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Abstract

A portion of this work describes intermolecular hydrogen bonding studies
using the compound CpFe(CO)x(SCsHs) as a model system for iron-thiolate
proteins. A nonpolar aprotic solvent, CH,Cl,, was used to promote hydrogen
bonding while using various Bransted acids. The acids were added to a CH,Cl,
solution of CpFe(CO)2(SCeHs) and then infrared spectroscopy was used to
assess the hydrogen bonding effects by observing the changes in the carbonyl
stretching frequencies. UV-vis spectroscopy was also used to observe the
changes in the ligand to metal charge transfer band (LMCT) as the Bronsted
acids were added to the solutions of CpFe(CO)2(SC¢Hs). The IR and UV-vis
experiments were accomplished using the same solutions. A correlation
between the half-wave potential, Ei>, and the force constant, Fco, was
determined. Based upon the empirical formula AE.; = AAFco, it has been
calculated that there is a substantially smaller effect on the half-wave potential for
hydrogen bonding compared with protonation, (about 30%). Density functional
calculations on CpFe(CO)(SCHi) and [CpFe(CO)(SCHa)]® corroborate the
experimental spectral values.

The solid-state structures of CpFe(CO)2(SCeHs) and
[CpFe(CO)(HSCeHs)]BFs, which were determined by single crystal X-ray
crystallography, show that protonation produces a shorter Fe-S bond. This
indicates a stabilization of the Fe-S bond due to a weakening of the HOMO
Fe(dn)-S(pr) antibonding orbital.

Another part of this work describes the solvatochromatic effect of
CpFe(CO)x(SCeHs) dissolved in different solvents. The polarity of the solvents
that were used varied from the non-polar (pentane) to polar

(2,2,2-trifluoroethanol). The changes in the metal to ligand charge transfer band



were monitored by UV-vis spectroscopy and the CO stretching frequencies were
monitored by IR spectroscopy. The wavelength of the ligand to metal charge
transfer band was correlated to several solvent polarity scales. The best
correlations were obtained by using the Dimroth-Reichardt's normalized energy
of transition scale, Gutmann’'s Acceptor Number scale, and Kosower's Z-scale.
A blue shift in the UV-vis spectra occurs as CpFe(CQO)z(SCsHs) is solvated in
more polar solvents, which is evidence that the ground-state dipole moment is
greater than the excited-state dipole moment, pg>pe.

The infrared spectral data show a complex solvent effect. Since the
compound CpFe(CO),(SCeHs) contains two separate polar sites, this complicates
the prediction of the solvent shifts. There is a competition for solvent interaction
between the n accepting carbonyl ligands and the = donor phenyl thiolate ligand
that determines whether the carbonyl stretching frequency will increase or
decrease.

Another part of this work describes the use of CpFe(dppe)(SC¢Hs) and
CpFe(P2S) as a potential model systems for the hydrogenase enzyme. The P,S
ligand (2,2-bis[(diphenyiphosphanyl)methyl]-1-propanethiolate) is a tripodal
ligand with two phosphorus groups and a thiolate group that coordinates to the
iron. These compounds were tested by reacting them with excess HBF4-O(CH),
under inert conditions and it was determine that molecular hydrogen is not
produced as has been previously suggested in the literature (for
CpFe(dppe)(SCsHs)).

The synthesis and characterization of CpFe(dppe)(SCegH4-p-Z) where Z =
OCHs;, H, CI, NO;, and CF; are described. A comparative reactivity study
between CpFe(CO)x(SCeHs-p-Z) and the more electron rich
CpFe(dppe)(SCsHs-p-2) is presented. This study involved observing the kinetics
of the pseudo-first order methylation of CpFe(dppe)(SCeHs-p-Z) by CHil in

XXiv



acetone to form the products CpFe(dppe)l and CH3;S(CeHs). It was determined
that the reaction was first order in CHsl, as expected, and that a correlation exists
between the relative donor ability of the aryl substituent and the reaction rate.
From a Hammett plot, a value of p = -2.14 was calculated which indicates a
developing positive change on the sulfur center during the course of the reaction.

Cyclic voltammetry of CpFe(dppe)(SCsHs-p-Z) in THF was used to
measure the redox potential. According to the CV data, the ratio of anodic to
cathodic currents (ina/ipc) are near unity indicating a chemically reversible process
with no decomposition of oxidized product; however, Epc — Epa are slightly
greater than 59 mV and vary with a sweep rate which is typical of a quasi-
reversible electron transfer process. The required potentials for oxidation vary
from =577 mV for the OCHjs derivative to -357 mV for the NO, derivative versus
the Ag/AgNO; reference electrode. A linear free energy relationship is observed
in this electrochemical study between the relative donor ability of the aryl
substituent and the half-wave potentiai of the compounds
CpFe(dppe)(SCeHs-p-Z). Apparently, the NO: substituent best stabilizes the
complex by withdrawing electron density from the HOMO which is the dn-pn
antibonding orbital.

The solid state evidence is also consistent with the CV data. Single-
crystal X-ray crystallographic analysis of CpFe(dppe)(SCeHs-p-OCHa),
CpFe(dppe)(SCsHs) and CpFe(dppe)(SCsHs-p-NO2) shows that the Fe-S bond
distances decrease in the order of the derivatives: OCH; > H > NO,. Their bond
distances are 2.332(2), 2.3289(8), and 2.2933(7) A, respectively. Another
comparison is the Fe-S bond distance between CpFe(dppe)(SCe¢Hs) and
[CpFe(dppe)(SCeHs)]BF4 which shows that the Fe(ll) derivative has the greater
bond length of 2.3289(8) A while the Fe(lll) has a bond length of 2.1899(10) A.

This resuilt is due to the removal of an electron from the iron-sulfur r-antibonding



HOMO of the Fe(ll) species which causes stabilization of the bond.

The HOMO energies from density functional calculations on the oxidized
species [CpFe(CO)(SCHs)]" and [CpFe(dppe)(SCH3)]" also show that the
HOMO of the carbonyl derivative is more stable than the phosphine derivative;
however, the calculations also indicate that the HOMO in the carbonyl derivative
is predominantly sulfur in character while in the phosphine derivative, the HOMO
is predominantly metal in character.

There is also indicaton that the HOMO of the compound
[CpFe(dppe)(SCsHs-p-2)]BF 4, where Z = OCH3, H, Cl, NO,, and CF3, is primarily
metal in character as determined from the data collected from electron
paramagnetic resonance (EPR) experiments. The g-values range from 2.0716
for the OCH; derivative to 2.0753 for the NO. derivative. A linear free energy
relationship is observed relative to the g-values and the relative donor ability of
the aryl substituent. Apparently, when the aryl substituent becomes more
electron withdrawing and the g-values increase the HOMO becomes more metal
in character.

The HOMO on the compounds, CpFe(CO)x(SCeHs-p-Z) and
CpFe(dppe)(SCeHs-p-Z), are primarily sulfur in character. Many of the
experiments in this work were designed to perturb the HOMO located on the
sulfur (e.g., hydrogen bonding experiments) to determine how such perturbations
influence the redox potential of the metal center. The perturbation of the HOMO
influences the reactivity of the Fe(ll) complexes towards methylation and aiso

influences the Fe-S bond distances.



Chapter 1 INTRODUCTION

This dissertation concerns the study of electron rich iron-thiolate
complexes. In an effort to explore the electronic behavior about the metal and
sulfur sites in these complexes, three projects were developed which are
explained in detail in chapters 2 through 4. The resuits of these studies are
summarized in chapter 5. An extensive background is included in chapters 2
through 4 to explain various ideas and to give examples to illustrate concepts
related to each project. The following is a preview of the chapters to follow.

Chapter 2 describes the study of intermolecular hydrogen bonding using
CpFe(CO)2(SCeHs) as a model system for iron-thiolate proteins and a number of
Brensted acids (i.e., CCI3COOH and CCF;COOH). The carbonyl ligands are
probes that are easily detected by infrared spectroscopy and are sensitive to the
changes in the electronic environment of the metal center. The compound,
CpFe(C0O)2(SCeHs), is also highly colored and changes in the ligand to metal
charge transfer (LMCT) band are detected by UV-vis spectroscopy.

Chapter 3 describes the study of the solvatochromic effects in the UV-vis
and IR spectra. Such effects are probes to the influence of solvent (dipolar
environment) on the ground-state and electronic excited-state electronic
structures of CpFe(CO)>(SR) complexes. For example, by observing the shifts in
the visible region of CpFe(CO);(SCeHs) dissolved in various solvents, a
conclusion may be drawn as to whether the dipole moment of the ground-state is
greater than or less than that of the Franck-Condon excited-state.

In Chapter 4, three goals were established to investigate possible
mechanisms for Hz(g) production from model systems of hydrogenase and also

to study the electronic effects on the iron and sulfur atoms upon perturbing the



sulfur site in electron rich iron-thiolate complexes. The first goal is to determine
whether Hx(g) evolution takes place when the compounds CpFe(dppe)(SCe¢Hs) or
CpFe(P.S) react with HBF4-O(CHj3); and then determine possible mechanisms.
The second goal contains two parts. The first is to determine the oxidation
potentials of the compounds, CpFe(dppe)(SCsH4-p-Z) where Z = OCH3, H, Cl,
CF3, and NO,, using cyclic voltammetry. The second is to study the reaction
between CpFe(dppe)(SCsHs-p-Z) with CHs;l to determine how Z affects the rate
of methylation. A correlation is then established between the redox potentials
and the rates of reaction from the kinetic studies. The third goal is to determine
whether the lone electron in the HOMO of [CpFe(dppe)(CeHs-p-Z)]BF 4 resides
primarily on the metal or sulfur by using electron paramagnetic resonance
spectroscopy and running density functional calculations on the following
compounds: CpFe(PHs)2(SCH3) and [CpFe(PH3)2(SCHa)J".

Chapter 5 summarizes the investigations and results from chapters 2

through 4 and it also presents possible directions of future work.



Chapter 2 THE USE OF CpFe(CO)2(SCsHs) AS A MODEL SYSTEM
FOR THE REGULATORY FUNCTION OF HYDROGEN
BONDING IN IRON-THIOLATE PROTEINS

2.1 Introduction and Background

Hydrogen bonding plays a significant role in biological systems. In
particular, it has an essential function in regulating the redox potential of the
metal center in iron-sulfur proteins and enzymes.1.2 Apparently, hydrogen bonds
can drive redox potentials in positive directions, compared to non-hydrogen
bound analogs, making reduction of proteins easier.3.4

The redox potentials of certain iron-sulfur proteins are not only affected by
hydrogen bonding but by protonation as well. Some iron-sulfur clusters [3Fe-4S]
will undergo redox-linked protonation.® It is proposed that the site of protonation
is an inorganic sulfur to form a H'-[3Fe-4S]° cluster with a sulfhydryl (SH’)
ligand.6 Far less is known about the [3Fe-4S] cluster's atom transfer properties
than their abilities as an electron transfer agent.”

Rubredoxin, which is the simplest non-heme iron-sulfur proteins, includes
a single Fe(S-Cys)s site that is involved in electron transport. The crystal
structures of rubredoxin from Desulforvibrio vulgaris and Desulfovibrio gigas
indicate that the iron-sulfur clusters within these proteins contain hydrogen bonds
to the cysteinyl sulfur atoms and some even have two NH...S bonds.8® These
NH...S hydrogen bonding interactions apparently tune the potential of a given
metal center.10.11

Ferredoxins and High-Potential Iron Proteins (HiPIP) are also non-heme
iron-sulfur proteins that contain [4Fe-4S] clusters. The sulfur centers typically
originate from cysteinates and they contain hydrogen bonds which have been
observed in ferredoxin from the crystal structures of Pepfocccus aerogenes,

Bacillus thermoproteolyticus, and Azotobacter vinelandii and in HiPIP from the



crystal structures of Chromatium, Rhodocyclus, Rhodopila, and
Ectothiorhodospira.12.13

The iron-sulfur cluster [2Fe-2S] ferredoxin from the cyanobacterium
Anabaena has been studied by Vidakovic et al. and it was determined through
site-directed mutagenesis that hydrogen bonding from the side chain hydroxyl
group of serine 45 to the ligand sulfur atom of cysteine 41 tunes the redox
potential of the iron-sulfur cluster.' The amino acid alanine is typically in
position 45 in wild type (WT) Anabaena but it was replaced with serine. The
overall structure was not disturbed by the replacement. [t was determined by the
spectrophotometric redox titration method that the midpoint potential of Ala45Ser
Anabaena ferredoxin is higher (-382 mV) than the potentiai of WT Anabaena
ferredoxin (-406 mV). Hence, the redox potentials of iron-sulfur clusters are
affected by hydrogen bonding.

Another [2Fe-2S] protein that exhibits hydrogen bonding with sulfur atoms
is the Rieske protein.15-17 Figure 2.1 shows the water soluble fragment from the
bovine heart mitochondria but the residue numbering corresponds to the
Paracoccus sequence.'® After removing specific hydrogen bonds to the sulfur
atoms via site-directed mutagenesis, structural integrity is maintained but the
redox potential is greatly affected which, in turn, causes a decrease in the rate of
electron transfer.15

The influence of a hydrogen bond to a bridging sulfur center seems to be
greater than that of a hydrogen bond to a terminal cysteine residue. By removing
the hydrogen bond from the bridging sulfur, the redox potential drops 95 mV but
removing the hydrogen bond from the terminal sulfur, the redox potential drops
44 mV. This was explained by the higher amount of electron density around the
bridging sulfurs than the terminal sulfurs'®; however, not all hydrogen bonds are

equal in strength. Calculations by Datta et al. using the CNDO/2 method have
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determined that the HOMOs and the LUMOs of the model Rieske iron-sulfur
complex [FeSx-pr], which has two histidine and two cysteine residues
coordinated to the iron, contain large contributions from the orbitals of the sulfur
atoms.'® The effect of delocalizing the electron density from the iron-sulfur
cluster through hydrogen bonding would be greater for the bridging sulfurs than
the terminal sulfurs.18 In either case, hydrogen bonding affects are instrumental

in tuning the iron-sulfur complex in Rieske proteins.

Serl57
Hisl55
CysI 52

IS
HN

—N

\F |f m'
o Tyrl59
Hisl34
Cysl32

Figure 2.1. Rieske fragment from the bovine heart mitochondria.18

Cytochrome P450 is a heme-type oxo transfer protein that bears an axial
cysteinate ligand20 in which the sulfur is hydrogen bound.21.22 The presence of
NH...S in the active site of cytochrome P450cam has been determined by X-ray
crystallography.23.24 However, not much has been published on the redox effect
of the NH...S hydrogen bond where the sulfur is coordinated to the iron in the
cytochrome P450 complexes.25

A common way to study the effects of hydrogen bonding and protonation

is by the use of model systems.26-28 Ueyama et al. have synthesized a number



of model systems for both cytochrome P450 and the iron-sulfur clusters.25.29.30
In each case, the NH...S hydrogen bonding shifts the redox potential to the
positive side with respect to the non-hydrogen bound analog. Each of the
models by Ueyama involves intramolecular hydrogen bonding so there is at least
a minimal chelation effect. Ueyama also typically employs a low dielectric
solvent to improve the environment for hydrogen bonding to take place.31.32
Although many models exist for iron-sulfur clusters that exhibit
intramolecular hydrogen bonding, this work provides a small molecular model,
CpFe(CO)z(SCsHs), that undergoes both intermolecular hydrogen bonding and
protonation. The reasons for choosing this compound to study are: 1) it is
easily synthesized, 2) it contains carbonyl probes that are easily detected by
infrared spectroscopy, 3) it is highly colored 4) it is soluble in a wide range of
solvents 5) it contains a sulfur that is accessible for hydrogen bonding and 6)

much is already known about the electronics and reactivity of the compound.33-35

2.2 Experimental Section

All reactions were performed under an atmosphere of prepurified nitrogen
or argon using Schlenk technique or a MO-40M VAC Dry Box unless stated
otherwise. Solvents were distilled from appropriate drying agents under nitrogen
and degassed by freeze pump thawing three times prior to use unless stated
otherwise: CH.Cl, (CaH.), pentane (Na). CpFe(CO)2(SCsHs), CpFe(CO).Cl and
CpFe(CO).| were prepared by literature methods.36-3 CH3;COOH, CCIH.COOH,
CCLHCOOH, CCILCOOH, CF;COOH and HBF,4-O(CHs3), were purchased from
Aldrich Chemical Company and used as received. Infrared spectra were
recorded on a Bruker IFS 66/S FTIR spectrometer. 'H NMR spectra were
obtained on a Varian 400MHz spectrometer. UV-vis spectra were recorded on a

Hewlett-Packard HP8453 Diode Array instrument.



2.2.1 Alternate Preparation of [CpFe(CO)(HSC¢Hs))BF,.3°

To a CH,Cl; (50mL) solution of CpFe(CO)2(SCeHs) (150 mg, 0.53 mmol)
was added HBF,-O(CH3), (64 uL, 0.53 mmol). The color of the solution
immediately changed from red to yellow. The mixture stirred for 5 minutes. Then
it was transferred to another 100 mL Schienk flask using a filter canula. Pentane
was added to the yellow solution and the [CpFe(CO),(HSCsHs)]BF 4 precipitated.
The solution was filtered off using a Schienk filter frit and the yellow compound
dried in vacuo for 4 hours to give [CpFe(CO)(HSCgHs)]BF4 (170 mg, 0.46 mmol,
87% yield). It was stored in a dry box under nitrogen. IR (CH;Clp, cm™): veo =
2067, 2025. 'H NMR (CD,Cl): & 7.58 - 7.40 (m, CgHs), 5.38 (s, SH), 5.34 (s,
Cp).

The identity of the product was confirmed by a single-crystal X-ray
crystallographic analysis. A suitable crystal for structure determination was
obtained by evaporation of a saturated CH,Cl> solution under nitrogen overnight.

2.2.2 Preparation of CpFe(CO),(SC¢Hs) crystal.

The crystal for structure determination was obtained by evaporation of a
saturated pentane solution under nitrogen.

2.2.3 Infrared Measurements.

Sodium chloride salt plates and a 0.5 mm teflon spacer were used in all of
the following infrared spectroscopy experiments. A 0.2 mm quartz cell was
utilized in the UV-vis spectroscopy experiments. All infrared spectra were
analyzed by taking the second derivative of each spectrum and then fitted by a
Gaussian Amplitude curve fit method40 using the Peakfit computer program. In
the figures that show infrared spectra, the CO stretching frequencies that were
determined from the curve fit analysis are located in the legend of each spectrum
and the CO stretching frequencies that were determined before the curve fit

analysis are located in the graphs.



