sip"

(Tp)Mo(NO)(bdt)

HOMO-4
40.32 % Sip' + 6.24 % Mo^^y

Figure 7.9. The frontier molecular orbitals of (Tp)Mo(NO)(bdt) (1). Major contributions from individual
atomic orbitals are also provided.
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1.0 Introduction
The bent metallocenes based on cyclopentadienyl ligand and its derivatives were
discovered shortly after the discovery of ferrocene. Such bent metallocenes can also
contain additional ligands such as dithiolates and have been recently reviewed.' The
metallocene dithiolates have been very attractive targets for their remarkable optical,
19
electric, magnetic and catalytic properties,' and have also been used as models for the
active sites of the molybdoenzymes.^
Coordination by the sulfur atoms of one or two ene-l,2-dithiolate (dithiolene)
ligands of the novel substituted pyranopterin-dithiolate ("molybdopterin"'') is a common
S7

structural feature of mononuclear molybdenum-containing enzymes." These enzymes
catalyze a wide range of oxidation/ reduction reactions in carbon, sulfur and nitrogen
metabolism. Figure 8.1 shows the structure of sulfite oxidase active site, a representative
example^'^ of the coordination of the pyranopterin-dithiolate (PDT'° ). These structural
results raise fundamental questions about the role of the PDT coordination in the overall
catalytic cycle of molybdenum enzymes.The unusual ability of ene-l,2-dithiolate
ligands to stabilize metals in multiple oxidation states has been recognized since the
19
compounds were first investigated. Proposed roles for the PDT ligand include
1

functioning as an electron transfer conduit from the metal to other prosthetic groups and
1

as a modulator of the oxidation/ reduction potential of the metal site.

During catalysis

the metal center is proposed to pass through the M(VI/V/IV) oxidation states, i.e. the Mo
d electron count changes from d° to d' to d^. Thus, studies of discrete metal dithiolate
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complexes encompassing these and related electron configurations may provide insight
concerning metal thiolate bonding and reactivity in enzymes.
Previous structural studies of model molybdenum complexes of the type
(Tp*)MoE(l,2-dithiolate) (where E is O or NO, Tp* is hydrotris(3,5-dimethyl-lpyrazolyl)borate, and the 1,2-dithiolates are bdt (1,2-benzenedithiolate), bdtCh (3,6dichloro-1,2-benzenedithiolate) and qdt (2,3-quinoxalinedithiolate)) have shown that the
fold angle of the dithiolate metallacycle along the S-S vector (Figure 8.2) varies in a way
that is dependent u p o n the occupation o f a d orbital that i s i n the equatorial p l a n e . F o r
(Tp*)MoO(bdt), which has a formal 4d^ electron configuration, the fold angle is
21.3°.'^'^^ However, for (Tp*)Mo(NO)(bdt), the fold angle is 41.1

Although the

metal center of (Tp*)Mo(NO)(bdt) is formally d"^, the strong 7t-acceptor character of the
NO ligand results in the d orbital in the equatorial plane being empty, whereas for
(Tp*)MoO(bdt) this d orbital is half-filled.^'^ The larger fold angle for
(Tp*)Mo(NO)(bdt) has been ascribed to a stabilizing interaction of the filled p„ orbitals
on sulfur with the empty metal orbital in the equatorial plane upon bending,''^ which is
illustrated schematically in Figure 8.2. For other reported (Tp*)Mo(NO)(dithiolate)
compounds, the fold angle is always 41.1-44.4° and is essentially independent of the
electron-donating or electron-withdrawing nature of substituents on the dithiolate
ligand.

In contrast, for (Tp*)MoO(dithiolate) complexes, the fold angle ranges from

6.9° in (Tp*)MoO(bdtCl2)'^ to 29.5° in (Tp*)MoO(qdt),^® suggesting a much shallower
potential surface for the interaction of the filled sulfur-p„ (Su) orbitals with the half filled
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equatorial metal orbital (metal in-plane or Mip). For comparison, the calculated fold
angles for dithiolates in protein structures (Table 8.1) range from 7-30°.^''^"^^
The (Tp*)MoO(dithiolate) compounds have also been investigated by a variety of
spectroscopic techniques including EPR,^^"'^ electronic absorption, resonance Raman and
1

99 9^

MCD spectroscopies. ' '

The general conclusion from these studies is that the singly

occupied molecular orbital (SOMO) in these formally d' centers has substantial sulfur
1 99 9"^
character. ' ' From these studies it was proposed that psuedo-sigma interactions
between the in-plane metal orbital and sulfur in-plane lone pairs play an important role in
t

electron transfer reactions that regenerate the active sites of enzymes. However, Figure
8.2 suggests that sulfur out-of-plane orbitals could also have a major effect on these
processes. To date the role of fold angle upon metal-sulfur interactions has not been
quantitatively assessed.
A technique capable of assessing the metal and ligand character of orbitals is gasphase photoelectron spectroscopy using multiple energy ionization sources.^"^ Previously
reported photoelectron spectra for (Tp*)MoE(tdt) (where E = O, S, NO and tdt is 3,4toluenedithiolate) using Hel, Hell and Nel photon sources indicate strong mixing
between Mo and S orbitals.Interestingly, the first ionization energy of
(Tp*)Mo(NO)(tdt) is nearly identical to that of (Tp*)MoO(tdt), in spite of the difference
in axial ligand and total number of metal d electrons. This was called the "electronic

buffer effect" of the dithiolate ligand.^^ Subsequent photoelectron spectroscopic studies
of other (Tp*)MoE(dithiolate) complexes have shown only small shifts in the first
ionization energy with peripheral substitutions on the dithiolate ligand.Gas phase
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photoelectron spectroscopy avoids possible complications of solvent and solid state
effects, but a major drawback is that only neutral species are easily studied by this
technique, and the (Tp*)MoO(dithiolate) system does not allow access to the important
d° and d^ electron configurations of the catalytic cycle. Additional analysis of the
molybdenum-dithiolate interaction in the photoelectron spectra of (Tp*)MoO(dithiolate)
is also difficult because the broad area of ionizations from the Tp* ligand is not well
separated from the region containing Mo-S ionizations/"^'"'^^'^' A third potential
complication of interpretation of photoelectron spectra of (Tp*)MoO(dithiolate)
complexes is the formation of both singlet and triplet states from ionization of such a d'
system, although no indication are present that this is a problem.^® Thus, we have further
sought a simple system that can provide experimental gas phase photoelectron data for
formally d*^ and d^ metal dithiolate complexes and which is amenable to density
functional theory (DFT) calculations with a minimum of simplifying assumptions.
The known bent-metallocene dithiolate compounds (Cp2M(dithiolate), M = Ti,
Mo and Cp is rj^-cyclopentadienyl) provide access to d° (Ti) and d^ (Mo) electron
configurations.A general bonding description of CP2MX2 compounds is well
understood,and similar to the (Tp*)MoO(dithiolate) molecules that we have
previously studied there is a metal-d orbital in the equatorial plane with respect to the
dithiolate ligand that is in this case fully occupied for the d (Mo) electron configuration.

Fourmigue and coworkers have extensively studied Cp2M(dithiolate) and
[CpM(dithiolate)2]'^'° in the context of novel molecular materials.They have found
that the d^ compounds, Cp2Ti(dithiolate), have large fold angles {e.g. 46.0° for

Cp2Ti(bdt)^) in the solid state. The barrier to interconversion between the positive and
negative extremes of fold angle in solution has been determined by NMR to be 14 kcal
mor\^^'^^ close to the computed value of 15 kcal molThe observed folding for the
Ti d^ systems could facilitate interaction of the filled S„ orbitals with the empty Mjp
•
•
9
orbital, similar to the diagram shown in Figure 8.2. In contrast, for the d metal system,
Cp2Mo(bdt), the fold angle in the solid state is 9.0°.^^ Fourmigue et

have found that

the oxidation potentials of Cp2M(dithiolate) compounds are not significantly different for
M = Mo and W, suggesting that the HOMO has substantial sulfur character. Pilato et al?
have prepared Cp2Mo(dithiolate) compounds in which the dithiolate contains an
appended pterin group as mimics for pyranopterin dithiolate centers. Molecular orbital
calculations and EPR data for [Cp2Mo(dithiolate)]'^ cations indicate that the HOMO is
significantly ligand based.^'^'^®"^^ A study of (ri^-'BuC5H4)2Zr(Se2C6H4)'^° demonstrated
that these systems are amenable to gas phase photoelectron spectroscopy. To our
knowledge, however, there has been no detailed investigation of the gas phase
photoelectron spectra of Cp2Mo(dithiolate) compounds to experimentally probe the
molybdenum and sulfur character in the occupied valence orbitals of these systems to
assess whether the valence molecular orbitals are primarily metal, primarily sulfur, or
strongly mixed. Here gas-phase photoelectron spectroscopy data for (Tp*)Mo(bdt) (1)
and Cp2M(bdt) (M = Mo (2), Ti (3) and W(4)), CpaMCbdtClz) (M = Mo (5), Ti(6)) and

Cp2Ti(pdt) (7) (where pdt = 1,3- propanedithiolate) is presented. A comparison of
photoelectron spectrum of an enedithiolate containing compound 4, is made with the
dihydride containing compound CP2WH2. Wherever noted, the analysis of the
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experimental data is aided by DFT calculations on the neutral ground state of the
molecules and the ion states formed by photoionization.

2.0 Materials and Methods
2.1 Synthesis of Compounds
Compounds 1-4, 7 were synthesized according to the published procedures. The
compounds (Tp*)MoO(bdt),'^ Cp2Mo(bdt)^^ and Cp2Ti(bdt),'^^''^^ Cp2W(bdt) (4),
Cp2Ti(bdtCl2) (6),'^^ Cp2Ti(pdt) (7)'^ were synthesized under anaerobic conditions using
either an inert atmosphere glove bag or standard Schlenk line techniques. The modified
synthesis of Cp2M(bdt) (M = Mo (2), W (4)) and Cp2Mo(bdtCl2) (5) involved a 1:3
mixture of water and organic solvent to ensure greater solubility of the precursor
(CP2M0CI2) and better yield of the final product. Various physical methods were utilized
in the characterization of the compounds. Electronic absorption spectra of samples
dissolved in 1,2-dichloroethane were collected on a modified Cary 14 (with OLIS
interface, 250-2600 nm) spectrophotometer. Infrared (IR) spectra (4000-400 cm"') were
acquired in KBr disks or as dichloromethane solutions (between NaCl plates) on a
Nicolet Avatar ESP 360 FT-IR spectrophotometer. Mass spectra were recorded on a
JEOL HXl 10 high-resolution sector instrument utilizing fast atom bombardment (FAB)
ionization in a matrix of 3-nitrobenzyl alcohol (NBA). Electron paramagnetic resonance
(EPR) spectra of 1 in fluid solutions (298 K) or frozen glasses (77 K) in dry degassed
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toluene were acquired at X-band frequency (~9.1 GHz) with a Bruker ESP 300
spectrometer.

2.2 Photoelectron spectroscopy
Photoelectron spectra were recorded using an instrument that features a 36-cm
radius, 8-cm gap hemispherical analyzer (McPherson) and custom-designed excitation
source, sample cells, and detection and control electronics that have been described in
more detail?^ The difference between the argon

ionization at 15.759 eV and the

methyl iodide ^Ei/2 ionization at 9.538 eV was used to calibrate the ionization energy
scale. The argon ^P3/2 ionization also was used as an internal calibration lock of the
absolute ionization energy throughout data collection. During data collection the
instrument resolution (measured using fwhm of the argon P3/2 peak) was 0.020-0.030
eV. All data are intensity corrected with an experimentally determined instrument
analyzer sensitivity function.
All samples sublimed cleanly with no detectable evidence of decomposition
products in the gas phase or as a solid residue. The sublimation temperatures were (°C,
10""^ Torr, monitored using a "K" type thermocouple passed through a vacuum
feedthrough and attached directly to the sample cell) 195-205° for compound 1,190200° for compound 2, 175-185° for compound 3 170-200° for compound 4, 203-229° for
compound 5, 171-205° for compound 6,190-214° for compound 7.
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In the figures the vertical length of each data mark represents the experimental
variance of that point. The valence ionization bands are represented analytically with the
best fit of asymmetric Gaussian peaks as described in more detail elsewhere."^^ The bands
are defined by the position, amplitude, halfwidth for the high binding energy side of the
peak, and the halfwidth for the low binding energy side of the peak. The number of
peaks used in a fit was based solely on the features of a given band profile. The peak
positions and halfwidths are reproducible to about ±0.02 eV (~3CT). The parameters
describing an individual Gaussian peak are less certain when two or more peaks are close
in energy and overlap.

2.3 Theoretical Methods
The Amsterdam density functional theory package (ADF 2000.01) was used to
study the electronic structures of the compounds

The program implements

numerical integration in Cartesian space"^^ and gradients for geometry optimizations are
solved analyticallyOptimized geometries were obtained beginning from the crystal
structure geometries and in Ci symmetry. The 3,5-dimethyl groups on Tp* were replaced
by hydrogen atoms to reduce the computational efforts. A generalized gradient
approximation, with the exchange correction of Becke^' and the correlation correction of
Lee et.

was used for all density functional calculations. All core levels (up to 3d for

Mo, up to Is for C, N, O and S) were treated as frozen orbitals. No core levels for Ti
were treated as frozen. The calculations employed triple-zeta basis sets with Slater type
orbitals and a polarization function for all elements besides Mo. Calculations on the
ground-state molecules were performed in the spin-restricted mode. Spin-unrestricted
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ASCF calculations were performed on the proposed ion states formed by photoionization
by removing one electron from the relevant orbital and comparing the total energy with
that of the ground state molecule. A linear correction was applied for comparison of the
calculated and the observed energies, i.e. the calculated ASCF energies and orbital
energies were shifted by the difference between experimentally obtained and calculated
energies of the HOMO.

3.0 Results and Discussions
3.1 Photoelectron Spectra
The low energy valence region of the gas-phase photoelectron spectra of 1-7
collected with both He I and He II photon sources are presented in Figure 8.3-8.6. This
energy region contains the ionizations that correspond to removal of an electron from the
first two or three occupied molecular orbitals of these molecules. For the Ti molecule

(3), the spectra contain two ionizations that correspond to removal of electrons from the
symmetric and antisymmetric (bands

and S„", respectively) combinations of sulfur-7i

orbital (S„) orbitals. For the Mo molecules (1 and 2), an additional ionization is observed
in this region that corresponds to removal of an electron from the half (1) or fully (2)
occupied equatorial metal d orbital. The specific assignment of the ionizations can be
made by comparison of the spectra to those of related molecules and by comparison of
the relative ionization intensities as the source energy is varied.^^ From previous
experimental studies^'^'^^ and calculations of atomic photoionization cross-sections,^"^ it is
expected that ionizations from orbitals with significant Ti 3d or Mo 4d contributions will
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increase in intensity compared to ionizations of primarily S 3p character when data
collected with a He II photon source is compared to data collected with a Hel photon
source. Mixing of metal and sulfur character in orbitals will result in smaller changes in
relative intensities of ionizations being observed.
The lowest energy ionization band (labeled Mip in Figure 8.3) of 1 at 7.04 eV is
similar in appearance to the low energy band of related complexes having alkoxide
ligands^^'^^ that has been assigned to ionization arising primarily from the half-filled
metal-based orbital.^^'^'*^^ The two ionizations between 7.25 eV to 8.00 eV can then be
assigned to ionizations associated with symmetric (Sn"^) and antisymmetric (S;t")
combinations of S„ orbitals based on previous assignment of analogous complexes.^^'^®
More detailed assignment of the S/ and S„" ionizations are not possible due to the
significant overlap of these low energy features and the beginning of the Tp* ligand
ionizations. The ratio of the areas of the Mjp ionization and the sum of the overlapping
S/ and S,t ionizations changes very little with change in photon source from He I to He
11; the Mip:(S„'^ + S„") ratio in He I is 0.66:1.00, that in He II is 0.63:1.00. The observation
of only small changes in the relative intensities of the first three bands with ionization
source energy was suggested to be evidence of substantial mixing of metal and sulfur
character in (Tp*)MoO(tdt).^^ The photoelectron spectra of the Ti molecule (3) show two
overlapping ionization bands at 7.18 eV and 7.43 eV that must contain contributions from

the S,t^ and S^' combinations of S,! orbitals. The ratio of the areas of the low energy band
to the high energy band increases significantly with change in photon source from He I to
He II. The ratio in He I is 1.00:1.02; that in He II is 1.00:0.37. This behavior is consistent
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with the lower energy peak containing contributions from Ti. Therefore, the lower energy
peak is assigned to S/, which has the proper symmetry to interact with the empty metal
orbital upon folding. The higher energy peak in 3 is assigned to the S^t" ionization which
does not mix significantly with the empty Ti d acceptor orbital (discussed later in detail
in the calculations section). The symmetric combination of the sulfur orbitals (S/) is
more destabilized than the antisymmetric combination (S„") due to the greater interaction
with the arene ring 71 orbital of appropriate symmetry.'^'' This analysis compares well
with that of (ri^-'BuC5H4)2Zr(Se2C6H4),'*° for which the first band was assigned as a
combination of Se„"^ and Se„' ionizations.
Compound 2 shows three low energy ionizations, one at 6.29 eV and an
overlapping pair of peaks at 7.04 eV and 7.24 eV. The He II data for 2 clearly show an
increase in the intensity of the middle band, and perhaps a slight decrease in intensity of
the highest energy band. These results imply that the middle band (7.04 eV) is mainly
metal-based, the lowest energy band (6.29 eV) is primarily S/ with some additional Mo
4d or C 2p character, and the highest energy band (7.24 eV) is S„'. The metal based
ionization (Mjp) in 1 and 2 stays constant (at 7.04 eV) despite significant perturbations in
the first coordination sphere and formal oxidation state of the metal.