2.2.4 Preparation of CpFe(CO)(SCsHs) and [CpFe(CO)(HSCeHs)IBF,
solutions.

A 10 mM solution of CpFe(CO)(SCsHs) and [CpFe(CO),(HSCeHs)]BF,
were each prepared in CH,Cl; under nitrogen. Figures 2.4 and 2.5 show the IR
spectra and a comparison between the values of the CO stretching frequencies
before a curve fit analysis and after the curve fit analysis.

2.2.5 Reactions of CpFe(CO),(SCe¢Hs) with various concentrations of
CCI,COOH.

Six solutions of 10 mM CpFe(CQO)2(SCeHs) with each of 0 mM, 10mM, 50
mM, 100 mM, 500 mM, and 1000 mM CCI:COOH in CH.Cl; were prepared
under nitrogen. These solutions were examined by infrared and UV-vis
spectroscopy. Table 2.1 shows the results of the infrared experiments which
compares the CO stretching frequencies before a curve fit analysis and after the
curve fit analysis. The individual infrared spectra showing the CO stretching
frequencies are shown in Figures 2.5 - 2.8. An overlay of selected spectra from
the UV-vis and infrared experiments are shown in Figure 2.9.

2.3.6 Reactions of CpFe(CO);(SC¢Hs) with various Brensted acids.

Six solutions of 10 mM CpFe(CO)(SCeHs) with 150 mM acid in CH.Cl,
were prepared under nitrogen. The acids include CH3;COOH, CCIH2COOH,
CCI,HCOOH, CCI;COOH, CF3;COOH, and HBF,-O(CH;),. Table 2.2 shows the
results of the infrared experiments which compares the CO stretching
frequencies before a curve fit and after a curve fit. Figures 2.10 - 2.14 show the
individual infrared spectra of each mixture and the the resuits of the curve fit
analysis. An overlay of the spectra from the UV-vis and infrared experiments are

shown in Figure 2.15.



2.2.7 Reactions of CpFe(CO),(SC¢Hs) with less than 1 equivalent of
HBF,-O(CHjy)..

A solution of 10 mM CpFe(CO)2(SCeHs) with 5 mM HBF4-O(CH3); in
CH.Cl; was prepared under nitrogen. Infrared spectroscopy was used to locate
the carbonyl stretching frequencies of the solution (Figure 2.16).

2.2.8 Reactions of CpFe(CO0).Cl and CpFe(CO).l with CF;COOH.

Solutions of a 10 mM CpFe(CO).Cl and a 10 mM CpFe(CO).l in CH.Cl>
were prepared under nitrogen. Then a 10 mM CpFe(CO).Cl and a 10 mM
CpFe(CO),;l each with 150 mM CF;COOH in CH:Cl, were prepared under
nitrogen. All solutions were examined by infrared spectroscopy. Table 2.3
contains the results of these experiments.

2.2.9 Dissolving CpFe(CO).Cl and CpFe(CO)(SCeHs) in a sait solution
of CH:Cl..

A solution of 5 mM CpFe(CO).Cl with and without 150 mM (NBu4)(PFs)
and a 10 mM CpFe(CO)x(SCeHs) with and without 1 M (NBus)(PFs) in CH.Cl,
were each prepared. These solutions were examined by infrared and UV-vis
spectroscopy. Figures 2.17 and 2.18 show the infrared spectra of the
CpFe(CO),Cl and CpFe(CO)x(SCeHs) solutions, respectively and Figure 2.19
shows the change in the visible spectrum of the CpFe(CO)2(SCeHs) solutions.

2.2.10 Reacting CpFe(CO)(SCeHs) with CCI,COOH in the presence of
(NBu,)(PFs) in CHCl..

A 10 mM solution of CpFe(CO)2(SCsHs) was reacted with each of 0 mM,
50 mM, 100 mM, and 250 mM CCI;COOH in CH;Cl,. The 0 M acid solution was
also 1 M in (NBu,)(PFs). The 50 mM acid solution was 0.95 M in (NBug)(PFsg).
The 100 mM acid solution was 0.90 M in (NBus)(PFs) and the 250 mM acid
solution was 0.75 M in (NBu,)(PFs). These solutions were examined by infrared

spectroscopy. The results of these experiments are shown in Figure 2.20.



2.2.11 X-ray Crystal Structures. Data for the crystal structures of
CpFe(C0),(SCsHs) and [CpFe(CO)2(HSCgHs)]BF 4 were collected at -85 °C on a
Siemens P4 diffractometer using MoKa (A=0.71073 A) radiation. The data were
corrected for Lorentz and polarization effects; and an empirical absorption
correction based on psi-scans was applied.

The structure was solved by the direct method using SHELXTL (Siemens)
system, and refinement by full-matrix least-squares on F? using all reflections.4!
The hydrogen atom on the sulfur in [CpFe(CO)(HSC¢Hs)]BF, was located in the
difference map and refined isotropically. All the other hydrogen atoms were
included with idealized parameters.

2.2.12 Molecular Orbital Calculations. Density functional calculations
using the DN* basis set, which is a numerical polarization basis set that includes
d-type functions on heavy atoms, were carried out using the program SPARTAN
5.042 running on a Silicon Graphics IRIS Indigo 2 Solid Impact with a R10000
processor. The compounds used for the calculations are shown in Figure 2.2. A
comparison between the calculated CO stretching frequencies, and the Fe-S

bond distances of species A through D are listed in Table 2.12.

e L 7*

; " /7 ICO E
H1C-S ? "y "nco
o e ? Fmg—F--H- s) co H- s) %o °
H
OO F HaC CH3
CFy
A B8 c D

Figure 2.2. Compounds used for density functional calculations.
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2.3 Resuits of the Solution Experiments

A 10 mM solution of Fp(SCeHs) and [Fp(HSCsHs)]BF, (Fp = CpFe(CO),)
were each prepared in CH.Cl> under nitrogen. Two carbonyl stretching
frequencies for each compound were found from their infrared spectra (Figures
2.4 and 2.5). Note that the stretching frequencies match the curve fit analysis for

each compound due to the symmetry of the peaks.

0

—FpSPh
0.1
- — Peak at 1965

......... Peak at 2032

0.2

8
€03
£
204
05

06
2032 1985

0.7 T . T
2100 2050 2000 1950 1800

Wavelength (cm™)
Figure 2.3. IR spectrum of 10 mM CpFe(CO)2(SCeHs) in CH2Cl,.

0
—— [FPHSPh]BF,
0.1 — ~ Peak at 2025
=-======- Paak at 2087
g 02
8
£03
(-]
A
204
05
2067 2025
06 T T
2100 2050 2000 1950
Wawelength (cm™)

Figure 2.4. IR spectrum of 10 mM [CpFe(CO).(HSCeHs)]BF4 in CH.Cly.
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Table 2.1. Infrared stretching frequencies for a 10 mM CpFe(CO).(SCsHs)
solution reacting with various concentrations of CCl3COOH in CH.Cl,. A curve fit

analysis has been accomplished on the carbonyl stretching frequencies.

[CCLCOOH] | veo (cm™)

0 mM 2032 1985
50 mM® 2037 1991

50 mM® 2066 |2042 |2031 |2014 [1998 | 1983
100 mM® 2068 | 2038 1994

100 mM® 2067 2042 |2031 [2013  |1997 | 1984
500 mM® 2068 | 2040 1995

500 mM° 2068 2042 {2027 |2006 (1995 | 1984
1000 mM*  |2068 | 2040 1996

1000 mM®  |2069 | 2045 |2037 |2025 |2003 | 1992

a. The experimental CO stretching frequencies before a curve fit analysis.
b. The experimental CO stretching frequencies after a curve fit analysis.

0 (: —— FpSPh + acid
’ --------- Peak at 1983
02 — — Peak at 1998
So03 ------ Peak at2014
£o04 ---~ Peakat2031
5 05 - = Peak at 2042
06 -— Peak at 2066
0.7
0.8 Y T T
2100 2050 2000 1950 1900

Wavenumber (cm’’)

Figure 2.5. Infrared Spectrum of 10 mM CpFe(CO)(SCeHs) reacting with 50
mM CCLCOOH in CH.Cl,.
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——— FpSPh + acid
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------ Peak at2013
-=-= Peak at2031
+ = Peak at 2042
-=—— Peak at 2067

2038 1994
08 T

L |
2100 2050 2000 1950 1900
Wavenumber (cm")

Figure 2.6. Infrared Spectrum of 10 mM CpFe(CO),(SCe¢Hs) reacting with 100
mM CCI;COOH in CH.Cl,.

0 — FpSPh + acid
o1l \ ! x " XN = Peak at 1984
02 -=—— Peak at 1995
g | 28Y N\ S\ o A" Peak at 2006
< 03 seeeuees Peak at 2027
£ 04 - —— Peak at 2042
-2 -=-~ Peak at2068
05
06 2040 1995
0-7 [ T B ] { 1 v i
2100 2080 2060 2040 2020 2000 1980 1960 1940
Wavelength (cm™)

Figure 2.7. Infrared Spectrum of 10 mM CpFe(CO)x(SCsHs) reacting with 500
mM CCI;COOH in CH.Cl,.
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Figure 2.8. Infrared Spectrum of 10 mM CpFe(CO),(SCsHs) reacting with 1000
mM CClaCOOH in CHzClz.
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1
—_— CpFe(CO)ZSPh
o8] 7\ | ====- S50 mM CCQCOOH
8 --— 500 mM CCQCOOH
= 06| X }ee--- 1000 mM CCl;COOH
2
2 04| 00 N™F- N\ [T [CpFe(CO),(HSPh)I
2 ’ . S
0.2 k . v .\\‘ R
PSSR R
0 1 1 1 J I 1
400 - 450 500 5§50 600 650 700 750 800
Wavwelength (nm)
al
0 — CpFe(CO),SPh
»=-- 50mMCC|,COOH
g 02 -— 500 mM CCLCOOH
é 04 | 1000 mM CCIJCOOH
o >/
n
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0.8
1 [ ) 4 1
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b.

Figure 2.9. a) Changes in the UV-visible spectra of 1 in CH.Cl, upon addition of
trichloroacetic acid. Note the lack of isosbestic points. The spectrum of
[CpFe(CO)(HSCeHs)]" is shown for comparison. b) Corresponding changes in
the IR of the same solutions that were used to collect the UV-visible spectra.
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Table 2.2. The carbonyl stretching frequencies of 10 mM CpFe(CO)2(SCesHs) with
150 mM acid in CH.Cl..

150 MM Acid |[pKa |vcocm™

CF3COOH? <0.5 |[2072 2038 1993
CF3COOH® 2071 2041 [2029 (2012 |1997 |1986
CCILCOOH®* | 0.70 |2069 2038 1992
CCl;COOH® 2069 [2041 [2028 |[2011 |1997 |1984
CCLHCOOH® |1.48 |2066 2035 1989
CCl,HCOOH® 2067 |2040 |2029 2011 |1995 |1983
CCIH,COOH® |2.85 2033 1986
CCIH,COOH® 2038 | 2030 1993 | 1982
CH:COOH*  |4.75 2032 1985
CH;COOH® 2032 1985

a. The experimental CO stretching frequencies before a curve fit analysis.
b. The experimental CO stretching frequencies after a curve fit analysis.

0

—— FpSPh + acid

0.1
-—— Peak at 1985
0.2
03
04

05

Peak at 2032

Absorbance

086

0.7 1 1 L]
2100 2050 2000 1950 1900

Wavenumber (cm’')

Figure 2.10. Infrared spectrum of 10 mM CpFe(CO)(SCeHs) reacting with 150

mM CH;COOH in CH:Cl,. Note that the curve fit stretching frequency values

match the experimental values.
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Figure 2.11. Infrared spectrum of 10 mM CpFe(CO),(SC¢Hs) reacting with 150
mM CCIH.COOH in CH:Cl,.
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Figure 2.12. Infrared spectrum of 10 mM CpFe(CO),(SCeHs) reacting with 150
mM CCIL,HCOOH in CH:Cl,.
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Figure 2.13. Infrared spectrum of 10 mM CpFe(CO)(SCeHs) reacting with 150
mM CC|3COOH in CHzClz.
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Figure 2.14. Infrared spectrum of 10 mM CpFe(CO),(SCsHs) reacting with 150
mM CFchOH in CH2C|2.
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Figure 2.15. a) Changes in the UV-visible spectra of CpFe(CO)2(SCeHs) in
CH,Cl2 upon addition of acetic acid, monochloroacetic acid, dichloroacetic acid,
trichloroacetic acid, and trifluoroacetic acid. Note the lack of isosbestic points.

b) Corresponding changes in the IR of the same solutions that were used to
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Figure 2.16. IR spectrum of 10 mM CpFe(CO),(SCe¢Hs) + 5 mM HBF,-O(CHs), in
CH2Cl,.

Table 2.3. Infrared data of 10 mM CpFe(CO).Cl and 10 mM CpFe(CO).l with
and without 150 mM CF3COOH in CH2Cla.

10 mM CpFe(C0)X? | veo (cm™)

CpFe(CO),CI° 2052 2007
CpFe(CO).CF 2060 2015

CpFe(CO),I° 2041 1996
CpFe(CO)al° 2041 1996

a. Xis Chloride or lodide
b. Compound CpFe(CO).X without CF;COOH.
c. Compound CpFe(CO)2X with CF;COOH.
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Figure 2.17. IR spectra of 5 mM CpFe(CO).Cl with (NBu,s)(PFs) and without
150 mM (NBu4)(PFs) in CH2Cl,. Note that the stretching frequencies for both

solutions are the same.

1
038
8
§ 06
3
g 04
=<
02 without (NBu)(PF t‘)
' - —wi PF
with (NBu4)( e) 2035 * 1988
0 T T

] i ¥ I
2250 2200 2150 2100 2050 2000 1950 1900
Wavelength (cm™)

Figure 2.18. infrared spectrum of a 10 mM CpFe(CO)2(SCsHs) with and without
1.0 M (NBug4)(PFs) in CH.Cl,.
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Figure 2.19. Visible spectrum of a 10 mM CpFe(CO)>(SCgHs) with and without
1.0M (NBU4)(PF5) in CHzC|2.
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Figure 2.20. Changes in the infrared spectra of CpFe(CO)x(SCeHs) in CH2Cl>
upon addition of an increasing concentration of trichloroacetic acid in the

presence of (NBus)(PFs).

22



2.4 Results of the Solid State Experiments

The crystal data and structure refinement for CpFe(CO)(SCeHs) and
[CpFe(CO)(HSCgHs)]BF 4 are located in Tables 2.4 and 2.6 respectively. The
atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(A2 x 10% for CpFe(CO)2(SCeHs) and [CpFe(CO),(HSCeHs)]BF,4 are located in
Tables 2.5 and 2.7 respectively. The thermal ellipoid drawings of
CpFe(CO)»(SCsHs) and [CpFe(CO)2(HSCg¢Hs)]BF 4 are shown in Figures 2.21 and
2.23 respectively. The crystal packing of CpFe(CO)(SCeHs) and
[CpFe(CO)2(HSCeHs)]BF 4 are also shown in Figures 2.21 and 2.23 respectively.
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Table 2.4. Crystal Data and Structure Refinement for CpFe(CO)2(SCgHs).

Empirical formula CisH1oFeO,S

Formula weight 286.12

Temperature 188(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2:/n

Unit cell dimensions a=6.147(2) A alpha = 90 deg.

b =15.933(3) A beta = 97.92(3) deg.
c=12.711(3) A gamma = 90 deg.

Volume, Z 1233.1(5) A*, 4

Density (calculated) 1.541 mg/m®

Absorption coefficient 1.376 mm”

F(000) 584

Crystal size 0.12x0.30 x 0.16 mm

Theta range for data collection 2.06 to 24.98 deg.

Limiting indices 0<=h<=7, -18<=k<=0, -15<=1<=14
Reflections collected 2351

Independent reflections 2137 [R(int) = 0.0271]
Absorption correction Semi-empirical from psi-scans
Max. and min. transmission 0.3646 and 0.3250
Refinement method Full-matrix least-squares on F?
Data/restraints/parameters 2135/0/154

Goodness-of-fit on F? 1.122

Final R indices [I>24(1)] R1=0.0536, wR2 = 0.1437

R indices (all data) R1=0.0657, wR2 = 0.1558
Largest diff. Peak and hole 1.089 and -0.391 e. A*®
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Table 2.5. Atomic coordinates (x 10*) and equivalent isotropic displacement
parameters (A2 x 10°) for CpFe(CO)2(SCeHs). U(eq) is defined as one third of

the trace of the orthogonalized U; tensor.

X y z U(eq)
Fe(1) 2126(1) 2998(1) 5036(1) 25(1)
S(1) -830(2) 3578(1) 4008(1) 29(1)
o) -498(9) 1490(3) 5129(4) 68(2)
0() 3902(7) 2488(3) 3119(3) 50(1)
c(1) 1848(9) 3605(3) 6481(4) 33(1)
C(2) 2842(9) 4156(3) 5815(4) 32(1)
C(3) 4793(9) 3784(4) 5586(4) 39(1)
C(4) 5024(10) 2995(4) 6108(5) 44(2)
C(5) 3207(11) 2895(4) 6668(4) 43(1)
C(6) -105(8) 4239(3) 2990(4) 28(1)
C(7) -1783(9) 4432(3) 2170(4) 34(1)
C(8) -1414(10) 4983(4) 1371(4) 42(1)
C(9) 636(11) 5333(4) 1356(4) 42(1)
C(10) 2325(10) 5131(4) 2149(5) 40(1)
c(11) 1960(9) 4586(3) 2959(4) 32(1)
C(12) 529(10) 2081(4) 5077(5) 39(1)
C(13) 3235(9) 2687(3) 3883(4) 34(1)
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Table 2.6. Crystal data and structure refinement for [CpFe(CO)(HSCgHs)]BF.4.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume, Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected
Independent reflections
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [I>20(l)]

R indices (all data)

Largest diff. Peak and hole

CisH11BFsFe0.S
373.94

188(2) K
0.71073 A
Monoclinic

P2i/c
a=6.3987(10) A
b = 7.4616(14) A
c=31.177(5) A

alpha = 90 deg.
beta = 95.206(12)
gamma = 90 deg.

1482.4(4) A3 , 4

1.675 mg/m?®

1.202 mm"’

752

0.06 x 0.38 x 0.28 mm

2.62 to 26.00 deg.

0<=h<=7, 0<=k<=9, -38<=1<=38
3179

2897 [R(int) = 0.0329]
Semi-empirical from psi-scans
0.4488 and 0.3755

Full-matrix least-squares on F?
2889/0/197

1.092

R1=0.0543, wR2 =0.1330
R1=0.0785, wR2 = 0.1637
0.660 and -0.472 e. A®
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Table 2.7. Atomic coordinates (x 10%) and equivalent isotropic displacement
parameters (A2 x 10%) for [CpFe(CO)2(HSCeHs)|BFs. U(eq) is defined as one

third of the trace of the orthogonalized U; tensor.