3.2 Effect of Metal and Enedithiolate Coordination
Photoelectron spectra of Cp2Mo(bdtCl2) (5) in He I source is plotted in Figure 8.4.
The three lowest energy ionization bands in 2 were assigned to S^t"^ (6.29 eV), Mip (7.04
eV) and S^" (7.24 eV). Similarly, the first three bands in 5 can be assigned to

(6.57

eV), Mip (7.29 eV) and S,t' (7.49 eV). Therefore, the first three ionizations are shifted to
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the higher ionization energies (by an average of 0.26 eV) in compound 5 due to the
electron withdrawing chlorine substituents at 3 and 6 positions of the benzene ring of the
enedithiolate ligand. Photoelectron spectra for Cp2W(bdt) (4), a tungsten analogue of
compound 2, in He I and He II source is plotted in Figure 8.5. Analogous to complex 2,
three lower energy ionizations associated with the frontier orbitals can be assigned to S/
(6.32 eV), Mip (6.90 eV) and S„' (7.24 eV) orbitals. The metal based ionization shifts to
lover energy which is consistent with change of metal (from Mo to a higher row W). A
photoelectron spectra of Cp2WH2,^'^ that shows only one ionization feature, at 6.30 eV,
associated with the metal based orbital is plotted in Figure 8.5 in region 5.75-7.75 eV and
compared with Cp2W(bdt) complex. It is interesting to note that in CP2WH2, the metal
based ionization is shifted to higher ionization potential by 0.60 eV than in compound 4.
The soft sulfur donor atoms of enedithiolate ligand stabilize the energy of the metal based
orbital. This shift gives a quantitative idea of shift from hard donor hydrides to relatively
soft sulfur donor ligands.

3.3 Significance of Unsaturation (C=C) in the Metallacycle
Chapter 3 discusses the electronic structures of enedithiolate ligands, and in
subsequent chapters we have seen how understanding the enedithiolate ligand electronic
structure can be a starting point for the understanding of metal-sulfur interactions in
metal-dithiolate compounds. It was observed that the frontier orbitals in these
compounds have significant contributions from dithiolate sulfur p orbitals. To be
specific, the HOMO had significant contributions from symmetric combinations of the
dithiolate out of plane orbital (S/). It has been discussed in Chapter 3 that S/ orbitals
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are raised in energy due to effective overlap from C/ (symmetric combination of norbitals of carbon-carbon double bond. To further understand the role of the C=C double
bond in the electronic structures of transition metal-dithiolate complexes, the gas-phase
photoelectron spectroscopic studies of the metal complexes with saturated dithiolate
ligands was initiated. One such candidate is Cp2Ti(pdt) (7) with a saturated 1, 3propanedithiolate ligand. The He I and He II photoelectron spectra for 7 are shown in
Figure 8.6. Similar to other Ti complexes, 3 and 6, this is also a d° system and two
ionizations associated with the dithiolate sulfur orbitals are observed at 7.08 eV and 7.68
eV ionization potential. In the He II ionization source the ionization band at 7.68 eV
increases in intensity signifying mixing with the metal orbital. This is a reverse trend
than that observed for compound 3. This suggests that the second band (at 7.68 eV) in 7
can be associated with a S/ like orbital (in this unsaturated complex orientation of S„
orbitals might be different from other enedithiolate complexes) that has the right
symmetry to mix with the metal based orbital. The other ionization can, therefore, be
assigned to a S;t combination. Thus, the absence of C=C switches the order of

and

S„" orbitals in this complex. This experimental evidence provides an explanation for the
role of C=C in enedithiolate, which is to raise the energy of the S/ orbitals.

3.4 Computational Results
The electronic structures of 1-3 were calculated using Ci symmetry and geometry
optimization. The geometry optimized structures compare well with the reported
structures determined from X-ray crystallography. As a result of geometry optimization,
the dithiolate fold angle changes from the crystallographic fold angle of 21.3°'^ to 31.0°
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in 1,9.0°^^ to 4.8° in 2 and 46.0°^® to 41.6° in 3. The C-S bond length decreases and the
dithiolene C-C bond length increases with change from the Mo (2) to Ti (3) complex,
demonstrating that the nature of the metal affects the dithiolene unit. These changes are
comparable to those seen for Cp2Mo(dmit) upon oxidation to form
[Cp2Mo(dmit)][AsF6].^'^ The bond length differences in the ligand are assigned to the
ligand adopting a more dithioketonic character with increase in metal oxidation state.
Density functional theory (DFT) calculations provide additional insight into the
metal-dithiolate interactions and indicate that upon dithiolate folding the mixing of metal
d and sulfur p„ orbitals can be favored by their energy and symmetry match. The
ionization energies and general character of the valence orbitals observed for molecules
1-3 by photoelectron spectroscopy match those calculated by the ASCF method and by
comparison of orbital energies, see Table 8.2. Contour plots of the orbitals for
(Tp*)MoO(dithiolate) and Cp2M(dithiolate) that correspond to the ionizations evaluated
by photoelectron spectroscopy are shown in Figure 8.7. The highest occupied molecular
(HOMO) orbital in 1 is primarily a metal in-plane orbital, whereas it is primarily a sulfur
out-of-plane orbital in 2 and 3. The HOMO-1 orbital for 2 is a metal in-plane orbital. As
mentioned earlier, the metal based ionization has similar energy for 1 and 2. Thus, the
dithiolate appears to buffer the electron density at the metal center by affecting the
overlap of S„ orbitals with the metal center and thereby overcoming the striking

differences of a donor atoms (N and O) in 1 and n donor Cp ligands in 2. Folding of the
ene-dithiolate can influence this overlap of S„ (out-of-plane) and metal in-plane orbitals.
The synmietric S/ orbital has the right symmetry and energy to match the metal in-plane
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orbital upon folding of the dithiolate unit, and the mixing of the out-of-plane Sn^ orbitals
and metal in-plane orbital upon folding is shown experimentally by the intensity changes
observed in the He I and He II spectra of 2 and 3 (Figure 8.3).

4.0 Conclusions
The gas phase photoelectron spectra of Cp2M(bdt), M = Ti (3) and Mo (2),
obtained with He I and He II photon sources clearly show that under favorable conditions
the ionizations from primarily metal based orbitals and primarily S^-based orbitals can be
experimentally distinguished from one another. In addition, an unambiguous
demonstration that the symmetric S/ orbital, which can interact with the in-plane metal
orbital upon bending, is more easily ionized than the antisymmetric Sn orbital has been
made. This successful analysis and assignment of the low energy ionizations of
compounds 2 and 3 provides the framework for investigation and direct assignment of the
Sn and metal-based ionizations in other metal dithiolate systems that may be more
strongly mixed than 2 and 3 or that may have less favorable separation of their M-S
region from the ionizations of other ligands. It is interesting to note that in the case of 3
the dithiolate ligand can be thought of as a six-electron donor, two electrons from each of
the thiolate a-orbitals and two from the S/ orbital. Hence, by folding the dithiolate
ligand may stabilize 3 as an 18-electron complex. This folding effect is in contrast to the
nitrosyl group where the transformation from linear to bent coordination transfers a pair
of electrons from the metal to a localized orbital on the ligand.^'
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The variation in the fold angle of the dithiolate ligand reflects the electron
occupation in the equatorial in-plane metal orbital, as has been noted previously.''^
Folding of the dithiolate ligand enables the

electron density to modulate the electron

density in the equatorial plane of the metal, and thus folding can play a very significant
role in the metal-sulfur anisotropic bonding interaction. This "dithiolate-folding-effect"
may be important in stabilizing the multiple oxidation states that result from the electron
transfer or equatorial oxygen atom transfer (OAT) in pyranopterin MoAV enzymes (e.g.
in sulfite oxidase and xanthine oxidase). For example, reduction of the metal in-plane
orbital due to the release of an equatorial oxygen atom during OAT should make the
dithiolene unit of PDT more planar compared to the fully oxidized enzyme. In this
regard. It is noted that the calculated dithiolate fold angles for the two chemically
equivalent, but crystallographically distinct, molybdenum centers in sulfite oxidase
(Figure 8.1) of 6.6 and 7.0° (Table 8.1) are smaller than that for the oxidized center of
aldehyde oxidoreductase (16.6°), whose oxidized structure has been determined to high
resolution (1.28 A).'^ The exact oxidation state of sulfite oxidase in the crystal structure is
not known, but there is evidence for photoreduction of the molybdenum center in the
synchrotron beam during data collection..The fold angle studies on model systems
o

support the view that the reported structure of sulfite oxidase is of a reduced form of the
enzyme. Dithiolate folding can also modify the electropositive nature of the metal center

by varying the overlap of sulfur lone pairs with the metal in-plane orbital. The S„ orbitals
of dithiolate can therefore serve as an essential instrument for the buffering of electron
density at the metal center by either involving themselves in strong mixing with an empty
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metal orbital, as shown here for the d° Ti complex (3), or by localization of electron
density on the S„ orbitals in the presence of a filled metal orbital, as shown here for the d^
Mo complex (2). The "ene" nature of the dithiolate appears to be essential for raising the
energy of the

orbitals for interaction with the metal in-plane orbital. The substitution

of Mo in 2 by W in 4 results in the shift of the metal based ionization to lower ionization
energy.
Dithiolate folding may also provide a mechanism for the sulfur-7i orbitals of the
PDT ligand to act as an effective electron transfer pathway from the in-plane orbitals on
the metal center to other redox partners via the pyranopterin. For molybdenum and
tungsten enzymes the energies involved in substrate binding, docking with electron
transfer partners, and dynamic motions of the protein skeleton, may modulate the
dithiolate fold angle and, consequently, the electron distribution, overall reduction
potential and reactivity of the metal center.
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Table 8.1. Metal-dithiolate Fold Angles in Representative Mo Enzymes.