X y z U(eq)
Fe(1) 2761(1) 2332(1) 4036(1) 25(1)
S(1) 3780(2) 4663(2) 3642(1) 39(1)
0(1) -1558(5) 2318(6) 3641(1) 54(1)
0(2) 3972(7) -509(6) 3568(1) 60(1)
C(1) 3988(9) 3799(7) 4578(1) 44(1)
C(2) 5232(8) 2240(8) 4519(2) 46(1)
C(3) 3927(8) 733(7) 4549(1) 40(1)
C(4) 1907(8) 1341(7) 4619(1) 39(1)
C(5) 1959(8) 3228(7) 4639(1) 40(1)
C(6) 3023(7) 4342(6) 3085(1) 34(1)
C(7) 1147(8) 5037(7) 2898(2) 45(1)
C(8) 665(10) 4849(8) 2454(2) 54(1)
C(9) 2053(10) 3991(7) 2206(2) 54(1)
C(10) 3884(10) 3282(8) 2401(2) 53(1)
Cc(11) 4397(4) 3457(4) 2838(1) 45(1)
C(12) 3573(4) 587(4) 3679(1) 31(1)
C(13) 117(4) 2350(4) 3794(1) 34(1)
B(1) -968(10) 7269(8) 4194(2) 46(1)
F(1) -620(10) 7114(8) 3775(1) 126(2)
F(2) 932(6) 7314(5) 4442(2) 81(1)
F(3) -2050(6) 8825(5) 4256(2) 84(1)
F(4) -2040(6) 5822(5) 4317(1) 78(1)
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Figure 2.21. Thermal ellipsoid drawing of the crystal structure of
CpFe(CO)2(SCeHs) at the 50% level with the labeling scheme. The hydrogen

atoms were included with idealized parameters.
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Figure 2.22. The crystal packing diagram of CpFe(CO),(SCeHs). The hydrogen

atoms were included with idealized parameters.
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Figure 2.23. Thermal ellipoid drawing of the crystal structure of
[CpFe(CO)2(HSCeHs)]® at the 50% level with the labeling scheme. The hydrogen
atom on the sulfur atom was located in the difference map and refined

isotropically. All the other hydrogen atoms were included with idealized

parameters.
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Figure 2.24. The crystal packing diagram of [CpFe(CO)(HSCe¢Hs)]BFs. The

hydrogen atoms were included with idealized parameters.
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Table 2.8. Selected bond lengths (A) and angles (deg) for CpFe(CO)2(SCsHs).

Fe(1) - C(12) 1.766(6)
Fe(1) - C(13) 1.770(6)
Fe(1) - S(1) 2.283(2)
Fe(1) - X(1) 1.724(6)
C(12) - Fe(1) - C(13) 94.1(3)

C(12) - Fe(1) - S(1) 87.1(2)

C(13) - Fe(1) - S(1) 90.4(2)

X(1) - Fe(1) - S(1) 123.6(3)
X(1) - Fe(1) - C12) 124.8(4)
X(1) - Fe(1) - C(13) 125.9(4)

X represents the centroid of Cp.
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Table 2.9. Selected bond lengths (A) and angles (deg) for
[CpFe(CO)2(HSCqHs)]BFs.

Fe(1) - C(13) 1.789(3)
Fe(1) - C(12) 1.819(3)
Fe(1) - S(1) 2.2590(13)
Fe(1) - X(1) 1.711(3)
S(1) - H(1) 1.35(7)
C(13) - Fe(1) - C(12) 93.34(13)
C(13) - Fe(1) - S(1) 94.19(9)
C(12) - Fe(1) - S(1) 96.04(9)
X(1) - Fe(1) - S(1) 120.4(1)
X(1) - Fe(1) - C12) 122.1(1)
X(1) - Fe(1) - C(13) 123.5(1)
H(1) - S(1) - Fe(1) 108(3)
H(1) - S(1) - C(6) 100(3)

X represents the centroid of Cp.
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2.5 Resulits of the Molecular Orbital Calculations

Some resuits of the density functional calculations are presented in Table
2.10 along with selected results from the crystal structures and solution studies.
A comparison of bond lengths, bond angles, and carbonyl stretching frequencies
are listed.

The Highest Occupied Molecular Orbitals (HOMOs) of the various
Brensted acid adducts of CpFe(CO),SCH3 were calculated by the DFT method.

The pictorial representations are located in Figure 2.25.

Table 2.10. Experimental (R=CgHs)® and Computed (R=CHs)® Bond Distances
and Carbonyl Stretching for CpFe(CO),SR and Its Hydrogen-Bonded Adducts.

FpS-R°® Fe-S bond | S-H bond | Obs veo Obs F, (ki) Cald vco
compounds | dist. (A) |dist. (A) |(cm™) (mdyn/ A) (cm™)
FPSR 2.331 N/A 1985, 2032 | 16.29, (0.381) | 1980, 2024
FpSR-AcOH® |2.331 2.227 | 1985, 2032 | 16.29, (0.38;) | 1990, 2032
FpSR-CAA® 1986, 2033 | 16.304 (0.384)
FpSR-DCAf 1988, 2035 | 16.34, (0.38,)
FpSR-TCA? 1992, 2038 | 16.39; (0.374)
FpSR-TFA" |2.332 2126 | 1995, 2038 | 16.42; (0.35¢) | 1993, 2035
FpSR-HBF | 2.301 1.471 1998, 2043
FpHSR* 2.284 1.372 | 2025, 2067 | 16.90¢ (0.34;) | 2031, 2068

310 mM CpFe(CO)2(SCeHs) in CH,Clo. °Calculated at the pDF/BP* level for the
Bronsted Acid Adducts of CpFe(CQO).SCH; using Spartan 5.0. °Fp represents
CpFe(CO)a. dAcetic  acid. ®Chloroacetic acid. Dichloroacetic acid.
STrichloroacetic acid. "Trifluoroacetic acid. 'Hydrogen bound tetrafluoroboric
acid.
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Figure 2.25. Highest Occupied Molecular Orbitals (HOMOs) of Various
Brensted Acid Adducts of CpFe(CO).SCH; as calculated by the DFT Method.

Note the HOMO is largely S in character until the H-bond is polarized toward S,
at which time the HOMO becomes largely Fe in character (with concomitant

increase in Cp character).
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2.6 Discussion
In this chapter, we presented spectroscopic, solid state, and MO
calculations as evidence in support of the equilibrium process as outlined in

Scheme 2.1. These studies corroborate one another very well.

*

LFe . Ph === Fo  Ph=—== Ph
o s ol 8 ot/ s
< £ : c | X
H °
1 1HX X W
Scheme 2.1

The spectroscopic studies focused on analyses of the carbonyl stretching
frequencies in the infrared region and observation of the changes in the ligand to
metal charge transfer band (LMCT) in the visible region as compound 1 is
dissolved in an aprotic, low dielectric solvent such as CH,Cl, and a Bransted acid
is added to the solution. As the acid concentration increases, the equilibrium is
shifted to the right as is indicated by an increase in the carbonyl stretching
frequencies and a shift to shorter wavelength of the LMCT band. The carbonyl
stretching frequencies and, in turn, force constants (F.,) have been determined
to be related to ionization potentials. There is a significant difference in the half
wave potential, E,, between the non-protonated 1 and the protonated species
1H* as will be presented in this discussion.

Compounds 1 and 1H* are isolable but 1-HX is not. The 1-HX complex

appears to be a hydrogen bonded species and is formed by the acidic hydrogen
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from a carboxylic acid group bonding to the sulfur. As the acid concentration
increases, multiple hydrogen bonds are expected at the sulfur. Also under these
conditions, the dielectric constant of the solvent is increasing and hydrogen
bonding is probably occurring between the proton donors as shown in Figure
2.27. Complex 1-HX would then appear to be part of a continuum with minimal
hydrogen bonding at low acid concentrations to multiple hydrogen bonds at
higher concentrations. As the acid concentration continues to increase, the
polarity of the solvent promotes ionization of the acid and protonation of

compound 1 occurs to form compound 1H*.
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Figure 2.26. The complex CpFe(CO)2(SR) mixed with an increasing acid

concentration until protonation takes place.

37



The highest occupied molecular orbital (HOMO) of compound 1 is an
Fe(drn)-S(pn) anti-bonding orbital and is largely sulfur in character.33.35 The
sulfur, as expected, is the point of attack by a proton donor. The donor
properties of the thiolate ligand toward the metal are affected by hydrogen
bonding; however, we propose that a substantially greater effect occurs due to
protonation. We can observe, indirectly, the changing electronic effects that are
occurring at the metal center as compound 1 is titrated with various weak and
strong acids. By using infrared spectroscopy to observe the changes in CO
stretching frequencies and UV-vis spectroscopy to observe the change in the
ligand to metal charge transfer band, the electronic effects can be accurately
monitored during titration. For example, to test if hydrogen bonding may be
occurring at oxygen site on the carbonyls of CpFe(CO)2(SCeHs), 150 mM
CF3COOH was added to a CHCl; solution of CpFe(CO).Cl (10.62 mg, 5 mM).
The results are listed in Table 2.3. The CO stretching frequencies are 2053 and
2007 cm™ without CF3COOH added to the solution and 2058 and 2014 cm™ with
CF3COOH. Apparently, hydrogen bonding may be occurring on the chioride
ligand.5® To test this, CpFe(CO).l was substituted for the chioride compound
since the iodide ligand is softer in character than the chloride ligand. No effect
was observed on the carbonyl stretching frequencies when 150 mM CF,COOH
was added to a CH,Cl, solution of CpFe(CO).l (15.2 mg, 5 mM). The results in
this case indicate that no hydrogen bonding is occurring on the carbonyls since
no change in the CO stretching frequencies are observed. Based on these
experiments, we suggest the hydrogen bonding that occurs to
CpFe(CO)2(SCeHs) happens mostly at the sulfur.

in a previous study by Ashby et al., the CO stretching frequencies of the
compound CpFe(CO),SCeH4-p-Z where Z = H, Cl, CF3,and NO,, were correlated
to the HOMO ionization potential (as determined by gas-phase PES) of each
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compound.35 Figure 2.26 represents the correlation between the symmetric and
antisymmetric stretching frequencies and the first ionization potentials as

determined from previous PES studies.35
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Figure 2.27. Spectroscopic Properties for CpFe(CO),SCeH4-p-Z where Z = H,
Cl, CF3, and NO,.
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As Z becomes more electron withdrawing, the carbonyl stretching
frequencies increase as well as the ionization potential which establishes a linear
relationship. This relationship in terms of the force constant, F.,, and the first

ionization potential can be described in the following equation:35

IP = 2.68F - 36.6

A correlation between electrochemical and photoionization data generally yield

empirical relationships of the form:60-64

E12=(0.6 to 0.8)IP - (3.5 t0 4.5)

By using the empirical formula:

AE 2= MAF (i.e., for 1.6 <A < 2.1 and the observed AF.,= 0.65 mdyn/A)

we predict a shift of the oxidation potential of 1 by 1.0 — 1.3 V upon protonation.
This range can be compared with the 500 — 700 mV positive shift that has been
observed for model Nif5.66 and Fe65 complexes. Using the value of F, = 16.42
mdyn/A that is observed for the hydrogen bound species 1.TFA (TFA is
trifluoroacetic acid), we estimate a maximal effect of 300 < AE;» < 400 mV for
H-bonding to 1. Based on this information, there is a substantially smaller effect
for hydrogen bonding, which is about 30% of that observed upon protonation.
Shubina et al. has demonstrated that sometimes hydrogen bonding is the first
stage of protonation.67 Perhaps this is what is occurring in the iron-sulfur

clusters [3Fe-4S] of certain proteins in which protonation does occur.?
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Ueyama et al. has described the effects of a double and single hydrogen
bond on a cytochrome P450 model in terms of potential (eV) and the Fe-S bond
distance (Table 2.11).68 The compound is an iron(lil) complex so the Fe-S bond
distance increases due primarily to the weakening of the sigma bond as the
hydrogen bonding influence increases. Naturally, the thiolate becomes a weaker
base. Notice that the decreased changes in bond distance between the Fe-S
has a great influence in the redox potential in that the compounds are more

easily reducible.

Table 2.11. Changes in Fe-S distances and Redox potential in a model

Cytochrome P450 containing NH...S hydrogen bonds.

Number of NH...S bonds Fe-S distance (A) Redox potential (eV)
0 2.29 -0.68
1 2.32 -0.52
2 2.36 -0.35

Using infrared spectroscopy to observe changes in stretching frequencies
in biologically relevant model systems is not new, however the NH stretching
frequency is typically the frequency of interest and that is to see if hydrogen
bonding is taking place.26.6889 The C=0 stretching frequencies in amide groups
have also been used to detect hydrogen bonding or the lack of it in model
systems.70 The S-H stretching frequency of cysteine has also been used as a
good indicator of hydrogen bonding inside proteins.”1

The carbonyl stretching frequencies can be used as great indicators as to
whether hydrogen bonding is taking place at the ligand or metal. The carbonyl

stretching frequencies (vco) shifting to higher wavenumbers is an indirect
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indication of the existence of a hydrogen bond to a ligand or metal as
demonstrated by Kazarian et al.72 and Peris et al.’”3 As electron density is
decreased at the metal center as a result of hydrogen bonding to the metal or a
ligand, there is less back donation from the metal to the CO =* antibonding
orbitals.35.74

By adding less than one equivalent of HBF4sO(CHs), to
CpFe(CO)z(SCsHs), a mixture of 1 and 1H" is produced instead of the compound
[CpFe(CO)(SCsHs)).HBF, as shown in Figure 2.28. The carbonyl stretching
frequencies for each species in solution are unperturbed (Figure 2.16). Using the
fitting program PeakFit, the center peak can be fitted into two peaks which are
representative of the protonated and nonprotonated species. Before protonation,
the carbonyl stretching frequencies occur at 1985 and 2032 cm™ (Figure 2.3). By
adding one equivalent or greater of HBF4 O(CHj3), to CpFe(CO)(SCeHs),
complete protonation occurs to form the product 1H*. Upon protonation, the
color immediately changes from red to yellow, which corresponds to loss of the
Fe-S LMCT band in the visible spectrum. (Figure 2.9)' There is also an increase

in the carbonyl stretching frequencies as expected (Figure 2.4).
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Figure 2.28. A potential product from the reaction between 10 mM
CpFe(CO)2(CeHs) and 5 mM HBF4-O(CHs).
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A continuum of change in the UV-visible and infrared spectra is observed
when less strong acids are added to CpFe(CO)x(SCeHs) in a nonpolar solvent.
This is explained by the equilibrium that is shown in Scheme 2.1. For example,
by increasing the concentration of CCI3COOH to a 10 mL CH,Cl> solution of
CpFe(C0)2(SCsHs) (28.6 mg, 10 mM), the ligand to metal charge transfer band in
the visible region is undergoing a blue shift due to an increase in hydrogen
bonding and at the same time, the CO stretching frequencies in the infrared
region are shifting to a higher frequency (Figure 2.9). There are no isosbestic
points in the visible region, which indicates that there is not a discrete 1-HX
species. As the acid concentration increases, more than one hydrogen bond can
be associated with the sulfur until the dielectric of the solvent becomes such that
ionization of the acid occurs with concomitant solvation of the conjugate base
and protonation of the thiolate takes place. A peak at approximately 2068 cm™ in
the infrared region is growing in as the acid concentration increases, which is
indicative of the protonated species.

A curve fit analysis on the carbonyl stretching frequencies indicates at
least three species in solution when 50 mM CCI;COOH is reacted with 10 mM
CpFe(CO)2(SCeHs). A broad peak at 1991 cm™ and a peak at 2037 cm™ with a
shoulder appears in the infrared spectrum (Figure 2.5). According to the curve fit
analysis, six individual peaks could be found within these peaks. Two of the
peaks, 1983 cm™ and 2031 cm™ are from compound 1 and the smailer peaks at
2066 and 2014 are from compound 1H*. Presumably, the strong peaks that are
showing up at 2042 cm™ and 1998 cm™ are indicative of a predominant hydrogen
bound species. Of course, the equilibrium (Scheme 2.1) is still shifted more to
the left since the protonated species is showing up at one-fifth the intensity as the

parent compound and the hydrogen bound species. When 1000 mM CCIl;COOH
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is reacted with 10 mM CpFe(CO)2(SCsHs), three fairly broad peaks representing
the carbonyl stretching frequencies appear in the infrared spectrum (Figure 2.9).
The peaks are located at 1996, 2040, and 2068 cm™. Once again, according to
the curve fit analysis, six peaks could be found; however, species 1 has
completely reacted to form either the hydrogen bond complex or the protonated
species. The two potential hydrogen bonded species have stretching
frequencies at 1992 and 2045 cm™ and at 2003 and 2037 cm™. The frequencies
of the protonated species are at 2025 cm™ and 2069 cm™ as expected. By
observing the curve fitted values in Table 2.1, it appears that there is a
predominant hydrogen bound species which exhibits frequencies at about 1998
cm™' and the other is about 2042 cm™. The shift of the LMCT to higher energy
and the increase in the CO stretching frequencies indicates a shift to the right in
the equilibrium (Scheme 2.1).

Reacting various concentrations of CCILCOOH with 10 mM
CpFe(CO)2(SCeHs) in the presence of an inert sait, (NBus)(PFs), shows the
equilibrium shifts to the right more quickly at significantly lower acid
concentrations (Figure 2.20). This certainly is not unexpected since dissociation
of an acid is easier in more polar solvents than in less polar solvents and
therefore, protonation can take place at lower concentrations. As 250 mM
CCihCOOH reacts with compound 1 in the presence of (NBuy)(PFs), the
absorbance is 0.40 at 2069 cm™, which is the stretching frequency for the
protonated species, and reacting 1000 mM CCIl,COOH with compound 1
excluding (NBus)(PFg), the absorbance is only 0.31 at 2069 c¢m™ which is
significantly less considering the concentration difference. This is one of the
reasons for studying the affects of hydrogen bonding in less polar solvents.

Not only is hydrogen bonding dependent upon the concentration of a

specific acid and solvent polarity, but it is also dependent upon the strength of an
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acid. A series of experiments were carried out using CH3;COOH, CH,CICOOH,
CHCI,COOH, CCI,COOH, and CF;COOH at the same concentration (150 mM in
CH2Cl,). To each acid solution was added enough CpFe(CO)2(SCgHs) to form a
10 mM solution. The wavelength of the MLCT band decreased and the CO
stretching frequencies increased as the strength of the acid increased (Figure
2.8) as expected for a shift in equilibrium to the right with the effective pK, of the
acid (Figure 2.9,Table 2.5).6364 When reacting compound 1 with CH;COOH,
only a slight decrease in the LMCT band was observed (Figure 2.16) and no
significant change occurred in the carbonyl stretching frequencies. According to
the curve fit analysis, the peaks found were at the same frequencies (2032 and
1985 cm’') as the experimentally determined frequencies (Figure 2.10).

When reacting compound 1 with CCIH,COOH, a more significant blue shift
in the LMCT band than with the acetic acid occurred, and a slight shift in the
carbonyl stretching frequencies was aiso observed (Figure 2.11). The stretching
frequencies at 2033 and 1986 cm™ were fitted and the results indicate that four
major peaks are present. The frequencies are 1982 and 2030 cm™ representing
compound 1 and the others are at 1993 and 2038 cm™ representing a hydrogen
bound species. Apparently, the monochloroacetic acid is not a strong enough
acid under these conditions to protonate compound 1. A protoned species
begins to appear together with the parent compound and a hydrogen bound
species in the infrared spectrum when the dichoroacetic acid is reacted with
compound 1 (Figure 2.12).

The dielectric constant of the solvent has increased since the
monochloroacetic acid is obviously polar and a substantial amount was added.
This could be the reason why the peaks of the compound 1 are now at 1982 and
2030 cm™' instead of 1984 and 2032 cm™. By making up a solution containing 10
mM CpFe(CO)(SCesHs) and an inert salt, (NBus)(PFs), to increase the dielectric
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affect of the solvent, a slight decrease by several wavenumbers in the carbonyl
stretching frequencies was observed (Figure 2.18) as well as a slight blue shift in
the visible region (Figure 2.19) indicating a solvatochromic effect. Of course,
hydrogen bonding increases the CO stretching frequency of compound 1 so
there is a distinguishing feature between solvent polarity and hydrogen bonding
affects. Another set of solutions were prepared using 10 mM CpFe(CO),Cl,
instead of compound 1, with and without (NBug)(PFs). No change occurred in the
infrared stretching frequencies (Figure 2.17). So apparently the solvatochromic
effect has to do with the type of ligand coordinated to the metal in this case.

When CF3;COOH is reacted with compound 1, three strong bands show up
in the infrared spectrum and a significant loss in the LMCT band in the visible
region is observed (Figure 2.16). The bands at 2038 and 1993 cm™ are broad
indicating overlapping bands (Figure 2.15). A curve fit analysis shows large
peaks at 2029 and 2071 cm™ which represents the protonated species. The
peaks at 1997 and 2041 cm™ probably represents the predominant hydrogen
bound species; however, the peaks at 1984 and 2011 cm™ are at much different
intensities which indicates a more complex solution involving perhaps two other
hydrogen bound species which are at much lower concentrations. As mentioned
before, sulfur can have more than a single hydrogen bond.

A comparison of the bond distances and angles of 1 and 1H" was
accomplished by single-crystal X-ray crystallographic analysis of a suitable
crystal of each compound. The thiolate compound was grown by evaporation of
a saturated pentane solution under nitrogen over eight hours and the thiol crystal
was obtained by evaporation of a saturated CH.Cl> solution under nitrogen
overnight.

Apparently, the X-ray structure of 1H* is the first Fe(ll)-thiol compound to

be published. There are a limited number of Fe(lll)-thiol compounds and all of
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them are iron-porphyrin complexes.”> An interesting point is that Collman et al.
have shown in the crystal structure of Fe(TPP)(CsHsS)(CeHsSH) is that the Fe-S
bond distance between the Fe(lll)-benzenethiolate is shorter (2.27 A) than the
Fe(lil)-benzenethiol (2.43 A).7® This is not unexpected since the thiol is a
weaker Lewis base than the thiolate. However, it is also interesting that the Fe-S
bond distance for complex 1H* (2.2590 A) is shorter than the Fe-S bond distance
for 1 complex (2.283 A). This can be attributed to a reduction of energy of the 4-
electron Fe-S dn-pn anti-bonding orbital upon protonation of the thiolate ligand.35
The molecular structures of the thiolate and thiol are shown in Figures 2.21 and
2.23 respectively. The selected bond lengths and bond angles are listed in
Tables 2.8 and 2.9. The Fe-S bond length for compound 1 is comparable with
those of other structuraily characterized Fp S-donor complexes (Table 2.12);
however, it seems it is one of the shortest bonds that has been observed for
Fe(ll)-phenyithiolate derivatives (Table 2.13).

The crystal packing diagrams of CpFe(CO)(SC¢Hs) and
[CpFe(CO)2(HCeHs)]BF 4 are also shown for comparison (Figures 2.23 and 2.25).
Notice the apparent hydrogen bonding in the crystal packing diagram for
[CpFe(CO)2(HSCeHs))BF; that is taking place between a fluorine from the BF,
anion and the hydrogen from the suifur. However, the bond distance from the
fluorine to the hydrogen on the sulfur is 2.196 A, which is too far for any
significant hydrogen bonding.?”

Calculations using a variety of methods such as the Extended Hickel
Molecular Orbital method (EHMO), Molecular Dynamic simulations (MD), the
Semi-empirical Spin-Restricted Open Shell method, and the Density Functional
method (DFT) have been previously carried out to study hydrogen bonding

effects in metal-thiolate complexes.’879 The present MO calculations using DFT
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were carried out using SPARTAN 5.042 running on a Silicon Graphics IRIS Indigo
2 Solid Impact with a R10000 processor.

Table 2.12. Fe-S Bond Lengths (A) for Structurally Characterized [CpFe(CO)2]"

with S-Donor Ligands

Fe(ll) Compounds Fe-SA Ref.
CpFe(CO)2SC(S)CHs 2.256(2) 43
CpFe(C0O)2SCO(2-NO2CeHa) 2.266(1) 4
W(CO)s{C(SFe[CO]Cp)(Ph)=C(OCH,CH-)Ph} 2.269(5) 45
Cp(CO).FeC(=S)SFe(Cp(CO).W(CO)s] 2.273(1) 46
CpFe(CO)z(n'-SC(S)OCH2CHs) 22744) 47
(1-S4)[CpFe(CO)2]. 2276(2) 48
(u-S3)[CpFe(CO)zL 2283(2) 48
CpFe(CO)2(SCeHs) 2.283(2) this study
CpFe(CO),(SCH,CHs) 2.296(2) 49
CpFe(C4H100,PS2)(CO)]" 2.304(1) 50
[CpFe(CsH1402PS2)(CO)2]" 2.322(2) 51
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Table 2.13. Fe-S Bond Lengths (A) for Structurally Characterized Fe(ll) Pheny!

Thiolate Complexes

Compound Fe-SA Fe-SA Ref.
(av)
[P(CeHs)al2[Fe(SCeHs)a) 2.359(2), 2.360(2), 2.353 52
2.338(2), 2.355(2)
(CeHsS)Fe(H)(CO)2(P(OCéHs)s)2 2.343(3) 2342 83
cis,cis,cis-Fe(CO)2(dppe)(SCeHs)2 2.339(5), 2.343(4) 2341 4
fac{Na(15-crown-5)][Fe(CO)3(SCeHs)s]  2.341(3), 2.337(3), 2.341 55
2.345(3)
Fe(SCgHs)2(H2NC2HNH2)(CO)2 2.326(1), 2.338(1) 2332 %6
((CH3CH_2)4N)2[S2M0S2Fe(SCeHs)2] 2.299(2), 2.315(2) 2.307 57
[(CeHs)4PL[(CsHsS)FeS:MoS:] 2.292(2), 2.303(2) 2.298 S8
CsHsFe(CO)2(SCeHs) 2.283(2) 2.283 this study

Calculations were carried out on CpFe(CO)z(SCH3), two hydrogen bound

species with CF;COOH and HBFs as the hydrogen bound donors, and the

protonated species [CpFe(CO).HSCH3]" as shown in Figure 2.2. Compounds A
and D are analogous to CpFe(CO)x(SCe¢Hs) and [CpFe(CO)2(HSCgHs)|BF,

respectively, which were used in the solution studies. Compounds B and C are

models of the hydrogen bound species where B uses the weaker acid,

CF3COOH, as the hydrogen donor and C uses the stronger acid, HBF,. These

calculations allow us to see the change in the HOMO characters as compound A

is hydrogen bound by acids in B and C and then protonated in compound D.
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The data from the calculations for CpFe(CO),SCH; show that the HOMO
is primarily sulfur in character, as expected, but upon protonation, becomes
primarily metal in character (Figure 2.24). The complex that contains the weaker
acid, CF3COOH, that is hydrogen bound to CpFe(CO),SCH; shows more of the
HOMO as primarily sulfur in character but the complex that contains the stronger
acid, HBF,, hydrogen bound to CpFe(CO),SCH3; shows a decrease in sulfur
character and an increase in metal character.

Bond distances, bond angles and carbonyl stretching frequencies were
also calculated for each complex as shown in Table 2.12. Of course, the methyi
group of CpFe(CO).SCH; is more of an electron donor than the phenyl group
that it replaced for calculation purposes so there should be some slight
differences in bond distances and stretching frequencies but the overall trends
should be basically the same.

The bond distances for Fe-S in FpSCH3, and FpSCH3-TFA, where Fp is
CpFe(CO),, are 2.331 and 2.332 A respectively, so they are basically the same.
However, the Fe-S bond distances for FpSCH;-HBF, and FpHSCH," are 2.301
and 2.284 A respectively. The trend for the Fe-S bond distance as the parent
compound FpSCH; undergoes hydrogen bonding and then protonation is that it
gets shorter. This trend matches the crystallographic data. The shortening of Fe-
S bond reflects increasing stability due to the decreasing filled-filled interaction
between the Fedn-Spn antibonding orbital.

The computed carbonyl stretching frequencies also exhibit an interesting
trend. The stretching frequencies for FpSCH; are 1980 and 2024 cm™ and the
frequencies for FpSCH;-HBF, and FpHSCH," are 1998, 2043 cm™ and 2042,
2078 cm™ respectively. The trend is an increase in carbonyl stretching
frequencies as FpSCH; undergoes hydrogen bonding and then protonation.

Again, this reflects the decreased electron density backbonding from the metal to
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the CO =* antibonding orbitals. The overall trend for the calculated stretching
frequencies matches the trend encountered in the solution studies. The
intriguing values of 1998 and 2043 cm™ that were calculated for the hydrogen
bonded complex matches very closely to the carbonyl stretching frequencies
found for the predominant hydrogen bound species in much of the solution

studies.

2.7 Conclusions.

In summary, we have provided spectroscopic, solid state, and density
functional calculations as evidence to show that protonation can significantly
change the reduction/oxidation properties of the metal center as compared to
hydrogen bonding. Infrared and UV-vis spectroscopy data support the idea that
1.HX is not a discrete hydrogen bound species (Scheme 2.1). There are no
isosbestic points in the visible spectra (Figures 2.10 and 2.16) and the curve fit
analysis indicated that perhaps there are more than one type of hydrogen bound
species in solution at higher concentrations of acid. The hydrogen bound
species is part of a continuum, which means that at low concentrations of weak
protic acids, little hydrogen bonding can be detected but as the concentrations or
strengths of the protic acids increase, hydrogen bonding becomes stronger. The
continuum reflects the combined influences of the polarity of the solvent
environment and the ability of the acid to hydrogen bond to the thiolate ligand.
As the concentration of a protic acid (e.g., CClCOQH) continues to increase, the
pK, of the Lewis base (sulfur site of CpFe(CO)(SCeHs)) is reached and
protonation occurs (Scheme 2.1).

Upon protonation, there is a considerable increase in the CO stretching
frequencies. This implies a significant change in the redox properties of the iron

center. The crystal structures of 1 and 1H* show that protonation produces a

51



shorter Fe-S bond. This indicates a stabilization of the Fe-S bond due to the
weakening of the HOMO Fe-S dr-pn antibonding orbital. The HOMO of
compound 1 is mostly sulfur in character (Figure 2.24). Calculations suggest
even the 1.HX complex contains significant sulfur character in the HOMO;
however, when protonation of compound 1 takes place, the HOMO is mostly
metal in character. Protonation presumably influences the redox potential in a
significant way as compared to the hydrogen bound complexes. Based on the
free-energy relationships that relate redox potentials and vco, there is a
substantially smaller affect for hydrogen bonding, which is about 30% of that
observed upon protonation.

The carbonyl stretching frequencies that were calculated using the density
functional method follows the same trend as those that were observed
experimentally. An increase in the stretching frequencies occurs as hydrogen
bonding to compound 1 takes place and even more so when protonation occurs.
These results indicate only a small perturbation of the donor ability of the thiolate
ligand during hydrogen bonding as compared with the more significant change

that results from protonation.
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Chapter 3 SOLVATOCHROMATIC AND OTHER SOLVENT EFFECTS
ON CpFe(CO)(SCsHs)

3.1 Introduction and Background

Solvatochromism is an effect used to describe a change in position and
sometimes the intensity of an UV-vis absorption band with a concomitant change
in polarity of the medium.?! This effect can be easily seen in the visible region
(400 nm to 700 nm) of the electromagnetic spectrum. A qualitative interpretation
of solvent shifts is possible by considering four concepts: 1) the momentary
transition dipole moment present during the optical absorption, 2) the difference
in permanent dipole moment between ground and excited-state of the solute, 3)
the change in ground-state dipole moment of the solute induced by the solvent,
and 4) the Franck-Condon principle which states that since the time required for
a molecule to execute a vibration (ca. 10'%s) is much longer than that required
for an electronic transition (ca. 10"'%s), the nuclei of the chromophore (and of the
surrounding solvent molecules) do not appreciably alter their positions during an
electronic transition.! Some Group VIiIl and carbonyl compounds that exhibit
solvatochromism are cis-{Ru(bpy)2(CN)2J23, cis-[Ru(phen)z(CN)2J2,
[Ru(NH3)s(py)]>245, [Fe(bpy)2(CN)2J28, [Mo(bpy)(CO)s]” and [W(bpy)(CO)4]’
(bpy = 2,2 -bipyridine, phen = phenanthroline, and py = pyridine).

Typically, the solvatochromic changes occur with some regularity so that
the wavelength(s) at which some compounds absorb can be correlated with
specific solvent polarity scales. The vibrational changes in the carbonyl
stretching frequencies can also be correlated with specific solvent polarity scales;
however, they are more complicated. Some examples of solvent polarity scales
are: 1) the E+(30) and E} scales of Dimroth-Reichardté.8s, 2) the Donor and

Acceptor Number scales of Gutmann,10 3) the Z scale of Kosower!1.12 4) the n*
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solvent polarity scale by Kamlet and Taft!3-15 and §) the Kirkwood-Bauer-Margat
formula'6-18 and Buckingham's Equation.19

The Dimroth-Reichardt scale, E1(30), is defined as the energy of the
lowest charge transfer absorption band for the organic dye 2,6-diphenyl-4-(2,4,6-
triphenyl-1-pyridinio)phenolate which is dye number 30 in reference 20 (Figure
3.1).

T

Figure 3.1. Pyridinium-N-phenoxide betaine dye.

This dye contains an extraordinarily large range for the solvatochromic behavior
which is A = 810 nm in diphenyl ether to A = 453 nm in water. The Er(30) values
have the unit kcal/mol which has been abandoned for the unitiless normalized
scale E .20 The E; scale ranges from 0.006 for cyclohexane to 1.00 for water.!
The donor numbers of Gutmann are determined by the molar reaction
enthalpy in 1,2-dichloroethane for the formation of a 1:1 adduct between SbCls
and the added solvent as donor by calorimetry.21.22 The acceptor numbers of
Gutmann are the relative 3'P-NMR chemical shift values 5 (n-hexane as

reference solvent) relative to those of the 1:1 adduct Et;PO-SbCls dissolved in
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1,2-dichloroethane. The range is 0.0 for n-hexane to 105.3 for trifluoroacetic
acid.10. 23

The Z scale of Kosower, which is the transition energies derived from the
charge transfer band of the compounds, 1-ethyl-4-carbomethoxypyridinium and
pyridine-1-oxide, in various solvents, ranges from 60.1 kcal/mole in isooctane to
94.6 kcal/mole in water.11.24¢ Kosower was the first to systematically use
solvatochromism as a probe of solvent polarity.25 Unfortunately, there are not
that many solvents for which the Z-values were determined due to solubility
problems.

The =* scale is an index of single-valued solvent polarity-polarizability
(SPP) parameters.13.1426 This scale involves seven primary indicator solutes
which satisfy four requirements. These requirements are: 1) positions of maxima
of symmetrical, reasonably intense bands for p> n* or = - =n* transitions shouid
be in experimentally accessible regions of the spectrum, 2) vmax values in non-
hydrogen bonding donor solvents and in hydrogen bonding donor solvents as
well, if possible, should show linear regression with high correlation, 3) positions
of vmax Should be influenced minimally by band overlap with high intensity higher
energy bands, and 4) vma values should show adequate responses to changing
solvent polarity so that combined uncertainties caused by experimental precision
limits and spectral anomalies should have minimal influence on =* values.!3 The
n* values range from —0.81 in hexane or heptane to 1.118 in formamide.

The Kirkwood-Bauer-Margat formula6-18, as shown in Equation 3.1,
shows a relationship involved with infrared solvent shifts. v°is the vibrational
frequency in the gas phase, v'is the frequency in the solvent of dielectric
constant ¢,, and C is a constant depending upon the molecular dimensions and
electrical properties of the vibrating solute dipole, and n is the refractive index of

the solvent.27
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Buckingham's equations'® are a modification of the Kirkwood-Bauer-
Margat formula. Buckingham's equations take into consideration the fact that the
influences of solvent dipolarity and solvent polarizability on the solute IR
vibrations are two independent effects. The various constants C; and (C; + C3)
can be determined from the slope and intercept of the plot of the observed
relative shifts in Equation 3.3. Instead of using the stretching frequency for
compounds in the gas phase as a reference for the formula Av/v, hexane can be

used or any extreme value that causes a solvent induced shift.28

Kirkwood-Bauer-Margat formula:

-1 2 _
Av_ v =C-8' =C_nz 1
v’ v’ 2¢, +1 2n° +1

O_V.I

(3.1)

Buckingham’s equation for polar solvents:

— 2—
e I (32)
14

2 +1 2 2P+l

r

Buckingham's equation for nonpolar solvents:
A g, —1
-

2e, +1 (3-3)

]

V=Cy+ %(Cz"‘Cs)»

r

Solvent effects at the vibrational level can also be observed in the infrared
region by observing the shift in the carbonyl stretching frequency. A shift in the
carbonyl stretching frequency as well as an increase in the half bandwidth, Avyp,
occurs as the polarity of the solvent increases provided there is no change in
structure on dissolution and no complex formation.29 The polarity of a solvent
can influence the r-electron distribution to the M-C-O group in metal carbonyl

complexes as illustrated in Scheme 3.1.30
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Scheme 3.1. The C-O bond order as higher n-accepting ligands or n-donor
ligands are bound to the metal represented by I and II respectively.