Enzyme (resolution)

Fold Angle (°)

Sulfite Oxidase (1.9 A)

6.6 and 7.0

Aldehyde Oxidoreductase (MOP) (oxidized) (1.28 A)
Xanthine Dehydrogenase (2.1 A)

16.6
20.1 and 14.3

Dimethyl Sulfoxide Reductase (oxidized) (1.3 A)

18.2 and 33.1
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Table 8.2. Experimental and calculated ASCF and orbital ionization energies (eV) for the ionizations from sulfur antisymmetric (S^ ), sulfur symmetric
(S/) and metal in-plane (Mjp) orbitals of 1-4.

compound

method

(Tp*)MoO(bdt) (1)

2nd
ionization

onset of
further
ionizations

Cp2W(bdt) (4)

ASCF"

7.04 (Mip)

7.04
(6.51)

7.04
(4.35)

6.29 (S,")

6.29
(6.46)

6.29
(3.96)

7.18 (S,")

7.18
(6.67)

7.18
(4.58)

6.32 (S,")

6.32
(6.08)

6.32
(4.00)

7.54 (S/)

S7.49
T7.20

7.60

7.04 (Mip)

6.75

6.58

7.43 (S„)

7.37

7.36

6.90 (Mip)

7.33

6.59

7.71 (S„)

S7.53
T 7.47 *'

7.85

7.24 (S,)

6.94

6.93

-

-

-

7.24 (S,-)

6.95

6.94

8.23

Did not
converge

8.52

8.32

8.07

7.99

8.19

8.12

8.16

8.08

8.01

3rd
ionization

Cp2Ti(bdt) (3)

PES
(assignment)

ist
ionization

Cp2Mo(bdt), (2)

orbital
PES
orbital
PES
orbital
PES
orbital
ASCF
ASCF
ASCF
energy" (assignment)
energy (assignment)
energy (assignment)
energy

PES: experimental vertical ionization; Orbital energy: negative of the orbital eigenvalue; S: Singlet; T: Triplet. ASCF
ionization energies and orbital energies have been shifted so that first ASCF ionization energy and highest occupied
orbital energy agree with the experimental first ionization energy. Values in parenthesis are unshifted values of the
HOMO/SOMO for ASCF, and the negative of the orbital eigenvalue of the HOMO/SOMO for orbital energy. ^ The
methyl groups of the Tp* ligand were replaced with H atoms to simplify calculations. SCF converged to 3 decimal
places.
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ipyranopterm

Figure 8.1. The active site of chicken liver sulfite oxidase illustrating a pyranopterin dithiolate appended
to the Mo center.
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Planar
Dithiolate

Folded
Dithiolate

Figure 8.2. The bonding interaction of the symmetric combination (S/) of sulfur out-of-plane orbitals
with the metal in-plane d orbital upon folding of the dithiolate along the S-—S vector indicated by the line.
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(Tp*)MoO(bdt) ( l )

Hel
\

s

It +

S

Hel

Hell

Hell

7t

,HeII

8.0

Hel

7.5

7.0

6.5

8.0

7.5

7.0

6.5

8.

7.5

7.0

6.5

6.0

Ionization Energy (eV)
Figure 8.3. Gas-phase photoelectron spectra of (Tp*)MoO(bdt) (1), Cp2Mo(bdt) (2), and Cp2Ti(bdt) (3)
with He I and He II excitation.
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He I

He I

8.0

7.5

7.0

6.5

6.0

Ionization Energy (eV)
Figure 8.4. A comparison of the He I gas-phase photoelectron spectra of Cp2Mo(bdt) (2) and
Cp2Mo(bdtCl2) (5).
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He 1

^

He 1 .

7.5

7.0

Cp2Mo(bdt)

He 1

CP2WH2

Cp2W(bdt)

He! ^

Cp2W(bdt)

6.5

6.0

7.5

7.0

6.5

6.0

He 1 ,

7.5

Cp2W(bclt)

7.0

6.5

6.0

Ionization Energy (eV)
Figure 8.5. A comparison of the He I gas-phase photoelectron spectra of Cp2Mo(bdt) (2) and Cp2W(bdt)
(4), Cp2WH2 and Cp2W(bdt) (4), and He I and He II spectra of Cp2W(bdt) (4).
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Cp2Ti(pdt) (7)
He I

He

8.0

7.5

7.0

6.5

6.0

Ionization Energy (eV)
Figure 8.6. Gas-phase photoelectron spectra of Cp2Ti(pdt) (7) with He I and He II excitation.
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HOMO
M:52; S:20; 0:3%

HOMO
M;8; S:44%

HOMO-1
M:28; S:33; 0:<1%

HOMO-1
M:67: S:6%

HOMO-2
M:1:S:56;0:4%

HOMO-2
M;<1; S;53%

(Tp*)MoO(bdt)

Cp2Mo(bdt)

HOMO
M:16; S:43%

HOMO
S: 46 W: 5 %

HOMO-1
W: 69, S: 4 %
Q

HOMO-1
M;<1: S;65%

Cp2Ti(bdt)

Figure 8.7. Calculated three frontier orbitals (HOMO, HOMO-1, and HOMO-2) of (Tp*)MoO(bdt) (1), Cp2Mo(bdt) (2),
Cp2Ti(bdt) (3) and Cp2W(bdt) (4). All contours have the same cutoff level (0.05).

HOMO-2
S: 53 % W: <1

Cp2W(bdt)
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CHAPTER 9: Geometrical Control of the Active Site
Electronic Structure of Pyranopterin Enzymes by MetalSulfur Interactions: Aldehyde Oxidase (MOP)
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1.0 Introduction
Pyranopterindithiolate (molybdopterin') is a unique cofactor found in the active
sites of more than 50 enzymes containing molybdenum or tungsten. The structure of this
cofactor and its coordination to metals is well known from recent crystal structures of
several enzymes.^ However, its functional role remains to be established. It is postulated
to modulate the redox potential of the metal center and to act as an electron transfer
pathway for the regeneration of the metal center."^'^ The active sites of the sulfite oxidase
(SO) and xanthine oxidase (XO) families of enzymes have one sulfur atom of the
pyranopterindithiolate cofactor in an equatorial position and trans to their respective
catalytically labile oxygen donor ligands. It has been proposed that this geometry
facilitates formal oxygen atom transfer in these enzymes via a kinetic trans effect.^
For discrete complexes, the "fold angle" of the five-membered dithiolate chelate
c

n

ring (Figure 9.1) depends upon the electron configuration of the metal center. ' It has
been proposed that dynamic variations in protein structure during catalysis can change
the fold angle and thereby modulate the charge distribution and reactivity of the active
site.^'^ Such a "dithiolate-folding-effect" is difficult to establish experimentally because
of the lack of atomic resolution protein structures for both oxidized and reduced forms of
SO and XO families of enzymes. For XO enzymes, an additional complication is the
instability of Mo centers containing both terminal oxo and sulfido groups.^ Thus, protein
purification often produces the inactive desulfo form of these enzymes. The recent report
of the high resolution (1.28 A) crystal structure of aldehyde oxidase (MOP),'*^ a member
of the XO family, in the desulfo oxidized state, provides a starting geometry for the
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electronic structure calculations on the active site presented here. These calculations
assess the possible relationships among fold angle changes, catalytic reactivity and
electron transfer regeneration of mono ene-dithiolate active sites.
Geometry optimization and electronic structure calculations at the DFT level of
theory^^ on model complexes, 1-3 (Figure 9.2),^^ derived from the X-ray crystal structure
of MOP have been performed/'' The calculations indicate that the frontier orbitals
(Figures 9.3 and 9.4) have significant contributions from both metal in-plane (Mip) and
symmetric (S^^) and antisymmetric (Sjc ) combinations of the dithiolate sulfur out-ofplane p-orbitals.^^ This is the first instance that contributions from a dithiolate

orbital

to the frontier orbitals of a model complex with a geometry like that of an enzyme active
site have been demonstrated.
The reaction mechanism of the XO family of enzymes has been studied in
detail.The proposed mechanism involves a hydride atom transfer to the terminal
sulfido group that reduces the Mo (VI) center to Mo(IV).'^"^^ Previous theoretical studies
of the reductive half-reaction catalyzed by the XO family of enzymes'"'''^ provide a
framework for the geometrical structure changes but no orbital correlation was made at
that time. The Mo(VI) aqua complex (1) resembles the resting state of the enzyme that
results from the displacement of the product by a water molecule.