An increase in the C-O bond order as represented in structure (I) is
favored when higher n-acceptor ligands are bound to the metal and the polarity
of the solvent increases. If n-donor ligands are bound to the metal, then the C-O
bond order, as represented in structure (ll), is favored.31.32 The more polar
solvents can cause an increase in the formal negative charge towards the
oxygen atom through a higher percent of metal to carbonyl back donation, which
in turn lowers carbonyl stretching frequency.30 Free carbon monoxide has a
polarity that is in the direction ¥*C—O®%; however, coordination to a transition
metal such as iron reverses the polarity to the direction *¥*C—O%. The stronger
the back-bonding from the metal to the carbonyl, the stronger the polarity that is
in the direction where a stronger partial negative charge will reside on the
oxygen. Also, if a solute-solvent interaction (i.e. -C-O-solvent) is involved, the
electrons will shift towards the oxygen atom as the strength of this interaction
increases.33 Also, the solvent associated carbonyl ligand has a lower carbonyl
stretching frequency due to the increased mass effect of the vibrating species.34

Hales et al. have demonstrated that if carbonyls are replaced by ligands of
n-donor ability in metal carbonyl compounds, then there is a movement of
electrons in the M-CO n-system which results in a decrease in the CO bond

order which lowers the carbonyl stretching frequency.33 Even by changing the
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halogen from Cl to Br to | within the same metal carbonyl complex, the carbonyl
stretching frequency decreases due to the decreasing polarity of the M—X bond
while in the same solvent.3335 This is exemplified by the carbonyl stretching
frequencies of [CpFe(CO)3)PFs, CpFe(CO):Cl, CpFe(CO),Br, and CpFe(CO),l as
shown in Table 3.1. Notice the significant decrease in the carbonyl stretching
frequency as one of the carbonyls (a strong © acceptor) from [CpFe(CO),)PFs is
replaced with a fairly weak n donating chloride anion. Also notice, that as the
chloride is replaced by a relatively stronger = donating bromide anion and then
the iodide anion, the carbonyl stretching frequency continues to decrease as

expected.

Table 3.1. The carbonyl stretching frequencies of specific metal carbonyls from

pressed KBr disks.

Compound veo stretching frequencies | Ref.
(cm™)

[CpFe(CO);)PFg 2090, 2150 36

CpFe(CO).CI 2010, 2050 37

CpFe(CO).Br 1995, 2049 38

CpFe(CO)l 1982, 2042 38

Hales et al. also demonstrated that as the polarity of the solvent
increases, the carbonyi stretching frequencies of the compounds, Fe(CO)4Br;
and Fe(CO)4l2, also increases.33 Hales states that by increasing the polarity of
the soivent, this should better stabilize the polar nature of the metai-halide bond
and, therefore, increase the carbonyl stretching frequency concomitantly.
However, since the metal carbonyl halides contain two separate polar sites, this

can complicate the prediction of the solvent shifts.33
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The compound, CpFe(CO)(SCeHs), is dipolar and is also
solvatochromatic. This compound, as it is dissolved in a variety of solvents, will
fit into two of the four limiting cases according to Bayliss and McRae.3® These
are a dipolar solute in a nonpolar solvent and a dipolar solute in a polar solvent.
in the former case, if the solute dipole moment increases during the electronic
transition, the Franck-Condon excited-state is more solvated by dipole-solvent
polarization and a red shift is expected. If the solute dipole moment decreases
during the electronic transition, the Franck-Condon excited-state is less solvated
and a blue shift is expected.!.32 In the later case, if the dipole moment of the
ground-state is less than the excited-state dipole moment (ug<pe), then the
Franck-Condon excited-state is formed in a solvent cage of already partly
oriented solvent dipoles which results in a better stabilization of the excited-state
relative to the ground-state and a bathochromic or red shift occurs (Figure 3.2).
If the dipole moment of the ground-state is greater than the excited-state dipole
moment (ug>ue), then the Franck-Condon excited-state is in a strained solvent
cage of oriented dipoles not correctly disposed to efficiently stabilize the excited-
state.! Thus, with increasing solvent polarity, the energy of the ground-state is
less than that of the excited-state which produces a hypsochromic or blue shift
(Figure 3.2).1

By observing the shifts in the visible region of CpFe(CO)(SCeHs)
dissolved in various solutions (Figures 3.3-3.17), a generalization can be
determined as to whether the dipole moment of the ground-state is greater than
or less than that of the Franck-Condon excited-state. Plots are made from the
UV-vis data and the specific solvent polarity scales so that trends may be found
which can help to determine more about the electronic behavior of
CpFe(CO)x(SCe¢Hs) in solution (Figures 3.43-3.46). Also, a comparison of the
UV-vis data is made between CpFe(CO)2(SCsHs) and CpFe(CO)2(SCgH4-p-CF3)
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in aprotic solvents (Figure 3.46) to see how the electron withdrawing group (CF3)

affects the shift of the LMCT band.

B M ? ~'—‘ .~ Frank-Condon
I r T—p— excited state

1 _ Ground State

> o
Increasing solvent polarity Increasing solvent polarity

A. B.

Figure 3.2. Solvent effects on the electronic transition energy of dipolar
solutes in polar solvents where A represents the dipole moment of the Franck-
Condon excited-state of the solute that is larger than the ground-state (ug<p.)
and B represents the dipole moment of the Franck-Condon excited-state of the
solute smaller than the ground-state pg>p,.1.39

Other electronic effects and trends can be generalized by observing the
infrared shifts in the carbonyl stretching frequencies of CpFe(CO)x(SCeHs)
dissolved in nonpolar and polar solvents; however, the dielectric effect typically
does not play a major role in the determination of solvent induced IR shifts.40 |t
is worth noting that the vibrational event is approximately two orders of
magnitude slower than the electronic event4! The carbonyl stretching

frequencies of CpFe(CO)2(SCsHs) in various solvents will be compared to the
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infrared shifts in the carbonyl stretching frequencies of the well known
compounds, CpFe(CO).Cl and CpFe(CO).l, which are solvated in some of the
same solvents (Figures 3.33-3.42). A plot of the force constants based on the
observed carbonyl stretching frequencies versus Gutmann's Acceptor Number

will show a correlation between these three compounds (Figure 3.48).

3.2 Experimental Section

All reactions were performed under an atmosphere of prepurified
nitrogen or argon using Schlenk technique or a MO-40M VAC Dry Box unless
stated otherwise. All solutions were prepared immediately before use. Solvents
were distilled from appropriate drying agents under nitrogen and degassed by
freeze pump thawing three times prior to use unless stated otherwise: CHCl,
(CaH_y), pentane (Na), benzene (Na), acetone (CaSOQ;,), tetrahydrofuran ( distilled
from P.Os and placed over KOH, then distilled from Na), methanol (Mg), CHi:CN
(CaHz), heptane (Na), toluene (Na), diethyl ether (CaH,), cyclohexane (Na),
2,2,2-trifluoroethanol, 1-butanol, 1-pentanol. CpFe(CO)(SCesHs), CpFe(CO)al,
and CpFe(CO).Cl were prepared by literature methods.37.3842 The solvents,
2,2 2-triflucroethanol, 1-butanol, and 1-pentanol were purchased from Aldrich
and used without further purification. Infrared spectra were recorded with a
Bruker IFS 66/S FTIR spectrometer. UV-vis spectra were recorded with a
Hewlett-Packard HP8453 Diode Array instrument.

3.2.1 Infrared Measurements.

Sodium chloride salt plates and a 0.5 mm teflon spacer were used in all of
the following infrared spectroscopy experiments. A 0.2 mm quartz cell was
utilized in the UV-vis spectroscopy experiments. Most of the infrared spectra
were analyzed by taking the second derivative of each spectrum and then fitted

by a Gaussian curve fit method4? from the Peakfit computer program. In the
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figures that show infrared spectra, the CO stretching frequencies that were
determined from the curve fit analysis are located in the legend of each spectrum
and the CO stretching frequencies that were determined before the curve fit
analysis are located in the graphs.

3.2.2 Solvation of CpFe(CO).(SC¢Hs) in various solvants.

Fifteen solutions of 10 mM CpFe(CO),(SCesHs) were prepared in the
following degassed solvents: pentane, heptane, cyclohexane, diethyl ether,
benzene, toluene, tetrahydrofuran, chloroform, dichloromethane, acetone,
acetonitrile, 1-pentanol, 1-butanol, 2,2,2-trifluoroethanol, and methanol. All of
these solutions were analyzed by UV-vis and infrared spectroscopy (Figures 3.3-
3.17 and Figures 3.18-3.32, respectively). Plots of the UV-vis data versus
specific solvent polarity scales are shown in Figures 3.43-3.46.

3.2.3 Solvation of CpFe(CO),(SCeH4-p-CF3) in various solvents.

Eight solutions of 10 mM CpFe(CO)2(SCsHs-p-CF3) were prepared in the
following degassed aprotic solvents: pentane, diethyl ether, benzene,
tetrahydrofuran, chioroform, dichloromethane, acetone, and acetonitrile. All of
the solutions were analyzed by UV-vis and infrared spectroscopy (Table 3.3).
Plot of the UV-vis data versus E} is located in Figure 3.46. A plot comparing the
force constants of CpFe(CO).Cl, CpFe(CO).l, and CpFe(CO)(SCeHs) versus
Gutmann'’s acceptor number is located in Figure 3.51.

3.2.4 Solvation of CpFe(CO).Cl and CpFe(CO).! in various solvents.

Six solutions of 10 mM CpFe(CO).Cl and 10 mM CpFe(CO).l were each
prepared in the following degassed aprotic solvents: pentane, diethyl ether,
tetrahydrofuran, dichloromethane, acetone, and acetonitrile. All of these solutions

were analyzed by infrared spectroscopy (Figures 3.33-3.42).
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3.3 Results of the Solution Experiments

10 mM solutions of CpFe(CO),(SCeHs) were each prepared in fifteen
different solvents under nitrogen and each was analyzed by UV-vis and infrared
spectroscopy. The UV-vis and infrared data, dielectric constants, refractive
indices, and various solvent polarity constants are shown in Table 3.2. The
UV-vis spectra are shown in Figures 3.3-3.17. Two carbonyl stretching
frequencies for each compound were found from their infrared spectra (Figures
3.18-3.32). Note that the stretching frequencies match the curve fit analysis for
each compound.

Five plots were made based on the UV-vis data that was collected on the
CpFe(CO)2(SCgHs) solutions. The first and second plots, shown in Figures 3.45
and 3.46, use Dimroth-Reichardt's normalized energy transition scale. The third
plot, shown in Figure 3.47, uses Gutmann's Acceptor Number. The fourth plot,
shown in Figure 3.48, uses Kosower's Z-scale of solvents and the fifth piot,
shown in Figure 3.49, uses Kamlet and Tafts n* solvent polarity scale. No
correlation could be found using the Buckingham's equations.

Two plots based on the infrared data that were coliected are shown in
Figures 3.50 and 3.51. The first of these is a Bellamy plot.34 Bellamy plots, vs
against vas, have been used to investigate the infrared stretching vibrations for
compounds in a variety of solvents.43 In the case of the CpFe(CO),(SCsHs)
solutions, of which eleven points were piotted, there appears to be two parallel
rows. One of the rows contains the less polar solvents, the higher antisymmetric
carbonyl! stretching frequency, and the lower Gutmann’s Acceptor Number. The
other row contains the more polar solvents, the lower antisymmetric carbonyi
stretching frequency, and the higher Gutmann's Acceptor Number.

The second plot based on the infrared data shows the force constants of
the three compounds, CpFe(CO).Cl, CpFe(CO).l, and CpFe(CO)2(SC¢Hs) versus
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Gutmann’s Acceptor Number. The force constants and the carbonyl stretching
frequencies are located in Table 3.4 for CpFe(CG).Cl and CpFe(CO),l. Table
3.2 contains the force constants and carbonyl stretching frequencies for
CpFe(CO)2(SCeHs).

Table 3.4 also contains the differences, Avco, in the carbonyl stretching
frequencies between CpFe(CO).Cl and CpFe(CO),!I and also between
CpFe(CO)2l and CpFe(CO)(SCeHs) within the same solvents. There is little
deviation in the values of Avco going down the column. This would seem to be a
good way to predict where a particular stretching frequency would be located for
one of the compounds knowing the stretching frequency for one of the other
compounds. For example, the antisymmetric Avco between CpFe(CO)2Cl and
CpFe(CO),l is about 9 cm™ and the symmetric Avco is about 12 cm™. When the
compound CpFe(CO),(SCesHs) was solvated by THF and analyzed by the infrared
spectrometer, the antisymmetric peak had a large overlap with the solvent peak
and when subtracted made the peak appear at 1988 cm™. When compared to
the Avco values for the antisymmetric peak, which has an average value of 11
cm™, it was just a matter of subtracting 11 cm™ from 1990 cm™, which is the
antisymmetric frequency for CpFe(CO).l, to obtain the more reasonable value,
1979 cm™, for the antisymmetric frequency for CpFe(CO)x(SCeHs) in

tetrahydrofuran.
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Table 3.2. A 10 mM CpFe(CO),(SCgHs) solution made with each of the solvents listed below. a) Underlined vibrational frequencies lie
below significant solvent features and their values are therefore suspect, b) dielectric constant, c) normalized energy transition values, d)
Gutmann's acceptor numbers, e) Kosower's Z-scale, f) Kamiet-Tafts n* parameters, g) approximate value based on hexane, h) value

determined from Table 3.3 and the plot in Figure 3.47

Solvents l:rY,;:’)‘s vco (Cm'1)a %:yﬁc/:x)(ki) e’ ﬁ‘zf;’a(c;;’\;e E; ° | AN ‘ ft;alee !
Heptane 584 | 1990,2033 | 16.34;(0.345) | 1.9209 | 1.388 0012 |N/A [NA_|-0.08
Pentane 582 |1991,2035 | 16.365(0.350) | 1.8371 | 1.367 0.009 [ (0P |NA | N/A
Cyclohexane | 576 | 1983,2029 | 16.25,(0.373) | 2.0243 | 1.426 0.006 | NIA | N/A | 0.00
Toluene 574 |1983,2029 | 16.25:(0.37;) [2.379 | 1.497 0.099 | N/A [NA |0.54
Benzene 572 1984,2029 | N/A 2.2825 | 1.501 0.111 |82 |54 0.59
Diethyl Ether {572 | 1985,2030 | 16.27; (0.365) | 4.2666 | 1.352 0.117 {39 "INA_[0.27
Tetrahydrofuran | 564 (1979)", 2028 | 16.21,(0.39) | 7.52 1.407 0207 {8.0 |N/A |0.58
Chioroform 562 | 1989,2035 | 16.350(0.37) | 4.8069 | 1.446 0.259 |23.1 |63.2 |0.58
Dichloromethane | 560 | 1985,2032 [ 16.29;(0.38,) |8.93 |1.424 0.309 | 204 |64.2 |0.82
Acetone 558 | 1980,2029 | 16.225(0.39;) | 21.01 | 1.359 0.355 | 12.5 [65.7 [0.71
Acetonitile 552 | 1983,2031 | 16.269(0.385) | 36.64 | 1.344 0.460 | 18.9 | 71.3 |0.75
1-Pentanol 550  |1987,2032 | 16.300 (0.36s) | 15.13 |1.408 0.568 |NIA |N/A | N/A
1-Butanol 550 |1990,2033 |16.34,0.345) |17.84 |1.399 0.602 | 36.8 | 77.7 | N/A
Methanol 542 1985, N/IA | NIA 33.0 _[1.328 0.762 |41.5 | 836 |0.60
22,2 THWOMO- | 500(sh) | 2005, 2045 | 16.561 (0.327) | 27.68 |1.200 0.898 |53.3 [N/A | N/A
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Figure 3.3. A visible spectrum of a 10 mM CpFe(CO)(SCe¢Hs) solution in

pentane.
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Figure 3.4. A visible spectrum of a 10 mM CpFe(CO)x(SCeHs) solution in
heptane.
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Figure 3.5. A visible spectrum of a 10 mM CpFe(CO)x(SCsHs) solution in

cyclohexane.
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Figure 3.6. A visible spectrum of a 10 mM CpFe(CO),(SCeHs) solution in

toluene.
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Figure 3.7. A visible spectrum of a 10 mM CpFe(CO)2(SCeHs) solution in diethyl

ether.
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Figure 3.8. A visible spectrum of a 10 mM CpFe(CO)(SCgHs) solution in

benzene.
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Figure 3.9. A visible spectrum of a 10 mM CpFe(CO)(SCeHs) solution in

tetrahydrofuran.
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Figure 3.10. A visible spectrum of a 10 mM CpFe(CO)(SCgsHs) solution in

chloroform.
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Figure 3.11. A visible spectrum of a 10 mM CpFe(CO)(SCeHs) solution in

dichloromethane.
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Figure 3.12. A visible spectrum of a 10 mM CpFe(CO)(SCsHs) solution in

acetone.
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Figure 3.13. A visible spectrum of a 10 mM CpFe(CO)2(SCeHs) solution in

acetonitrile.
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Figure 3.14. A visible spectrum of a 10 mM CpFe(CO)2(SCe¢Hs) solution in
1-butanol.

83



FpSPh + 1-pentanol
08 ’

0.6

Absorbance

04

0.2

0 ' 1 1 L i
450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 3.15. A visible spectrum of a 10 mM CpFe(CO)>(SCeHs) solution in

1-pentanol.
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Figure 3.16. A visible spectrum of a 10 mM CpFe(CO)2(SCsHs) solution in

methanol.
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Figure 3.17. A visible spectrum of a 10 mM CpFe(CO)2(SCsHs) solution in
2,2 2-trifluoroethanol.
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Figure 3.18. An infrared spectrum of the carbonyl stretching frequencies of a 10
mM CpFe(CO)2(SCeHs) solution in heptane.
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Figure 3.19. An infrared spectrum of the carbonyl! stretching frequencies of a 10
mM CpFe(CO)2(SCeHs) solution in cyclohexane.
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Figure 3.20. An infrared spectrum of the carbonyl stretching frequencies of a 10
mM CpFe(CO)2(SCsHs) solution in pentane.
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Figure 3.21. An infrared spectrum of the carbonyl stretching frequencies of a 10
mM CpFe(CO),(SCgHs) solution in toluene.
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Figure 3.22. An infrared spectrum of the carbonyl stretching frequencies of a 10
mM CpFe(CO),(SCgHs) solution in diethyl ether.
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Figure 3.23. An infrared spectrum of the carbonyl stretching frequencies of a 10
mM CpFe(CO)(SCsHs) solution in chioroform.
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Figure 3.24. An infrared spectrum of the carbonyl stretching frequencies of a 10
mM CpFe(CO)2(SCgHs) solution in dichioromethane.
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Figure 3.25. An infrared spectrum of the carbonyl stretching frequencies of a 10
mM CpFe(CO)2(SCeHs) solution in benzene. A peak from benzene is interfering
with the carbonyl stretching frequency at 1984 cm™.
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Figure 3.26. An infrared spectrum of the carbonyl stretching frequencies of a 10
mM CpFe(C0)2(SCsHs) solution in acetonitrile.
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Figure 3.27. An infrared spectrum of the carbonyl stretching frequencies of a 10
mM CpFe(CO)2(SCeHs) solution in acetone.