In the enzyme crystal

structure,^''®'^^ the carboxylic group of Glu869 located near the active site has been
suggested^^ to be in a position where it is ready to accept a proton from the coordinated
water molecule, thus generating an anionic species similar to complex 2, also observed in
the desulfo form in the crystal structure.The calculated metal-dithiolate fold angles of
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the model complexes flatten from 42.6° in 1 to 12.3° in 2 and 10.4° in 3. The geometry of
complex 2 is very similar^^ to the crystal structure geometry of the active site^°, which
has a fold angle of 16.6°. It is interesting to note that although the formal oxidation state
of 2 is Mo(VI), the proton abstraction from 1 leaves an overall negative charge on 2, and
the fold angle reduces to accommodate this change. Geometry optimized structure 2 has
a sulfido-Mo-O(H) angle of 103.9°, and the oxygen lone pair of the hydroxyl group is in
an appropriate orientation to attack the carbonyl carbon of the aldehyde substrate.'^ The
orbital plot of the lowest unoccupied molecular orbital (LUMO) of compounds 1 (Figure

9.3) and 2 shows that this orbital is anti-bonding between Mo and the sulfido ligand, as
also observed in studies of other model complexes.^'^ The subsequent hydride attack on
the sulfur atom, and therefore, reduction of this orbital, will weaken the Mo and S double
bond and ease the formation of a sulfhydryl group - a crucial enzymatic step. As a result
of the hydride atom transfer the metal-dithiolate fold angle in the resultant model
complex 3 flattens to 10.4°. In the reduced state (Mo (IV)), complex 3, the highest
occupied molecular orbital (HOMO; Figure 9.4) is primarily a metal in-plane orbital that
is derived from population of the LUMO in 1 during the two-electron cascade associated
with incorporation of an oxygen atom into substrate during catalysis.
Notice that in the oxidized active site model (1), the folding of the metaldithiolate introduces contributions from the dithiolate S/ combination into the redox
orbital (LUMO, Figure 9.3), with concomitant decrease in the metal contribution. The S,t^
orbital has the right symmetry and energy match to mix with the metal in-plane (Mip)
orbital upon folding, as confirmed experimentally for bent metallocene dithiolate
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compounds.^ This orbital also contains significant contributions from the S atom of the
sulfhydryl group, that has changed from a double bonded sulfur atom to a single bonded
sulfur atom. Thus, the metal-dithiolate fold angle and metal-sulfido/sulfhydryl may
geometrically control the electronic structure of the oxidized (1) and reduced (3) forms of
the active site by defining the orientation of the dithiolate sulfur-7i (p) orbitals with
respect to the metal in-plane (Mjp) acceptor orbital and upon reduction of the sulfido to a
sulfhydryl group.
Figure 9.4 also shows the second highest occupied molecular orbital (HOMO-1)
of 3, the reduced (Mo(IV)) compound. This orbital is primarily the symmetric
combination of the dithiolate sulfur out-of-plane orbitals (S,t^) which has an antibonding
interaction with the n orbitals of the carbon-carbon double bond. The constrained
unsaturated five-membered chelate ring^ is essential for raising the energy of the
orbitals to have the right symmetry and energy match with metal in-plane orbitals.^ The
symmetric combination of the sulfur orbitals (S/) is more destabilized than the
antisymmetric combination (S^ ) because of the greater interaction with the C=C 7c-orbital
of appropriate symmetry.^'^^
The calculated structure for the isolated active site of MOP closely resembles that
found for the desulfo form of the oxidized protein. The LUMO acceptor orbital of the
oxidized form is poised for hydride attack on the terminal sulfido ligand (Figure 9.3), and
the fold angle of the dithiolate ligand decreases upon reduction of the site. These
calculations support the proposal that metal-dithiolate fold angle effects^ help to buffer
the electron density at the metal center.^^ Proton abstraction from the aqua ligand of the
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oxidized site (2) also flattens the fold angle. This latter result suggests that the dithiolate
fold angle can fine tune the nucleophilicty of the hydroxide ligand that is trans to a
dithiolate sulfur atom. Changing the fold angle can also facilitate the attack of hydride on
the terminal sulfido ligand by modulating the acceptor properties of the LUMO. Thus,
static or dynamic changes in the structure of the protein surrounding the active site can be
expected to induce dithiolate fold angle changes that should play an important role in
modulating the catalytic reactions of molybdenum and tungsten enzymes.
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Figure 9.1. The definition of the fold angle along the S -S vector, shown for the proposed active site of aldehyde
oxidase (MOP).^
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Figure 9.2. Bioinspired computational models 1-3 of the active site of MOP.
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^

LUMO

37.24% Mip + 9.26 S/
+ 24.19%S(sulfido)

Figure 9.3. The lowest unoccupied molecular orbital (LUMO) of the oxidized active site of complex 1
(fold angle: 42.6°) that accepts two electrons in the reduction half cycle.
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HOMO

HOMO-1

Figure 9.4. The frontier orbitals (highest occupied molecular orbital; HOMO and HOMO-1) of the
reduced active site complex 3 (fold angle: 10.4°).
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1.0 Model Chemistry
Synthesis, X-ray crystallography, photoelectron spectroscopy, and density
functional theoretical studies of minimum molecular models of the active sites of
pyranopterindithiolate enzymes have been reported.
Chapter 1 and 2 provided introduction and experimental details. The majority of
the compounds reported here have group VI metals stabiUzed by scorpionate (hydrotris(3,
5-dimethylpyrazol-l-yl)borate) and enedithiolate ligands. The photoelectron spectra on
these complexes have always provided prominent signatures from the scorpionate ligands
that were poorly understood. A detailed discussion of the electronic structure of
scorpionate ligands and ene-l,2-dithiolate ligands is provided in Chapter 3. Three bands,
A, B, and C, have been identified in the lower energy region in the photoelectron spectra
of scorpionate ligands. The general shape of the low energy ionization bands A, B, and C
is not greatly effected by the nature of the metal ions as reported here and by others.^
However, substitutions at the 3,4 and 5 positions of the pyrazole ring can shift the
ionization energies of the bands significantly, as especially shown by the CF3
substitutions.
The scorpionates discussed in this work are coordinated to the metal through the
nitrogen atoms of the pyrazole rings and this o-bonding is modulated by electron density
at the metal center or vice versa. The electronic structure of scorpionate ligands
presented here includes distinct assignments of ctbh and on (a and e-symmetry) orbitals
confirmed experimentally for the first time. The shift in the position of band B can be an
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indicator of the extent of o-bonding of these scorpionate ligands upon coordination with
transition metals.^ The electronic structure studies of enedithiolate ligands show that they
have a symmetric combination of the sulfur out of plane orbitals as their highest occupied
molecular orbital. This electronic structure of scorpionate and enedithiolate ligands will
help in understanding the electronic structure of scorpionate, and enedithiolate-based
transition metal complexes utilized in bioinorganic modeling and organometallic
catalysis.
Oxo-Mo(V) dihalide complexes of the type (Tp*)MoOX2 (where X = F, CI, Br, I)
have been studied in Chapter 4. Theoretically obtained first ionization energies have
similar trends as obtained experimentally by photoelectron spectroscopy and EPR. The
presence of a 7i(Mo=0) band at similar energies in their photoelectron spectra suggests an
electronically isolated Mo=0 diatomic core. A strong molybdenum and axial oxo
interaction dominates the electronic structure of these and similar other species. The
DFT calculations show that the metal-halide covalency increases in these compounds as
we go down the halogen group due to the increased number of electrons leading to more
diffusion of the electron cloud along the halogen-metal bond. The compound
(Tp*)MoOl2 has the most covalent metal-halogen interaction. Significant differences in
the metal-ligand covalency are observed between coordination of molybdenum with the
first row element (F) and other elements (CI, Br, I) in the halogen group resulting in

highly covalent bonds in the complexes of the second and higher row halogens. This
could suggest that relatively softer second row element sulfur has been selected in the
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biological systems for enhanced covalent interaction with metal to relatively harder first
row element oxygen in the pyranopterindithiolate cofactor.
The X-ray structures of some metal-dithiolate model complexes were presented in
Chapter 5. The most significant structural perturbation observed within the
(Tp*)MoO(S-S) system is the fold angle, which exhibits considerable variation among
the (Tp*)ME(S-S) and Cp2Mo(bdt) complexes that have been investigated. For the
(Tp*)MoO(S-S) compounds the fold angle varies between 6.9 - 29.5°. Investigation of
the crystal packing forces and electronic contributions to the fold angle has been done to
assess the role that the fold angle may play in controlling the electronic structure and
reactivity of Mo ene-l,2-dithiolate systems. Previous electronic studies and available
crystal structures on various Mo(V)/ Mo(IV) dithiolene complexes such as [Cp2Mo(S[MoO(S-S)2]'''^ and [Mo(S-S)3]'^° revealed that the fold angle generally decreased
upon reduction of the Mo center. In a recent anionic and neutral photoelectron
spectroscopic and computational study of Cp2M(bdt) (M = Mo, Ti), [MoO(bdt)2]" and
related compounds, the fold angle was proposed to be electronic in origin and appears to
persist in the gas phase.^^"^^ The observed variances in fold angle as a function of the
metal, axial substitution, and electron donor properties of the dithiolate ligand in
(Tp*)MoO(dithiolate) compounds seems electronic in origin. It is proposed that this
structural distortion may fine tune the electronic structure and properties of the oxo-

Mo(V) dithiolate systems, and also may play a regulatory role in the pyranopterin Mo
and W enzymes during catalysis. The postulated role of this fold angle in conjunction
with the obtuse 0-M-S angles (oxo-gate hypothesis, orbital overlap model)would be to
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control the orientation (overiap) of the ene-l,2-dithiolate S p(7t) donor orbitals with the
Mo 4dxy redox orbital and concomitantly with the unoccupied metal acceptor orbitals
(dxz.yzj d x - y , a n d d z ) .
The structure of Cp2Mo(bdt) (d^) reveals presence of a planar dithiolate.
Structural studies of compounds with no electrons in the metal in-plane (metal orbital(s)
in the metal-sulfur plane) orbital, are reported and discussed in Chapter 7. A large fold
angle has been observed in these cases. Thus, the fold angle of the dithiolate, which is a
geometric parameter, is closely related to the electronic occupation of the metal in-plane
orbital. This folding could possibly play a role in modulating redox potentials by
controlling the Mo effective nuclear charge via Sa and Sjt charge donation into the
unfilled Mo acceptor d-orbitals.
The combined photoelectron spectroscopic and density functional theoretical
results presented in Chapter 6 support the conclusion that these oxomolybdenum and
oxotungsten compounds have considerable metal-sulfur covalency. The assignment of
lower energy ionizations to frontier orbitals that contain contributions from dithiolate inplane or out of plane orbitals has been possible. The results presented in Chapter 6 for
compounds (Tp*)MO(S-S) reveal a trend in their first ionization energies which is
consistent with the electron withdrawing properties of the substitution on the benzene
ring of the dithiolate ligand. The effectively similar ionization potentials for the metal inplane orbital in groups (a) (Tp*)MO(bdt) (where M = Mo, W), Cp2Mo(bdt) and (b)
(Tp*)MO(tdt) (where M = Mo, W) indicates that dithiolate can maintain a nearly constant
effective nuclear charge on metal center. This property of dithiolate donors has been
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previously summarized as "electronic buffering effect"^^ and "dithiolate-folding-effect"^^
and shown here for transition metals Mo and W relevant to the active site of the
pyranopterindithiolate enzymes. The computed total energy involved in the variation of
fold angle for a Mo(V), d^ system is of the order of 23 kcal/mol which compares with the
energy of a few hydrogen bonds and can be provided to the pyranopterindithiolate by
movements of the protein backbone or breaking of hydrogen bonds. The metal
substitution of Mo by W does not significantly change the electronic structure of the
metal-dithiolate compounds investigated here.
The synthesis, structural and physical characterization of three (Tp*)Mo(NO)(SS) compounds, reported in Chapter 7, have provided an opportunity to investigate the
geometric and electronic structure differences of (Tp*)MoE(S-S) (where E = O, NO)
systems as a function of axial ligation and remote substituent effects on the ene-1,2dithiolate ligand. The most significant structural difference is the large fold angle of ene1,2-dithiolate along S—S axis in the nitrosyl-Mo compounds. Photoelectron
spectroscopy and density functional theoretical studies provide insight into the electronic
structures of these molybdenum nitrosyls and supports the hypothesis of folding of the
dithiolate ligand. This folding of the dithiolate ligands in (Tp*)Mo(NO)(S-S) compounds
minimizes the filled-filled interaction of out of plane metal and sulfur orbitals. The
frontier orbitals have significant contributions

from dithiolate out of plane and in-plane

molecular orbitals and support the assignment of ionizations in the photoelectron
spectroscopic studies. Thus, there are sufficient evidences to support the electronic origin
of the geometric perturbations of dithiolate folding. This angular perturbation (fold
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angle) is sensitive to the electronic occupation of metal in-plane (equatorial) orbital. The
reduction potential of these (Tp*)Mo(NO)(S-S) compounds is sensitive to peripheral
substitution of the ligand, whereas the first ionization energy is not. This diversity is due
to the different orbitals involved in each of these processes.
In Chapter 8, the gas phase photoelectron spectra of Cp2M(bdt) (where M = Mo,
W, Ti), obtained with Hel and Hell photon sources clearly show that under favorable
conditions the ionizations from primarily metal based orbitals and primarily S,i-based
orbitals can be experimentally distinguished from one another. In addition, an
unambiguous demonstration has been made that the symmetric

orbital, which can

interact with the in-plane metal orbital upon bending, is more easily ionized than the
antisymmetric S„' orbital. This successful analysis and assignment of the low energy
ionizations of compounds Cp2M(bdt) provides the framework for investigation and direct
assignment of the Sn and metal-based ionizations in other metal dithiolate systems that
may be more strongly mixed than Cp2M(bdt) or that may have less favorable separation
of their M-S region from the ionizations of other ligands. It is interesting to note that in
the case of Cp2Ti(bdt) the dithiolate ligand can be thought of as a six-electron donor, two
electrons from each of the thiolate a-orbitals and two from the S/ orbital. Hence, folding
of the dithiolate ligand may stabilize an 18-electron complex. This folding effect is in
contrast to

the nitrosyl group where the transformation from linear to bent coordination

transfers a pair of electrons from the metal to a localized orbital on the ligand.'^
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2.0 Implications for Enzymes
The variation in the fold angle of the dithiolate ligand reflects the electron
occupation in the equatorial in-plane metal orbital.

1n

Folding of the dithiolate ligand

enables the S,t electron density to modulate the electron density in the equatorial plane of
the metal, and thus folding can play a significant role in the metal-sulfur anisotropic
bonding interaction. This "dithiolate-folding-effect" may be important in stabilizing the
multiple oxidation states that result from electron transfer or equatorial oxygen atom
transfer (OAT) in pyranopterin MoAV enzymes {e.g. in SO and XO). For example,
reduction of the metal in-plane orbital due to the release of an equatorial oxygen atom
during OAT should make the dithiolene unit of PDT more planar compared to the fully
oxidized enzyme. In this regard, we note that the calculated dithiolate fold angles for the
two chemically equivalent, but crystallographically distinct, molybdenum centers in SO
(Figure 8.1) of 6.6 and 7.0° (Table 8.1) are smaller than that for the oxidized center of
aldehyde oxidoreductase (16.6°), whose oxidized structure has been determined to high
resolution (1.28 A).^® The exact oxidation state of SO in the crystal structure is not
known, but there is evidence for photoreduction of the molybdenum center in the
synchrotron beam during data collection.

The fold angle studies on model systems

support the view that the reported structure of SO'^ is a reduced form of the enzyme.
Dithiolate folding can also modify the electropositive nature of the metal center by
varying the overlap of sulfur lone pairs with the metal in-plane orbital. The Sn orbitals of
dithiolate can therefore serve as an essential instrument for the buffering of electron
density at the metal center by either involving themselves in strong mixing with an empty
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metal orbital, as shown here for the d° Cp2Ti(bdt) complex, or by localization of electron
density on the

orbitals in the presence of a filled metal orbital, as shown here for the d^

Cp2Mo(bdt) complex. The "ene" nature of the dithiolate appears to be essential for

raising the energy of the S/ orbitals for interaction with the metal in-plane orbital. The
substitution of Mo by W in Cp2M(bdt) system results in the shift of the metal based
ionization to lower ionization energy.
Dithiolate folding may also provide a mechanism for the sulfur-Ti orbitals of the
PDT ligand to act as an effective electron transfer pathway from the in-plane orbitals on
the metal center to other redox partners via the pyranopterin. For molybdenum and
tungsten enzymes the energies involved in substrate binding, docking with electron
transfer partners, and dynamic motions of the protein skeleton, may modulate the
dithiolate fold angle and, consequently, the electron distribution, overall reduction
potential and reactivity of the metal center.
In Chapter 9, the calculated structure for the isolated active site of MOP closely
resembles that found for the desulfo form of the oxidized protein." The LUMO acceptor
orbital of the oxidized form is poised for hydride attack on the terminal sulfido ligand
(Figure 9.3), and the fold angle of the dithiolate ligand decreases upon reduction of the
site. These calculations support the proposal that metal-dithiolate fold angle effects help
to buffer

the electron density at the metal center. Proton abstraction from the aqua ligand

of the oxidized site also flattens the fold angle. This latter result suggests that the
dithiolate fold angle can fine tune the nucleophilicty of the hydroxide ligand that is trans
to a dithiolate sulfur atom. Changing the fold angle can also facilitate the attack of
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hydride on the terminal sulfide ligand by modulating the acceptor properties of the
LUMO. Thus, static or dynamic changes in the structure of the protein surrounding the
active site can be expected to induce dithiolate fold angle changes that should play an
important role in modulating the catalytic reactions of molybdenum and tungsten
enzymes.

3.0 Future Directions
The fold angle variations in (Tp*)Mo(NO)(S-S) system, described in Chapter 7,
can be studied as a function of the oxidation state of the metal. This would require the
chemical or electrochemical reduction of these compounds. These complexes, if isolated
and crystallized, could be subjected to X-ray structural studies and could also be an
excellent target for EPR studies. Their precursor complexes (Tp*)Mo(NO)Cl2 have
previously been reduced to 17 electron species [(Tp*)Mo(NO)Cl2]" and characterized by
spectroscopies including EPR, IR, MS.^^
Structural studies of the pyranopterindithiolate enzymes in different oxidation
states are worth pursuing with the advent of sophisticated X-Ray crystallographic
techniques. This may help in elucidating fine details of the active sites as a function of
the oxidation state and may provide further insight into the functional role of
pyranopterindithiolate cofactor. One example of the structural differences observed in
the oxidized and reduced active sites is the X-ray study of the formate dehydrogenase
where a folding of the pyranopterindithiolate cofactor has been observed for the oxidized
active site.^^
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APPENDIX-A1: Structural parameters for (Tp*)MoO(halide)2
Table Al.l. Structural parameters for (Tp*)MoOX2 (X= F, CI, Br) defining the coordination environment of Mo (lengths in (A) and
angles in (°), DFT = DFT Geometry optimization, NA = Not available. Please refer to the Chapter 4 for references).