80



— FpSPh in THF
......... Peak at 1987

-— solvent peak
----- Peak at 2028

Absorbance
o
h ©
o N

03

035 2028
2100 2050 2000 1950 1900

Wavenumber (cm'™)

Figure 3.28. An infrared spectrum of the carbonyl stretching frequencies of a 10
mM CpFe(CO)2(SCgHs) solution in tetrahydrofuran. A peak from THF is
interfering with the carbonyl stretching frequency at 1988 cm™.
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Figure 3.29. An infrared spectrum of the carbonyl stretching frequencies of a 10
mM CpFe(CO).(SCsHs) solution in methanol. A peak from methanol is interfering
with the carbonyl stretching frequency at 2019 cm™.
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Figure 3.30. An infrared spectrum of the carbonyl stretching frequencies of a 10
mM CpFe(CO)2(SCsHs) solution in 1-pentanol. A peak from 1-pentanol is
interfering with the carbonyl stretching frequency at 2032 cm™.
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Figure 3.31. An infrared spectrum of the carbonyl stretching frequencies of a 10
mM CpFe(CO)2(SCgHs) solution in 1-butanol. A peak from 1-butanol is interfering
with the carbonyl stretching frequency at 2033 cm™.
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Figure 3.32. An infrared spectrum of the carbonyl stretching frequencies of a 10
mM CpFe(CO)(SCgHs) solution
2,2, 2-trifluoroethanol is interfering with the carbony! stretching frequency at 2005
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Table 3.3. UV-vis and infrared stretching frequency data of a 10 mM
CpFe(CO)2(SCsH4-p-CF3) solution solvated with each of the aprotic solvents
listed below.
Solvent UV-vis veo (cm™) Obs Fco (ki) EY

(nm) (mdyn/ A)
Pentane 574 1996, 2039 16.434, (0.35) | 0.009
Benzene 558 1988, 2034 16.333, (0.374) | 0.111
Diethyi Ether 558 1990, 2035 16.35g, (0.365) | 0.117
Tetrahydrofuran | 548 1986, 2033 16.309, (0.38;) |0.207
Chloroform 562 1993, 2039 16.415, (0.37,) | 0.259
Dichloromethane {550 1990, 2037 16.37,, (0.38) | 0.309
Acetone 540 1987, 2034 16.32s, (0.38;) |0.355
Acetonitrile 536 1988, 2035 16.34,, (0.38;) | 0.460
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Table 3.4. The carbonyl stretching frequencies of 10 mM solutions of CpFe(CO)2Cl and CpFe(CO).l in six different
solvents. a) Gutmann's Acceptor Number, b) the difference in the antisymmetric stretching frequencies between FpCl
and Fpl, c) the difference in the symmetric stretching frequencies between FpCl and Fpl, d) the difference in the
antisymmetric stretching frequencies between Fpl and Fp(SCe¢Hs) (data from Table 3.2), e) the difference in the
symmetric stretching frequencies between Fpl and Fp(SCg¢Hs) (data from Table 3.2), f) based on the average values of
the other differences in the antisymmetric stretching frequencies between Fpl and Fp(SCgHs)

Solvent AN? | CpFe(CO).Cl | Obs Fco (k) | CpFe(CO)al | Obs Fco (ki) | Avco®, Aveo® | Aveo?, Aveo®
veo (em™) (mdyn/A) veo(cm™) | (mdyn/A) (cm™) cm’)
Pentane (0) |2013, 2055 16.709 (0.34,) | 2004, 2042 | 16.525 (0.31¢) | 9, 13 13, 7
Diethyl ether 3.9 | 2004, 2050 16.594 (0.377) | 1995, 2038 | 16.42; (0.35;) | 9, 12 10, 8
Tetrahydrofuran | 8.0 | 1998, 2046 16.515 (0.39;) | 1990, 2035 | 16.35g (0.366) | 8, 1 (1 1)', 7
Acetone 12.5 | 2000, 2048 16.545 (0.39;) | 1991, 2037 | 16.382(0.374) | 9, 1" 1, 8
Acetonitrile 18.9 | 2002, 2050 16.575 (0.393) | 1993, 2038 | 16.405 (0.366) | 9, 12 10, 7
Dichloromethane | 20.4 | 2007, 2052 16.635 (0.365) | 1996, 2041 | 16.45¢ (0.367) | 11, 1 1, 9
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Figure 3.33. An infrared spectrum of the carbonyl! stretching frequencies of a 5
mM CpFe(CO).Cl solution in pentane.
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Figure 3.34. An infrared spectrum of the carbonyl stretching frequencies of a 5
mM CpFe(CO).Cl solution in diethyl ether.
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Figure 3.35. An infrared spectrum of the carbonyl stretching frequencies of a 5
mM CpFe(CO).Cl solution in tetrahydrofuran.
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Figure 3.36. An infrared spectrum of the carbonyl stretching frequencies of a 5
mM CpFe(CO).Cl solution in acetone.

97



—— FpClin CHJCN
o1}t N f N /J A== Peak at 2002
— — Peak at 2050

802
©
]
(=]
» 0.3
2

04

2050 2002
05 -7 T T
2100 2050 2000 1950 1900

Wavenumber (cm™)

Figure 3.37. An infrared spectrum of the carbonyl stretching frequencies of a 5
mM CpFe(CO).Cl solution in acetonitrile.
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Figure 3.38. An infrared spectrum of the carbonyl stretching frequencies of a 5
mM CpFe(CO).ClI solution in dichloromethane.
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Figure 3.39. An infrared spectrum of the carbony! stretching frequencies of a §
mM CpFe(CO).l solution in pentane.
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Figure 3.40. An infrared spectrum of the carbonyi stretching frequencies of a 5
mM CpFe(CO).l solution in diethyl ether.
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Figure 3.41. An infrared spectrum of the carbonyl stretching frequencies of a 5
mM CpFe(CO).! solution in tetrahydrofuran.
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Figure 3.42. An infrared spectrum of the carbonyl stretching frequencies of a 5§
mM CpFe(CO).l solution in acetone.
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Figure 3.43. An infrared spectrum of the carbonyl stretching frequencies of a 5
mM CpFe(CO):I solution in acetonitrile.
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Figure 3.44. An infrared spectrum of the carbony! stretching frequencies of a §
mM CpFe(CO).l solution in dichloromethane.
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Figure 3.45. Plot of wavelength vs. the Dimroth-Reichardt's normalized energy of

transition scale of solvents of a 10 mM CpFe(CO)2(SCgHs) solution.
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Figure 3.46. Plot of wavelength vs. the Dimroth-Reichardt's normalized energy of

transition scale of solvents of a 10 mM CpFe(CO)2(SCgHs) solution and a 10 mM
CpFe(CO)2(SCsH4-p-CF3).
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Figure 3.47. Plot of wavelength vs. Gutmann's Acceptor Number of a 10 mM
CpFe(CO)2(SCeHs) solution.
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Figure 3.48. Plot of wavelength vs. Kosower's Z-scale of solvents of a 10 mM
CpFe(CO)2(SCeHs) solution.
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Figure 3.49. Plot of wavelength vs. the Kamlet and Taft's n* polarity scale of
solvents of a 10 mM CpFe(CO)z(SCsHs) solution.
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represent the solvents with higher Gutmann’'s acceptor numbers.
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Figure 3.51. A plot of the force constants based on the observed infrared
carbonyl stretching frequencies of CpFe(CO).Cl, CpFe(CO),l, and
CpFe(CO)z(SCsHs) vs. Gutmann's Acceptor Number.

3.4 Discussion

Empirical solvent scales were used to correlate with the wavelengths from
the UV-vis data of CpFe(CO)x(SCeHs) and CpFe(CO)x(SCesHs-p-CF3). The four
scales used were Dimroth-Reichardt's solvent parameters (Er), Gutmann's
Acceptor Number (AN), Kosower's Z-scale, and Kamlet and Taft's solvent
polarity scale (r*). Their literature values are incorporated in Table 3.1. The
results of correlating the wavelengths of CpFe(CO)2(SCeHs) with Er, AN, Z-scale
and n* are shown in Figures 3.45-3.49. The two best least squares fit were
obtained by using the Er scale (slope —46.35, correlation coefficient 0.986) and
the Z-values (slope ~0.894, correlation coefficient 0.984). Another one of the
better scales was the AN scale (slope -0.72, correlation coefficient 0.908). One

of the poorest scales was the n* scale (slope -29.655, correlation coefficient

’

105



0.732). Plots of wavelengths vs. dielectric constant () and Buckingham's
equations were not observed to correlate to the degree of Et, Z-values or the AN
scale and were not further investigated.

The electronic absorption spectra of the compound CpFe(CO),(SCeHs)
exhibits a ligand to metal charge transfer (LMCT). The LMCT band maxima are
markedly solvent dependent; for example, solutions of CpFe(CO)x(SCeHs) in
pentane, benzene, acetone, are colored green, greenish/brown, and red,
respectively. By looking at the UV-vis spectra (Figures 3.3-3.17), it is obvious
that CpFe(CO)2(SCeHs) exhibits negative solvatochromism since it undergoes a
blue shift as the compound is solvated in more polar solvents. Since a blue shift
indicates a lower wavelength or, conversely, a higher frequency and therefore
higher energy, then it seems reasonable to assume that the dipole moment in the
ground-state, u,, is greater than the dipole moment in the excited-state, p., as
illustrated by Reichardt (Figure 3.2).! This means that the ground-state will
become more stable in polar solvents than the excited-state, which will produce a
hypsochromic or blue shift.

The analogous compound, CpFe(CO)x(SCegH4-p-CF3), also exhibits a blue
shift as it is solvated in more polar solvents. In pentane and acetonitrile, the
LMCT band occurs at 574 and 536 nm, respectively. The LMCT band for the
parent compound, CpFe(CO)z(SCeHs) in the same solvents are 584 and 5§52 nm,
respectively. Notice the increase in energy in the pentane solutions and even
more so in the acetonitrile solutions when the CpFe(CO)(SCgHs) is replaced by
CpFe(CO)2(SCeH4-p-CF3). This is evidence that the ground-state is more stable
for the CpFe(CO)2(SCsHs-p-CF3) than the parent compound in solution.

Adding an electron withdrawing substituent in the para position of the
phenyl thiolate group makes it a weaker = donating group. Since it has been

determined that the HOMO for each of the compounds is a dr-pn antibonding
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orbital, which is primarily sulfur in character, the electron withdrawing group
better stabilizes the compound as demonstrated by PES which is a gas-phase
technique.44 Apparently, this stability is also demonstrated and supported by the
UV-vis data. Figure 3.46 shows the wavelengths of the LMCT bands of the two
compounds, CpFe(CO)(SCeHs) and CpFe(CO)2(SCeHas-p-CF3), solvated in
various aprotic solvents. These wavelengths are correlated to Dimroth-
Reichardt's normalized transition scale of solvents. As indicated from the piot,
both solutions correlate very well with E; . Notice that the line that corresponds
to the CpFe(CO)2(SCsH4-p-CF3) solutions has a significantly more negative slope
than the line corresponding to the CpFe(CO)2(SCeHs) solutions. Apparently, the
relative stability of the ground-state for CpFe(CO)2(SCsHs-p-CF3) in solution as
the solvent become more polar achieves greater stability than for
CpFe(CO)2(SCeHs) in the same solvents.

An explanation for this could be that the magnitude of the dipole moment
in the ground-state is greater for the CpFe(CO)(SCeH4-p-CF3) than for
CpFe(CO)(SCsHs). If this is the case, then the more polar solvents will better
stabilize the ground-state of the CpFe(CO),(SCeH4-p-CF3) than they would for
CpFe(CO)(SCeHs) and, in effect, a greater increase the AE between the
ground-state energy and the transition state energy occurs (see Figure 3.2.B.).

Certainly, solvent effects at the vibrational level are observed in the

14 ) is much slower

infrared region. It is noteworthy that the vibrational event (10
than the electronic event (107'® s) by two orders of magnitude (excited-state
lifetime).41 Carbonyl stretching frequencies are some of the most common
probes to use to observe solvent effects.28.34.4548 However, silicon-chloride
stretching frequencies have been used49.50 as well as the cyanide stretching
frequencies3. The phosphorus oxygen stretching frequency was used by Streck

et al. to determine solvent effects on trimethyl phosphate.40 The correlation
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between the Gutmann's acceptor number and the P=0 stretching frequency in
the compound shown in Figure 3.52 contains two different slopes.4? The line for
the aprotic solvents is more negative than the line for the protic solvents. Streck
attributes the change in slope to hydrogen bonding to the lone pairs on the

doubly bound oxygen atom.

o)

P-+llOCH;

Figure 3.52. Streck et al. used the P=O stretching frequency of trimethyl
phosphate to determine solvent effects.

Obviously, there are a number of factors that can be involved in the
solvent induced shift of a stretching frequency which include: 1) the
electrophilicity of the solvent, 2) polarizability of the solute or solvent, and 3)
hydrogen bonding.34.51 If very little influence is placed upon the solute by the
solvent, then the stretching frequencies will tend to be like those of the gas phase
stretching frequency, narrow and sharp.52 These are illustrated in Figures 3.18,
3.33, and 3.39. Notice how sharp the carbonyl stretching frequencies are for the
compound CpFe(CO)x(SCeHs) solvated in heptane and the compounds
CpFe(CO).Cl and CpFe(CO).l solvated in pentane compared to the other
carbonyl stretching frequencies shown in the other figures. As the solute (i.e.

carbonyl complex) interacts more strongly with the solvent, then the carbonyl
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stretching frequencies broaden and become less intense. A specific correlation
between the broadening effect on the carbonyl stretching frequency and any
physical properties of the solvent has yet to be found.

Barraclough demonstrated that as metal carbonyls are solvated by more
polar solvents, the carbonyl stretching frequencies decrease.53 However, Hales
demonstrated that as metal carbonyl halides are solvated by more polar solvents,
the carbonyl! stretching frequencies increase.33 Hales states that by increasing
the polarity of the solvent, this should better stabilize the polar nature of the
metal-halide bond and therefore increase the carbonyl stretching frequency
concomitantly. However, since the metal carbonyl halides contain two separate
polar sites, this can complicate the prediction of the solvent shifts.33

Apparently, under certain conditions, the polarity of the solvent can
potentially shift the carbonyl frequency of a metal carbonyl halide lower if the
solute-solvent interaction on the carbonyl is the predominant influence or the
carbonyl frequency can be shifted higher if the solute-solvent interaction on the
metal halide is the predominant influence. By looking at the Bellamy plot, Figure
3.50, which is a plot of the antisymmetric stretching versus the symmetric
stretching frequencies of CpFe(CO)2(SCsHs) in various solvents, two lines are
shown. One line represents the less polar hydrocarbon solvents with the
exception of diethyl ether, and the other line represents the more polar solvents.

As indicated in Figure 3.51, there seems to be similar solvent influences
on the compounds, CpFe(CO).Cl, CpFe(CO).l, and CpFe(CO)2(SCeHs). The
only differences in the compounds are the size and strengths of the = donor
ligands. Hales has also demonstrated that a reduction in solvent sensitivity
occurs if a stronger = donor replaces a weaker n donor in metal carbony! halides,
i.e. an iodide replacing a chioride.33 Since the phenyl thiolate ligand is the

strongest n donor and certainly the largest of the three ligands, it should be less
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sensitive to solvent interactions than the chloride or the iodide ligands. This
‘means that a competition between the carbonyl-solvent interaction and the iron-
thiolate-solvent interaction is occurring to determine whether the carbonyl
stretching frequency is going to increase or decrease. The Bellamy plot, Figure
3.50, shows that less polar hydrocarbon solvents have less influence on the
carbonyl ligands of CpFe(CO)(SCeHs) and so the carbonyl antisymmetric
stretching frequencies, which seem to be more sensitive to the solvent effects30,
are higher than in the more polar solvents. In the more polar solvents,
tetrahydrofuran seems to effectively interact with the carbonyl ligands enough to
significantly lower the carbonyl stretching frequency; however, as the polarity
increases, the iron-thiolate-solvent interaction becomes more effective and
increases the carbony! stretching frequency.

In certain cases, there is a significant difference in the relative intensities
of the carbonyl stretching frequencies. Cotton et al. has attributed these
differences to a change in carbonyl-metal-carbonyl bond angles.54 Cotton
indicates that each CO oscillator can be treated as a dipole vector and the total
dipole vector for the entire vibrational mode is taken to be the vector sum of the
individual vectors and that the intensities are proportional to the squares of the
dipole vectors. For example, the intensity ratio (lsym/lasym) for the
cis-[n>-CpMo(CO),PPh3CsHsO]” complex in Figure 3.53 is 1.44 while for the
trans-[n>-CpMo(CO).PPh3CsHs0]" complex is 0.32. Using the equation 3.4,
where 20 is the OC-M-CO bond angle and l.sym and ls,m are the intensities from
the asymmetric and symmetric carbonyl stretching frequencies, gives the
OC-Mo-CO bond angles 79 and 121° for the cis and trans isomers,
respectively.55 This seems very reasonable since one would expect the cis bond

angle to be significantly smalier than the trans bond angle.
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Figure 3.53. The two isomers of [n°-CpMo(CO),PPh3CeHsO]".

26 = arctan(lasym/lsym) " (3.4)

While in some cases the relative intensity of the carbonyl stretching
frequencies can be attributed to differences in bond angles, the cases involved in
this work where significant differences arise are due to solvent interference. In
every case where there is a significant difference in intensities, there is significant
overlap between the solvent stretching frequencies and the carbonyl stretching
frequencies as shown in an example in Figure 3.54. In this case, a stretching
frequency from THF is strongly overlapping the asymmetric carbonyl stretching
frequency of CpFe(CO)2(SCeHs).

Another solvent interaction to discuss is the hydrogen bonding between
the protic solvents, and CpFe(CO)2(SC¢Hs). As shown in Figures 3.14-3.17, the
UV-vis spectra shows a decrease in intensity and wavelength which is indicative
of hydrogen bonding. Another indicator is an increase in the carbonyl stretching
frequency. Figures 3.30-3.32 shows a steady increase in the asymmetric
stretching frequency going from the less acidic, 1-pentanol, to the more acidic,
2,2 2-trifluoroethanol. The UV-vis and IR data show that a tremendous amount of
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hydrogen bonding is occurring with 2,2,2-trifluoroethanol as solvent and in fact
may be the predominant species in solution according to data in Chapter 2 of this
dissertation. When reacting 10 mM CpFe(CO)2(SCgHs) with 500 mM CCl;:COOH
in methylene chloride, the hydrogen bound species is the predominant species in
solution with carbonyl stretching frequencies at 1995 and 2040 cm”. The
carbonyl stretching frequencies for CpFe(CO),(SCeHs) solvated in
2,2,2-trifluoroethanol are 2005 and 2045 cm™ and using Peakfit, the carbonyl
stretching frequencies are 1996 and 2044 cm™.
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Figure 3.54. Infrared spectrum of the solvent (THF) and a 10 mM
CpFe(CO)2(SCeHs) solution in THF showing the overlap of a solvent stretching
frequency and the asymmetric carbony! stretching frequency.