Refcode/DFT
Average
Distance (A)
Mo=0
Mo-X
Mo- Ncis
Mo-N(jans
(TransEffect)
/-(X - M - X)

Z.(0-M-Xav)

BEBCOA
X = C1

DOXJAB
X = C1

DFT
X = C1

NA

2.072

1.734

NA

2.248

2.203

DFT
X = Br

X-Ray
X = Br

1.739

1.735

2.394

1.950

2.167

2.143

2.149

2.219
(0.016)

2.245
(0.078)

2.311
(0.168)

2.289
(0.140)

NA

98.7

91.9

95.6

104.9

NA

DFT
X= F

X-Ray
X= I

DFT
X=I

1.640

1.694

1.735

2.525

2.335

2.736

2.718

2.156

2.167

2.150

2.160

2.318
(0.162)

2.330
(0.163)

2.357
(0.207)

2.345
(0.185)

89.3

94.2

95.1

94.6

96.0

107

103.8

100.4

96.2

102.3
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APPENDIX-A2: [Mo(IV)(mnt)2(SPh)2][PPh4]4
This appendix discusses the crystal structure and electronic structure of
Mo(IV)(nint)2(SPh)2][PPh4]4. This compound contains two dithiolate ligands. This
sample was synthesized in Dr. S. Sarkar's lab, the Indian Institute of Technology, Kanpur
India and sent to us for structural characterization.

1.0 Structural Studies
The crystal structure parameters are given in Table A2.1, key bond lengths and
angles are given in Table A2.2 and crystallographic coordinates with thermal parameters
are provided in Table A2.3. An ORTEP picture is shown in Figure A3.1.
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Table A2.1. Crystal data and structure refinement for [Mo(IV)(mnt)2(SPh)2][PPh4]4.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

C68H50M0N4P2S6.CH3CN
1312.40
173(2) K
0.71073 A
Monoclinic
P2(l)/n
a = 13.3808(11) A
b = 32.182(3) A
c = 15.9971(13) A

a=
p=

Y

Density (calculated)

6428.1(9) A3
4
1.356 Mg/m3

Absorption coefficient
F(OOO)

0.495 mm'^
2696

Crystal size
Theta range for utilized data
Limiting Indices
Reflections utilized
Independent reflections
Completeness to theta = 25.58°

.60 X .16 X .16 mm^
1.27 to 25.58°.
-16^h<16, -39^k<39,-19<kl9
63421
12026 [R(int) = 0.1961]
99.5 %

Refinement method
Data / restraints / parameters

Full-matrix least-squares on F^
12026/0/773

Goodness-of-fit on
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

0.685
Rl = 0.0454, wR2 = 0.0687
R1 = 0.1388, wR2 = 0.0859
0.00000(3)
0.734 and -0.304 e.A-3

RMS difference density

0.071e.A-3

Volume
Z
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Table A2.2. Important bond lengths (A) and angles (°) for [Mo(IV)(mnt)2(SPh)2][PPh4]4.
Mo(l)-S(2)

2.3630(12)

Mo(l)-S(l)

2.3668(12)

Mo(l)-S(3)

2.3689(12)

Mo(l)-S(4)

2.3769(12)

Mo(l)-S(6)

2.4265(11)

Mo(l)-S(5)

2.4505(12)

S(6)-C(61)

1.774(5)

S(4)-C(41)

1.739(4)

S(3)-C(31)

1.733(5)

S(5)-C(51)

1.769(5)

S(2)-C(21)

1.733(4)

S(l)-C(ll)

1.737(5)

S(2)-Mo(l)-S(l)

81.42(4)

S(2)-Mo(l)-S(3)

83.02(4)

S{l)-Mo(l)-S(3)

137.98(4)

S(2)-Mo(l)-S(4)

134.29(4)

S(l)-Mo(l)-S(4)

82.04(4)

S(3)-Mo(l)-S(4)

81.51(4)

S(2)-Mo(l)-S(6)

133.48(4)

S(l)-Mo(l)-S(6)

84.82(4)

S(3)-Mo(l)-S(6)

132.22(4)

S(4)-Mo(l)-S(6)

86.64(4)

S(2)-Mo(l)-S(5)

84.30(4)

S(l)-Mo(l)-S(5)

131.72(4)

S(3)-Mo(l)-S(5)

84.78(4)

S(4)-Mo(l)-S(5)

136.18(4)

S(6)-Mo(l)-S(5)

72.56(4)

C(61)-S(6)-Mo(l)

113.45(14)

C(41)-S(4)-Mo(l)

109.00(16)

C(31)-S(3)-Mo(l)

108.74(16)

C(51)-S(5)-Mo(l)

111.43(14)

C(21)-S(2)-Mo(l)

108.83(17)

C(ll)-S(l)-Mo(l)

109.11(17)
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Table A2.3. Atomic coordinates (x 10 ) and equivalent isotropic displacement parameters (A^x 10 ).
U(eq) is defined as one third of the trace of the orthogonalized
X

Mo(l)

y

tensor.

z

U(eq)

3419(1)

1220(1)

3368(1)

22(1)

S(6)

5225(1)

1255(1)

4467(1)

29(1)

S(4)

4184(1)

896(1)

2403(1)

26(1)

S(3)

2190(1)

663(1)

2858(1)

29(1)

S(5)

3314(1)

1069(1)

4836(1)

30(1)

P(l)

1377(1)

1044(1)

-2199(1)

25(1)

S(2)

1845(1)

1610(1)

3136(1)

30(1)

P(2)

-2740(1)

1547(1)

-212(1)

30(1)

S(l)

3896(1)

1830(1)

2774(1)

29(1)

C(222)

-2026(4)

746(1)

349(3)

34(1)

C(141)

1399(3)

1111(1)

-1085(3)

23(1)

C(146)

2190(4)

1349(1)

-470(3)

32(1)

C(31)

2506(4)

386(1)

2058(3)

30(1)

C(136)

-607(4)

1259(1)

-3438(3)

31(1)

C(42)

3640(3)

261(1)

1195(3)

26(1)

43(3)

947(1)

-2939(3)

24(1)

C(32)

1809(4)

48(2)

1603(3)

36(1)

C(142)

656(4)

909(1)

-807(3)

31(1)

C(135)

-1647(4)

1176(2)

-3972(3)

39(1)

N(31)

1243(4)

-209(1)

1244(3)

64(2)

N(41)

3837(3)

83(1)

656(3)

42(1)

C(lll)

1901(4)

1505(1)

-2499(3)

28(1)

C(61)

6198(3)

1393(2)

4001(3)

27(1)

C(241)

-1873(4)

1979(1)

-176(3)

30(1)

C(121)

2186(3)

607(1)

-2243(3)

25(1)

C(211)

-3318(4)

1347(1)

-1315(3)

31(1)

C(131)

C(134)

-2067(4)

784(2)

-4001(3)

43(1)

C(226)

-1252(3)

1292(1)

1395(3)

33(1)

C(66)

6584(4)

1795(2)

4066(3)

46(2)

C(52)

1314(4)

1255(2)

4862(3)

37(1)

C(41)

3374(3)

483(1)

1857(3)

23(1)
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C(236)

-3821(4)

1636(1)

962(3)

40(1)

C(123)

3533(4)

106(2)

-1522(3)

44(1)

C(62)

6654(4)

1091(2)

3628(3)

39(1)

C(231)

-3814(4)

1716(1)

118(3)

32(1)

C(235)

-4631(4)

1795(2)

1207(4)

48(2)

C(21)

1947(4)

2079(1)

2643(3)

29(1)

C(116)

2747(4)

1491(2)

-2809(3)

43(1)

C(65)

7416(4)

1890(2)

3771(4)

58(2)

C(122)

2898(4)

436(1)

-1465(3)

33(1)

C(144)

1470(4)

1184(2)

662(3)

39(1)

C(55)

594(5)

443(2)

4554(3)

50(2)

C(132)

-387(4)

553(1)

-2969(3)

33(1)

C(212)

-3061(4)

1504(1)

-2010(3)

41(1)

C(223)

-1419(4)

462(2)

968(3)

46(2)

C(63)

7465(4)

1199(2)

3314(3)

55(2)

C(221)

-1949(3)

1165(1)

558(3)

28(1)

C(245)

-1487(5)

2705(2)

-56(3)

45(1)

C(246)

-2182(4)

2381(2)

-103(3)

35(1)

C(22)

1041(4)

2359(2)

2459(3)

42(1)

C(143)

704(4)

944(1)

65(3)

36(1)

C(ll)

2827(4)

2175(1)

2473(3)

31(1)

C(112)

1463(4)

1888(2)

-2429(3)

42(1)

C(126)

2119(4)

450(1)

-3065(3)

37(1)

C(225)

-653(4)

1009(2)

2007(3)

40(1)

C(242)

-874(4)

1903(2)

-191(4)

56(2)

C(232)

-4624(4)

1947(2)

-482(3)

47(2)

C(51)

1992(4)

942(2)

4743(3)

30(1)
46(2)

C(125)

2760(4)

116(2)

-3108(3)

C(12)

2961(4)

2548(2)

2050(3)

50(2)

C(216)

-4119(4)

1042(2)