3.5 Conclusions.

In summary, we have provided UV-vis evidence for the solvatochromatic
behavior of CpFe(CO)2(SCeHs) and infrared spectral evidence for other solvent
effects based on carbonyl stretching frequencies. The wavelength of the LMCT
band was correlated to several solvent polarity scales. The best correlations

were accomplished by using the Dimroth-Reichardt's normalized energy of
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transition scale, Gutmann's Acceptor Number scale, and Kosowers Z-scale
(Figures 3.45-3.48).

By observing the UV-vis spectra, Figures 3.3-317, a blue shift occurs as
CpFe(CO)2(SCgHs) is solvated in more polar solvents. This is evidence that the
ground-state dipole moment is greater than the excited-state dipole moment,
ug>ue as illustrated in Figure 3.2. Also, the solvatochromatic behavior of
CpFe(CO)2(SCesH4-p-CF3) was also evidenced by UV-vis analysis (Table 3.3). It
was shown that the ground-state energy of CpFe(CO),(SCeHs) is less stable than
the ground-state energy of CpFe(CO)2(SCgH4-p-CF3) (Figure 3.46). It was also
shown that as the solvent increases in polarity, the stabilty of the
CpFe(CO)2(SCeH4-p-CF3) increases more than the CpFe(CO)(SCeHs) in
solution.

The infrared spectral evidence showed a complex solvent effect. Since
the compound, CpFe(CO)(SCeHs), contains two separate polar sites, this
complicated the prediction of the solvent shifts. When the carbonyl ligands are
interacting with the solvent, then a decrease in the carbonyl stretching
frequencies is expected. However, if the = donor, such as the phenyl thiolate, is
interacting with the solvent, then an increase in the carbonyl stretching frequency
is expected. So there is a competition between the n accepting carbonyl ligands
and the = donor phenyl! thiolate ligand as to whether the carbonyl stretching
frequency will increase or decrease. In either case, the carbonyl stretching
frequency is solvent dependent. While in non-polar hydrocarbon soivent, it
appears that the little interaction between the carbonyl ligand and the solvent
occurs (Figure 3.50). When this is the case, the asymmetric carbonyl stretching
frequency is higher than if polar solvent were used. Tetrahydrofuran appears to
be interacting with the carbonyl ligand and therefore a low carbonyl stretching

frequency was observed. However, as the solvent increases in polarity, the iron-
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thiolate-solvent interaction becomes stronger and an increase in the carbonyl
stretching frequency occurs.

As shown in Figure 3.51, the compound CpFe(CO),(SCsHs) exhibits
similar solvent effects as CpFe(CO).Cl and CpFe(CO).l. The only differences in
the compounds are the size and strength of the = donor ligands. The ligand,
which is better at = donation, lowers the carbonyl stretching frequencies, which is
reflected in the lower force constants. Table 3.4 shows how the differences in
the carbonyl stretching frequencies are relatively consistent going down a
column. For example, the difference in the antisymmetric carbonyl stretching
frequency for CpFe(CO),Cl and CpFe(CO).l dissolved in six aprotic solvents is
approximately 9 cm™ down the column. Perhaps this correlation can be used as
a method to predict where certain carbonyl stretching frequencies should be
located knowing the stretching frequency for an analogous compound.

The last solvent interaction to be mentioned is the hydrogen bonding
effect between the protic solvents and CpFe(CO)x(SCeHs). Figures 3.14-3.17
show a decrease in intensity and wavelength which is indicative of hydrogen
bonding. The solvent, 2,2 2-trifluoroethanol, shows substantial hydrogen
bonding according to the UV-vis and infrared spectra. The carbonyl stretching
frequencies closely matches those of the hydrogen bound species that was
made by reaction 10 mM CpFe(CO)(SCgHs) with 500 mM CCI;COOH in

methylene chloride which is discussed in Chapter 2 of this dissertation.
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Chapter 4 ELECTRONIC, CHEMICAL, AND STRUCTURAL STUDIES
OF CpFe(dppe)(SCeHs-p-Z) WHERE Z = OCH;, H, Cl, CF,,
NO;

4.1 Introduction and Background

Thiolate ligands are ubiquitous in bioinorganic chemistry. Two vitally
important biological enzymes that contain iron-thiolate active centers are
nitrogenase and hydrogenase.

Nitrogenase is involved in the net reduction of molecular nitrogen to
ammonia as shown in Equation 4.1.12 Nitrogenase is made up of two proteins,
Fe-protein and MoFe-protein.34 The Fe-protein is a dimer of identical subunits
containing one [4Fe-4S]-cluster which binds the subunits and also functions as a
one-electron donor. The coordination of the [4Fe-4S] cluster within the protein
matrix is through the use of S atoms of cysteines as confirmed by X-ray structural
analysis.5 The main function of the Fe-protein is the MgATP driven one-electron

transfer to the large MoFe-protein.

N2 + 8H" + 16MgATP + 8e” —---> 2NH; + H, + 16MgADP + 16P, (4.1.)

The MoFe-protein contains the center of substrate binding and reduction.6
The MoFe-protein consist of P-clusters which are four [4Fe-4S]-clusters and
FeMo (or FeV or Fe-only) -cofactors. A proposed FeMo-cofactor structure in

nitrogenase MoFe-proteins is shown in Figure 4.1.7
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Figure 4.1. Proposed FeMo-cofactor structure in nitrogenase MoFe-proteins
where Y is most likely sulfur.8

The mechanism by which the reduction of dinitrogen takes place is still
under investigation. The first step in the mechanism is the binding of the
substrate.® There are three proposed methods of binding the substrate. 1) The
nitrogen may bind in an end-on fashion to one of six central three-coordinate iron
sites. Such bonding involves synergistic ‘back-donation’ from the metal to
stabilize the metal-N; interaction, which can allow reactivity on the N, ligand10.11
(Figure 4.2). 2) The molecules, N2 or H;, could occupy the central cavity in the
FeMo-cofactor, thereby replacing weak iron-iron bonds with Fe-substrate bonds.
3) The nitrogen may bind to the Mo center after dissociation of the endogeneous

homocitrate ligand.8.12

QM§ N=— N%

0%? Q

Figure 4.2. End-on metal-dinitrogen bonding.3
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A number of model systems have been developed to study the
mechanism; however, none of the synthetic chemical systems are truly
catalytic.12.13 Dinitrogen has been found to be reduced to NHj; at certain Mo, V,
or Fe phosphine-ligated centers but none of the reactions were catalytic.9.14
Some models rely on the fact that nitrogenase reduces not only N, but a variety
of other substrates such as N2O (to N> + H;0), CoH; (to CzHs), HaNCN (to NH; +
CHsNHy,), cyclo-C3H, (to cyclo-CsHg), and cyclo-CHzN2 (CH3NH2 + NH3).15 Leigh
et al. used the compound [FeH(Hz)(dmpe).][BPhs] (dmpe = Me;PCH.CH.PMe;)
as a model system for nitrogenase to reduce 1,1-dimethylallene and allene. The
propylene analogues were produced so reduction did take place but the reaction
was stoichiometric and not catalytic.'5 A number of other iron-phosphine
compounds have been prepared and fully characterized that can either fix or
reduce dinitrogen.'4 These include [CpFe(dmpe)((CH;).CO))BF; (dmpe =
Me.PCH.CH.PMe;)1¢, which can fix nitrogen under inert conditions,
[FeH(THF)(dppe)2]’17, which can fix atmospheric nitrogen, and (PhsP),FeCl;18,
which reduces dinitrogen to hydrazine albeit at very low yields.

Sellmann et al. have proposed a mechanism to reduce dintrogen to
ammonia using a model system containing an iron-thiolate complex (Scheme
4.1).12 They have isolated and obtained an X-ray crystal structure of compound
B and have fully characterized compounds C and D; however, compound B
formed in very low yields and there were major solubility problems.1® A number
of other metal-thiolate complexes have been synthesized as model systems for
nitrogenase and hydrogenase and most of them contain additional phosphine
ligands.13.20

Since native FeMo cofactor of FeMo nitrogenase is short-lived in aqueous
media and does not catalyze N reduction outside of its native environment,

attempts to understand the principles of reduction, instead of using only the
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blueprints of the structure, have been used to find a competitive catalyst.3 To
assist in understanding the mechanism of nitrogenase, each of the “ideal” model
systems should produce not only ammonia but also molecular hydrogen since
nitrogenase catalyzes one H: for every N, reduced.®2! The catalytic model
should exhibit sulfur-rich ligands, vacant sites, Brensted acid-base properties,
and redox activities.13 Obviously, the electronic, reactivity, and structural studies
of iron-thiolates are extremely important in finding a suitable model system for

nitrogenase.

s’lll.. l R +2H'. 2e”
-NH; s’ I \s

Ny III

NH Sim., I k
S | \s:@ e J“
s I \s D. 8 H/
H 4 H ' @:s/,, m@:@
( I ‘s

s/l g \\5

+W +2e HI

Scheme 4.1. A model cycle of N; fixation by [Fe('NxS4')] fragments.

Since hydrogen evolution is a consequence of the activity of nitrogenase,

some organisms possess genes for the uptake hydrogenase.® Hydrogenase is
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involved in the reduction of H" and the oxidation of molecular hydrogen as shown
in Equation 4.2.22.23 There are four general types of hydrogenases: 1) [Ni-Fe]
hydrogenases, 2) Fe-only hydrogenases, 3) [Ni-Fe-Se] hydrogenases, and 4)
one that does not contain transition metals.24-27  With the exception of the
hydrogenase that does not contain bound transition metals, all of the known
general types of the hydrogenases contain iron-sulfur clusters and other metal-

thiolate bonds.

Hy — 2H" + 2¢ 4.2)

The active site of the [NiFe] hydrogenase Desulfovibrio gigas contains a
bimetallic center comprised of nickel and iron coordinated by two bridging
cysteinate ligands and possibly a bridging oxo or hydroxo ligand (Figure 4.3).28
The [NiFe] hydrogenase also contains two [4Fe-4S] clusters and one [3Fe-4S]

cluster as determined by X-ray crystallographic analysis.2®

L2 4_1
L3\‘F 5
e.,
Y &
S S
\‘N:"
Cys '
S st
Cys____ S Cys

Figure 4.3. The bimetallic center of the [NiFe] hydrogenase Desulfovibrio gigas.
where Y is possibly oxo or hydroxo ligand, L1 and L2 could be cyanides and L3
is possibly carbon monoxide.28

125



The three diatomic ligands bound to the iron (L1, L2, and L3) shown in
Figure 4.3 could be cyanides and possibly carbon monoxide.30 These diatomic
ligands are infrared active and the frequencies shift their position in a concerted
fashion depending on the redox state of the enzyme. The frequency shifts
suggest a redox role for the Fe center during catalysis.29.31

The Fe-only hydrogenase contains five iron-sulfur clusters. The active-
site cluster or H-cluster (HC) (Figure 4.4) contains two subclusters as determined
by X-ray crystallographic analysis.32-34 One of the subclusters is a [4Fe-4S]
cubane cluster and the other is a [2Fe-2S] cluster which contains one water
molecule and five carbon monoxide/cyanide ligands. The other four clusters,
which are involved with electron transport, are three [4Fe-4S] clusters and one
[2Fe-2S] cluster. All of the iron-sulfur clusters are coordinated to the protein by

cysteinate ligands.

L
Cys L L
V. [
3 e I~
' =g OH,
H20
Cys\ '
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Ci T -1 Rl S
ys® ,-* /
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Figure 4.4. The active-site of the Fe-only hydrogenase which contains two

subclusters. L represents possible CO and CN ligands.35
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A mechanism by which the [NiFe] or Fe-only hydrogenase reduces proton
or oxidizes molecular hydrogen is still under investigation.2427 A number of
model systems for hydrogenase have been used to study their vibrational
spectroscopy, structure, and reactivity to gain insight to the potential mechanisms
by which a proton can be reduced or molecular hydrogen can be oxidized.

Darensbourg et al. have synthesized (CO;)Fe(u-S2(CHz)3)Fe(CO); as a
potential model of the Fe-only hydrogenase active site.36 One of their goals was
to develop the background for the use of infrared spectroscopy in the study of
hydrogenases. Darensbourg et al. have already prepared the potassium sait of
[CpFe(CO)(CN)2J” which closely matches the infrared properties to those of the
Fe(CO)(CN). site in [NiFe] hydrogenases isolated from Desulfovibrio
vulgaris 37.38

Liaw et al. have synthesized the first dinuclear Fe(ll)-thiolate
cyanocarbonyl compound, [PPN][(CN)(CO).Fe(u-S,S-CeHs))2, which may be
regarded as a spectroscopic reference for Fe-only hydrogenase.3® They have
determined that the infrared frequencies of this compound are similar in range to
the stretching frequencies obtained from the Fe-only hydrogenase30. The
compound, [Fe"(PS3)(CO)(CN)J* (Figure 4.5.), was prepared by Hsu ef al. and
analyzed by X-ray crystallography and both the Fe(ll) and Fe(lll) complexes were
analyzed by infrared spectroscopy.40 They determined that the redox induced
shifts in the stretching frequencies of CO (vco = 102 cm™) and CN (vco = 29
cm™) indicates the magnitude of the shifts that could be expected for a redox
change in similar Fe(CO)(CN), centers in hydrogenases. Hsu et al. have
suggested that the changes in the stretching frequencies of [NiFe] hydrogenase
could be due to: (a)'changes in oxidation states of the iron center, (b) changes in

electron density on the iron center caused by changes in the redox state of the
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nickel center and/or (c) changes in the ligation of the iron center (i.e., the Y

ligand, Figure 4.3).40

Figure 4.5. Structure of [Fe(PS;)(CO)(CN)}]* synthesized by Hsu et al. as a

model system for hydrogenase.

An important consideration in the mechanism of hydrogenase is the site of
protonation. Sellmann et al. have synthesized a model compound to react with
proton to obtain molecular hydrogen (Scheme 4.2).41 Apparently, the HOMO is
primarily sulfur in character in complex | as shown in Scheme 4.2 since
protonation occurs on a sulfur site forming the coordinated thiol complex Ii.
Going from complex Il to complex IV, the electron-rich sulfur or the
coordinatively unsaturated iron is a potential site for the second protonation.
Theoretical calculations were carried out by Sellimann et al. for the evolution of
hydrogen at transition-metal sulfur centers for mononuclear bis(dithiolenes) and
they showed that elimination of H, from a metal hydride species is more

favorable than a concerted H, elimination from a dithiol species.4!
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Scheme 4.2. Potential mechanism for the protonation and formation of

molecular hydrogen.

Most model complexes for hydrogenases contain predominantly
phosphines in the coordination sphere of the metal with very few exceptions.42
These exceptions include the following compounds that exhibit exclusively sulfur
ligands such as ([Ir(H)(1,4,7-trithiacyclononane).](PFs)243, [Rh(H)(1,4,8,11-
tetrathiacyclotetradecane)}(BF )44, and [Li(THF)sJJ[Mo(H)(S2CsH4)3}45; however,
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these do not undergo H./D* exchange through heterolytic cleavage of H, as
would be expected from a model system for hydrogenase. Notice that none of
these complexes contain biologically relevant metals for modeling hydrogenase;
however, Sellmann et al have recently synthesized the complex,
[Ni(NHPnPr3)(S3)] (S = bis(2-sulfanyiphenyl)sulfide’) shown in Figure 4.6.,
which does undergo H2/D* exchange when the compound is treated with D, at
slightly elevated pressures (10 bar).46 Using this complex as the model system
for [NiFe] hydrogenase, Selimann has assumed that H, activation occurs at the

nickel-thiolate site instead of the iron-thiolate site.

SI,I' N ‘\\\

s/ \N

\

/

Figure 4.6. The first nickel complex with predominantly sulfur ligands, which
serves as a mode! for [FeNi] hydrogenase, that undergoes H,/D* exchange at the

nitrogen site.46

This chapter concerns the study of the electron-rich iron-thiolate
complexes, CpFe(dppe)(SCesHs-p-2) where Z = OCHj3, H, CI, CF3; and NO- (dppe
= PhoPCH,CH,PPhy). Treichel stated that upon addition of a protic acid to
CpFe(dppe)(SC¢Hs) gives an oxidized Fe product and molecular hydrogen.4? If
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this is the case, then this would provide a model for hydrogenase and a way to
determine a possible mechanism for the formation of molecular hydrogen from
proton.

In this work, three goals were established to investigate possible
mechanisms for Hz(g) production and also to study the electronic effects on the
iron and sulfur atoms upon perturbing the sulfur site in electron rich iron-thiolate
complexes. The first goal is to determine whether Hx(g) evolution takes place
when CpFe(dppe)(SCeHs) or CpFe(P2S) reacts with HBF,-O(CHs), and then
determine possible mechanisms. The second goal is to determine the oxidation
potentials of the compounds, CpFe(dppe)(SCeH4-p-Z) where Z = OCHs, H, Cl,
CF;, and NO,, and also to react these compounds with CHsl to determine how Z
effects the rate of methylation by using cyclic votammetry and UV-vis
spectroscopy, respectively. The third goal is to determine whether the lone
electron in the HOMO of [CpFe(dppe)(SCeHs-p-Z)|BF, resides primarily on the
metal or sulfur by using electron paramagnetic resonance spectroscopy and
running density functional calculations on the following compounds:

CpFe(PHa)2(SCH,) and [CpFe(PHa)2(SCH3)]".

4.2 Experimental Section

All reactions were performed under an atmosphere of prepurified nitrogen
or argon using Schlenk technique or a MO-40M VAC Dry Box unless stated
otherwise. Solvents were distilled from appropriate drying agents under nitrogen
and degassed by freeze pump thawing three times prior to use unless stated
otherwise: CH)Cl, (CaH;), pentane (Na), THF(Na), methanol (Mg).
[CpFe(dppe)(NCCH3)]Br,48 CpFe(dppe)l, 4848 P.SH (2,2-
bis[(diphenylphosphanyl)methyl]-1-propanethiol),50  [CpFe(CO)2(NCCH,)]PFg,51
and CpFe(dppe)(SCeHs)48 were prepared by literature method. HBF;-O(CHs)2
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was purchased from Aldrich Chemical Company and used as received. Infrared
spectra were recorded on a Bruker IFS 66/S FTIR spectrometer. 'H NMR
spectra were obtained from a Varian 400MHz spectrometer. UV-vis spectra
were recorded on a Hewlett-Packard HP8453 Diode Array instrument. The
kinetic data, which was recorded by UV-vis spectroscopy, was analyzed by the
SPECFIT/32 computer program.52 A Schienk quartz cell with a 1.0 cm
pathlength and a side arm was employed in the UV-vis spectroscopy
experiments.