-1499(3)

46(2)

C(243)

-181(5)

2230(2)

-144(4)

69(2)

C(56)

1622(4)

542(2)

4610(3)

39(1)

C(244)

-491(5)

2631(2)

-65(3)

52(2)

C(214)

-4339(5)

1064(2)

-3042(4)

57(2)
58(2)

C(233)

-5430(4)

2112(2)

-239(4)

C(215)

-4607(4)

899(2)

-2353(4)

54(2)

C(124)

3464(4)

-48(2)

-2330(3)

45(2)
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X

y

z

U(eq)

C(145)

2228(4)

1386(1)

397(3)

43(1)

C(234)

-5410(4)

2037(2)

622(4)

57(2)

315(4)

2568(1)

2337(3)

75(2)

N(21)
C(224)

-745(4)

593(2)

1790(3)

46(2)

C(115)

3171(5)

1851(2)

-3013(3)

63(2)

C(54)

-69(5)

746(2)

4656(3)

60(2)

C(113)

1865(5)

2248(2)

-2665(4)

64(2)

C(53)

287(4)

1153(2)

4816(3)

57(2)

C(133)

-1435(4)

472(2)

-3499(3)

40(1)

C(213)

-3562(5)

1367(2)

-2873(3)

54(2)

C(64)

7849(4)

1594(2)

3395(4)

63(2)
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2.0 Theoretical Studies
2.1 Methods
Calculations were performed on [Mo(IV)(mnt)2(SPh)2][PPh4]4 using the ADF
(Amsterdam density functional theory calculations) package (release 2000.02). Starting
geometries were obtained from crystal structure. A generalized gradient approximation,
1

9

with the exchange correction of Becke and the correlation correction of Lee et. ai, was
used for all density functional calculations. All core levels (up to 3d for Mo, up to Is for
C, N, O and S) were treated as frozen orbitals. The calculations employed triple-zeta
basis sets with Slater type orbitals and a polarization function for all elements.
Calculations on the ground-state molecules were performed in the spin-restricted mode.

3.0 Results
The molecular orientation for all molecular orbital plot in shown in Figure A.2.2
The highest occupied molecular orbital (HOMO) is populated by two electrons and is
predominantly metal in character (70 %) with around 6 % contribution from the sulfur p
orbitals of coordinated thiophenolates. Oxidation of complex will remove electron from
this orbital. Since EPR is a ground state probe, unpaired electron will be in an orbital that
will look like orbital in Figure A.2.1 (b)
HOMO -1, shown in Figure A.2.1 (c) is predominantly sulfur based orbital and it
has contributions from symmetric combinations of dithiolate out of plane Sp orbitals and

296
in plane (symmetric) combinations of thiophenolate Sp orbitals. The total sulfur
contributions in this orbital is 85%.
HOMO -2 (Figure A.2.1 (d) is predominantly antisymmetric combinations of inplane thiophenolate S (81 %) orbitals.

4.0 References
1. A.D. Becke, Phys. Rev. A., 1988, 38, 3098-3100.

2. C. Lee, W. Yang, and R.G. Parr, Phys. Rev. B. 1988, 57, 785.
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SPh

HOMO

HOMO-1

HOMO-2

Frontier Orbitals of [Mo(IV)(mnt)2(SPh)2][PPh4]^
Figure A2.1. (a) The molecular orientation of [Mo(IV)(nmt)2(SPh)2][PPh4]4, (b, c and d) The frontier
molecular orbitals of [Mo(IV)(mnt)2(SPh)2][PPh4]4.
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APPENDIX-A3: The Structure of (Tp*)Mo02(SCH2Ph)
This appendix discusses the crystal structure of hydrotris(3, 5-dimethylpyrazol-lyl)borate)-benzylthiolate-oxomolybdenum(VI). The crystal structure parameters are
given in Table A3.1, key bond lengths and angles are given in Table A3.2 and
crystallographic coordinates with thermal parameters are provided in Table A3.3. An
ORTEP picture is shown in Figure A3.1.

Table A3.1. Crystal data and structure refinement for (Tp*)Mo02(SCH2Ph).
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(OOO)
Crystal size
Theta range for utilized data
Limiting Indices
Reflections utilized
Independent reflections
Completeness to theta = 25.07°
Refinement method
Data / restraints / parameters
Goodness-of-fit on
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
RMS difference density

C22H29BM0N6O2S

548.32
170(2) K
0.71073 A
triclinic
Pi
a = 8.3742(8) A
b = 8.6165(9) A
c = 17.6781(18) A
1200.6(2) A3

0= 99.188(2)°.
P= 100.345(2)°.
Y= 102.143(2)°.

2
1.517 Mg/m3
0.665 mm"'
564
.03 X .10 X .20 mm^
2.47 to 25.07°.
-9<=h<=9, -10<=k<=10, -21<=1<=21
12708
4257 [R(int) = 0.0551]
99.9 %
Full-matrix least-squares on F^
4257/129/298
1.087
R1 =0.0555, wR2 = 0.1176
R1 =0.0759, wR2 = 0.1247
0.839 and-0.871 e.A^
0.112e.A-3
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Table A3.2. Important bond lengths (A) and angles (°) for (Tp*)Mo02(SCH2Ph).
Mo(l)-0(l)

1.701(3)

Mo(l)-0(2)

1.701(3)

Mo(l)-N(31)

2.170(4)

Mo(l)-N(Il)

2.289(4)

Mo(l)-N(21)

2.323(4)

Mo(l)-S(l)

2.3824(15)

S(I)-C(7)

1.816(6)

0(l)-Mo(l)-0(2)

103.36(17)

0(l)-Mo(l)-N(31)

94.62(16)

0(2)-Mo(l)-N(31)

94.94(17)

0(I)-Mo(I)-N(ll)

167.50(16)

0(2)-Mo(l)-N(II)

88.08(16)

N(31)-Mo(l)-N(lI)

79.17(15)

0(l)-Mo(l)-N(21)

87.67(16)

0(2)-Mo(l)-N(21)

167.29(16)

C(7)-S(l)-Mo(l)

110.4(2)

0(l)-Mo(l)-S(l)

97.27(13)

0(2)-Mo(l)-S(l)

100.37(13)

C(l)-C(7)-S(l)

109.7(4)

0(l)-Mo(l)-S(l)-C(7)

132.9(3)

0(2)-Mo(l)-S(l)-C(7)

-122.1(3)
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Table A3.3. Atomic coordinates (x 10'') and equivalent isotropic displacement parameters (A^x 10^).
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
x

y

Mo(l)

6336(1)

7400(1)

6873(1)

15(1)

S(l)

5557(2)

6538(2)

7999(1)

28(1)

N(31)

6949(5)

9049(5)

6101(3)

18(1)

0(2)

5019(4)

5903(4)

6146(2)

23(1)

N(ll)

4215(5)

8700(5)

6861(2)

17(1)

0(1)

8184(4)

6846(4)

6966(2)

22(1)

N(32)

6708(5)

10594(5)

6187(2)

18(1)

N(12)

4484(5)

10362(5)

6962(2)

16(1)

N(22)

7536(5)

11286(5)

7638(2)

18(1)

C(23)

8702(7)

12463(6)

8164(3)

23(1)

N(21)

7760(5)

9796(5)

7758(3)

19(1)

C(15)

2579(6)

8097(6)

6813(3)

17(1)

C(36)

7948(7)

7201(6)

5174(3)

26(1)

C(25)

9067(7)

10089(6)

8368(3)

23(1)

C(14)

1800(6)

9375(6)

6896(3)

20(1)

C(34)

7685(7)

10125(6)

5117(3)

24(1)

C(16)

1808(7)

6323(6)

6683(4)

25(1)

C(13)

3018(6)

10762(6)

6979(3)

17(1)

B(l)

6218(7)

11372(6)

6935(3)

16(1)

C(24)

9665(7)

11759(6)

8641(3)

26(1)

C(35)

7546(6)

8773(6)

5451(3)

20(1)

C(7)

4871(9)

8111(8)

8575(4)

36(1)

C(l)

4759(7)

7721(7)

9358(4)

30(1)

C(33)

7171(6)

11258(6)

5596(3)

19(1)

C(37)

7057(8)

12937(7)

5512(4)

31(1)

z

U(eq)
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X

y

z

U(eq)

C(17)

2834(7)

12476(6)

7061(3)

25(1)

C(27)

8848(7)

14238(6)

8163(4)

31(1)

C(26)

9710(8)

8780(7)

8684(4)

32(1)

C(5)

5820(8)

8050(8)

10738(4)

35(1)

C(6)

5961(8)

8455(8)

10027(4)

41(2)

C(4)

4535(10)

6968(10)

10809(4)

51(2)

C(3)

3225(13)

6177(10)

10130(5)

80(3)

C(2)

3413(10)

6555(10)

9435(4)

59(2)

302

Figure A3.1. The ORTEP drawing of (Tp*)Mo02(SCH2Ph). The atoms are drawn as 50% probability
ellipsoids. H-atoms have been made arbitrarily small for clarity.
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APPENDIX A4. Photoelectron Spectra of (Tp*)VO(dtc)

(Tp*)VO(dtc)
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Figure A.4.1. The He I and He II photoelectron spectra of (Tp*)VO(dtc) (where dtc = S2CN(CH3)2").