Electron paramagnetic resonance spectra were recorded on a Bruker ESP
300 equipped with a 4102st.cal cavity resonator. Cyclic Voltammetry
experiments were performed by the BAS CV-50W Voltammetric Analyzer utilizing
glassy carbon working, AG/AgNO3; reference, and silver auxiliary electrodes. Al
kinetic and cyclic voltammetric experiments were conducted under inert
atmosphere. Elemental analysis were carried out by Midwest Microlab.

4.2.1 Preparation of CpFe(dppe)(SCsHs-p-OCH3).

To dry methanol (60 mL) was added HSCgH4-p-OCH3 (4.49 mL, 36.52
mmol) and KOH (0.78 g, 0.013 mol) and the solution was stirred until the KOH
dissoived. [CpFe(dppe)(NCCH,)]Br (2.0 g, 3.12 mmol) was added and the
resulting solution was refluxed for 25 minutes under argon. The solution was
allowed to cool to room temperature. Dark crystals that precipitated out of
solution were filtered off and washed with dry methanol. The olive green
compound was dried in vacuo overnight to give CpFe(dppe)(SCsH4-p-OCH3)
(1.80 g, 2.73 mmol, 86% yield). It was stored in a dry box under nitrogen. 'H
NMR (CD.Cl): § 7.91 - 7.13 (m, Ph), 6.51 (d, CsHa), 6.24 (d, CeHa), 4.06 (s,
Cp), 3.64 (s, CHy), 2.61 (br.s, CH) 2.28 (br.s, CHy). *'P NMR (CD.Cl): 5 97.44
(br.s, diphos). Anal. Calcd for CigHisFeOP,S: C, 69.31; H, 5.51. Found: C,
69.13; H, 5.62.
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The identity of the product was also confirmed by a single-crystal X-ray
crystallographic analysis (Figure 4.29). A suitable crystal for structure
determination was obtained by evaporation of a saturated CH,Cl, solution under
nitrogen overnight.

4.2.2 Preparation of CpFe(dppe)(SCsH,-p-Cl).

To dry methanol (60 mL) was added HSCgH,-p-Cl (1.6 g, 11.07 mmol) and
KOH (0.78 g, 0.013 mol) and the solution was stirred until the KOH dissolved.
[CpFe(dppe)(NCCHj3)]Br (2.0 g, 3.12 mmol) was added and the resulting solution
was refluxed for 25 minutes under argon. The solution was allowed to cool to
room temperature. Dark green crystals that precipitated out of solution were
filtered off and washed with dry methanol. The brown green compound dried in
vacuo overnight to give CpFe(dppe)(SCeHs-p-Cl) (1.34 g, 2.02 mmol, 65% yield).
'H NMR (CD.Cl): &7.82~7.14 (m, Ph), 6.53 (m, CgHy), 4.15 (s, Cp), 2.63 (br.s,
CHy) 2.24 (br.s, CHy). 3'P NMR (CD2Cl,): 5 97.56 (br.s, diphos). Anal. Calcd for
Cs7H13ClIFeP,S: C, 67.03; H, 5.02. Found: C, 67.01; H, 5.22.

4.2.3 Preparation of CpFe(dppe)(SCesH4-p-CF3).

To dry methanol (60 mL) was added HSCgH4-p-CF3 (2.00 g, 11.24 mmol)
and KOH (0.78 g, 0.013 mol) and the solution was stirred until the KOH
dissolved. [CpFe(dppe)(NCCH3)]Br (2.0 g, 3.12 mmol) was added and the
resulting solution was refluxed for 25 minutes under argon. The solution was
allowed to cool to room temperature. Dark green crystals that precipitated out of
solution were filtered off and washed with dry methanol. The olive green
compound was dried in vacuo overnight to give CpFe(dppe)(SCesH4-p-CF3) (1.64
g, 2.36 mmol, 75% yield). 'H NMR (CD.Cl,): & 7.76 - 7.18 (m, Ph), 6.79 (d,
CeHa), 6.72 (d, CsHa), 4.26 (s, Cp), 2.68 (br.s, CHy) 2.23 (br.s, CHz). >'P NMR
(CD2Clz): & 96.93 (br.s, diphos). Anal. Calcd for CigHisFsFeP,S: C, 65.53; H,
4.78. Found: C, 64.82; H, 4.93.
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4.2.4 Preparation of CpFe(dppe)(SCeHy-p-NO.).

To dry methanol (60 mL) was added HSCgH4-p-NO, (1.71 g, 11.02 mmol)
and KOH (0.78 g, 0.013 mol) and the solution was stirred until the KOH
dissolved. [CpFe(dppe)(NCCH3)]Br (2.0 g, 3.12 mmol) was added and the
resulting solution was refluxed for 25 minutes under argon. The solution was
allowed to cool to room temperature. Dark biue crystals that precipitated out of
solution were filtered off and washed with dry methanol. The blue compound was
dried in vacuo overnight to give CpFe(dppe)(SCsHs-p-NO2) (1.96 g, 2.91 mmol,
93% yield). 'H NMR (CD.Cl,): & 7.68 —7.21 (m, Ph), 6.80 (m, CgHs), 4.32 (s,
Cp), 2.63 (br.s, CHy) 2.21 (br.s, CHz). *'P NMR (CD,Cl,): & 95.09 (br.s, diphos).
UV-vis absorption spectrum (CH2Cl); [Amax, Nm (e, M cm™)]: 544(9082) Anal.
Calcd for C37Ha3FeNO2P2S: C, 65.98; H, 4.94. Found: C, 65.10; H, 4.96.

The identity of the product is confirmed by a single-crystal X-ray
crystallographic analysis (Figure 4.33). A suitable crystal for structure
determination was obtained by slow vapor diffusion of pentane in a saturated
THF solution.

4.2.5 Alternative Preparation of [CpFe(dppe)(SCsHs)]BF.47.53

To a 20 mL THF solution of CpFe(dppe)(SCsHs) (49 mg, 0.08 mmol) was
added ferrocenium tetrafluoroborate (22 mg, 0.08 mmol). The color of the
solution immediately changed from brown/green to blue. The mixture was stirred
for one hour. The product was precipitated by adding dry pentane. The product
was filtered using a Schlenk filter frit and washed with dry benzene. The dark
blue compound, which was dried in vacuo overnight to give
[CpFe(dppe)(SCeHs)]BF (52 mg, 0.07 mmol, 88% yield), was stored in a dry box
under nitrogen. UV-vis absorption spectrum (CH2Cl2); [Amax, nM (g, M em™)):
580(2050) (Figure 4.8). FAB Mass Spec. 628.
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The identity of the product was also confirmed by a single-crystal X-ray
crystallographic analysis (Figure 4.35). A suitable crystal for structure
determination was obtained by slow vapor diffusion of pentane in a saturated
THF solution.

4.2.6 Preparation of [CpFe(dppe)(SCeH4-p-OCH,)]BF,.

To a THF (20 mL) solution of CpFe(dppe)(SCeHs-p-OCHs) (79 mg, 0.12
mmol) was added ferrocenium tetrafluoroborate (27 mg, 0.10 mmol). The color
of the solution immediately changed from brown/green to red. The mixture was
stirred for one hour. The product was precipitated by adding dry pentane. The
product was filtered using a Schienk filter frit and washed with dry benzene. The
red compound was dried in vacuo overnight to give [CpFe(dppe)(SCeHs-p-
OCH3;]BF, (66 mg, 0.09 mmol, 90% yield). It was stored in a dry box under
nitrogen. UV-vis absorption spectrum (CH:Cl2); [Amax nm (g, M cm™)):
644(1754), 578(1757) (Figure 4.8). Anal. Calcd for CagHisFeOP,SBFs. C, 61.23;
H, 4.87. Found: C, 59.57; H, 4.75.

4.2.7 Preparation of [CpFe(dppe)(SCsH,-p-Cl)]BF,.

To a THF (20 mL) solution of CpFe(dppe)(SCsHs-p-Cl) (80 mg, 0.12
mmol) was added ferrocenium tetrafluoroborate (27 mg, 0.10 mmol). The color
of the solution changed from brown/green to blue. The mixture was stirred for
one hour. The product was precipitated by adding dry pentane. The product
was filtered using a Schienk filter frit and washed with dry benzene. The biue
compound was dried in vacuo ovemight to give [CpFe(dppe)(SCsH4-p-Cl)]BF4
(71 mg, 0.09 mmol, 90% yield). It was stored in a dry box under nitrogen. UV-
vis absorption spectrum (CH:Cly); [Amax, nM (e, M cm™)]: 580(2099) (Figure
4.8). Anal. Calcd for Ci7H33CIFeP,SBF,: C, 59.21; H, 4.40. Found: C, 59.46;
H, 4.52.
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4.2.8 Preparation of [CpFe(dppe)(SCsH-p-CF;)]BF,.

To a THF (20 mL) solution of CpFe(dppe)(SCeH4-p-CF3) (84 mg, 0.12
mmol) was added ferrocenium tetrafluoroborate (27 mg, 0.10 mmol). The color
of the solution changed from brown/green to blue. The mixture was stirred for
one hour. The product was precipitated by adding dry pentane. The product
was filtered using a Schienk filter frit and washed with dry benzene. The blue
compound was dried in vacuo overnight to give [CpFe(dppe)(SCeH4-p-CF3)IBF,
(71 mg, 0.09 mmol, 90% yield). It was stored in a dry box under nitrogen. UV-
vis absorption spectrum (CH,Cl); [Amax, NM (g, M cm™)): 570(2247) (Figure
4.8). Anal. Calcd for C3sH33BF;FeOP,S: C, 58.27; H, 4.25. Found: C, 58.31; H,
4.29.

4.2.9 Preparation of [CpFe(dppe)(SCsHi-p-NO,)]BF,.

To a THF (20 mL) solution of CpFe(dppe)(SCeHs-p-NO2) (81 mg, 0.12
mmol) was added ferrocenium tetrafluoroborate (27 mg, 0.10 mmol). The color
of the solution changed from blue to dark blue. The mixture was stirred for one
hour. The product was precipitated by adding dry pentane. The product was
filtered using a Schlenk filter frit and washed with dry benzene. The dark blue
compound was dried in vacuo overnight to give [CpFe(dppe)(SCsHas-p-NO,)]BF 4
(63 mg, 0.08 mmol, 80% vyield). It was stored in a dry box under nitrogen. UV-
vis absorption spectrum (CH:Cla); [Amax, NM (e, M cm™)): 570(2521) (Figure
4.8). Anal. Calcd for Ci7H33FeO.NP,SBF,4: C, 58.45; H, 4.37. Found: C, 57.49;
H, 4.42.

4.2.10 Preparation of [CpFe(P.S)]PFe.

To a THF (50 mL) solution of the tripodal ligand P,SH (0.410 g, 87 mmol)
was slowly added NaH (20.80 mg, 87 mmol) under argon. The mixture stirred for
two hours. [CpFe(CO)2(CH3CN)JPFs (0.315 g, 87 mmol) was added to a 1000
mL photolytic reaction vessel under argon followed by THF (850 mL). The THF
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solution of the tripodal ligand (P.SNa) was slowly added to the reaction vessel.
The color changed from yellow to pale brown. Irradiating the solution with a 450
watt Hanovia mercury discharge lamp contained in a water-cooled quartz
immersion well for 30 minutes produced a color change from pale brown to
green/brown which turned pink upon exposure to air. The solvent was removed
from the filtrate under vacuum. The pink residue was chromatographed using
THF as eluent. The solvent was reduced and pentane was added to precipiate
the corresponding complex [CpFe(P.S)]PFe. (298 mg, 0.41 mmol, 47% yield)
UV-vis absorption spectrum (THF); [Amax, M (¢, M cm™)): 530(1520) (Figure
4.8). Anal. Calcd for CayHasFeP,SPFs: C, 55.37; H, 4.65. Found: C, 55.51; H,
4.75.

The identity of the product was also confirmed by a single-crystal X-ray
crystallographic analysis (Figure 4.37). A crystal suitable for structure
determination was obtained by slow vapor diffusion of pentane in a saturated
70:30 benzene/THF solution.

4.2.11 Preparation of CpFe(P.S).

To a 50:1 benzene/THF (20 mL) solution of CpFe(P.S)PFs ( 50 mg, 0.07
mmol) was added cobaitocene (12 mg, 0.06 mmol). The color of the solution
changed from pink to green/brown. After allowing the solution to stir for five
minutes, it was filtered and the solvent was removed from the filtrate under
vacuum. The green/brown compound was dried /in vacuo overight to give
CpFe(P2S) (29 mg, 0.05 mmol, 83% yield). 'H NMR (CsDs, 8): 8.31 - 6.98 (m,
Ph), 4.00 (s, Cp), 1.91 (m, CHy), 1.76 (s, CH,), 1.58 (m, CH,), 0.64 (s, CHa). *'P
NMR (CgDs, 3): 67.54 (s, diphos). Mass Spec. (FAB) 592. Unfortunately, a
small amount of impurity appeared in the 'H and *'P NMR spectra so that a

combustion analysis was not possible. Purification by column chromatography
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was not possible since the medium (Silca gel or Alumina) oxidizes the
compound.

4.2.12 Preparation of CpFe(dppe)(SC¢H,-p-2Z) crystals where Z = H,
NO: and [CpFe(dppe)(SCsHs)]BF .

Slow vapor diffusion of pentane into a saturated THF solution of the
compound under nitrogen produced X-ray diffraction quality crystals. (Figures
4.31, 4.33, and 4.35, respectively).

4.2.13 Preparation of CpFe(dppe)(SCsH¢-p-OCH;3) crystals.

Evaporation from a saturated CH.Cl, solution of the compound under
nitrogen yielded X-ray diffraction quality crystals (Figure 4.29).

4.2.14 Preparation of [CpFe(P.S)]JPFs crystals.

Slow vapor diffusion of pentane into a saturated 70:30 benzene/THF
solution of the compound under nitrogen gave crystals that proved suitable for X-
ray crystallography (Figure 4.37).

4.2.15 Reaction between CpFe(dppe)(SC¢Hs) with HBF,; under aerobic
and anaerobic conditions.

CpFe(dppe)(SCeHs) (25 mg) was dissolved in benzene (10 mL) under
aerobic conditions and HBF4-O(CH3), (5.0 ul) was added. A dark blue
compound immediately precipitated out of solution. The product of the reaction
is [CpFe(dppe)(SCeHs)]BF 4 as confirmed by UV-vis spectroscopy. (CH2Clo); Amax
= 580 nm

CpFe(dppe)(SCsHs) (25 mg) was dissolved in benzene (10 mL) under
argon and HBF,-O(CHs)2 (5.0 ulL) was added. A red compound immediately
precipitated out of solution and was filtered using Schienk technique. The
protonated species, [CpFe(dppe)(HSCe¢Hs)]BF4 was produced as confirmed by
NMR. 'H NMR (CD,Cl): 5 7.80 —7.09 (m, Ph), 6.25 (d, CeHa), 4.33 (s, Cp), 3.02
(t, 1H), 2.49 (br.m, 2CH,). *'P NMR (CD,Cl,): §92.02 (s, diphos).
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Dissolving [CpFe(dppe)(HSCeHs)]BFs in dry degassed CH.Cl, and
exposing the red solution to air immediately forms the blue oxidized species
[CpFe(dppe)(SCsHs)]BF 4.

4.2.16 Kinetic experiments: Reaction of CpFe(dppe)(SCsH4-p-2)
(where Z = OCHj, H, Cl, CF;, NO2) with CHsl.

Kinetic studies of CpFe(dppe)(SCsHs) showed its reaction with
iodomethane to be first order in iodomethane, first order in CpFe(dppe)(SCeHs)
and second order overall. It was determined by UV-vis spectroscopy (Figure
4.10) and 'H NMR that the final product in the reaction is CpFe(dppe)l as shown
in Scheme 4.3. In a typical experiment, 0.5 mL of a 0.6 M solution of
iodomethane was added to 2.5 mL of a 1.2 mM solution of CpFe(dppe)(SCsHa-p-
2) in a Schlenk cuvette with side arm under nitrogen. After the two reactants
were mixed, the resulting solution (0.1 M in iodomethane and 1.0 mM in
CpFe(dppe)(SCsH4-p-Z) was observed by UV-vis spectroscopy over time. Figure
4.9 shows a typical example of the UV-vis spectra that are collected during the
reaction of CpFe(dppe)(SCe¢Hs) and CHil. The rate constants and their
estimated standard deviations were obtained using the computer program,
SPECFIT.52

[~ S
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Ph \F s P ton Ph |
e —— acetone —C
Ph —P/l + CHyl —— on \ /Fe S Ph !
P —~—Ph under Ny, p I
LK [
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.
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Scheme 4.3. Proposed mechanism for the methylation of CpFe(dppe)(SCeHs).
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4.2.17 Reaction of CpFe(P.S) with HBF,-O(CH,),.

A special Schlenk glass vessel was constructed for the reaction of
CpFe(P2S) and HBF, as shown in Figure 4.7 so that molecular hydrogen could
be detected. The vessel contains two compartments that are relatively deep
(volume approximately 30 mL each) that are joined together. Compartment A
contains a port on the side for injecting compounds through a septum and an
opening at the top for adding compounds which contains a high vacuum valve
that can seal off the compartment. The other compartment has an opening at the
top that can also be sealed by a high vacuum valve and a side port that contains

a greaseless O-ring joint for attachment to a Schienk manifold.

Greaseless

High Vaccum  O-fing Joint
Vaive Ports

Side port —
wiseptum

Compartment A Compartment B

Figure 4.7. Schlenk glassware used for hydrogenation experiments.

In compartment B of the glass vessel, styrene (0.1 mL, 0.87 mmol) was
added to dry degassed benzene-ds (3.0 mL) along with Wilkinson's catalyst,
[(CeHs)3sP}RNCI, (40 mg, 0.04 mmol) under argon while stirring. In compartment
A of the same vessel, CpFe(P2S) (134 mg, 0.23 mmol) was dissolved in dry
degassed benzene-ds (3.0 mL) and excess HBF4-O(CHj)> (40 uL, 0.33 mmol)
was added through a septum in the side port. Compartments A and B were

immediately sealed. As HBF,-O(CH3;) came in contact with the greenish/brown
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solution, an immediate color change to pinkish/violet took place indicating
oxidation of CpFe(P.S). The reaction was allowed to stir for 24 hours; however,
no hydrogenation occurred as indicated by 'H NMR and therefore little to no
hydrogen gas was produced.

4.2.18 Reaction of Zinc Powder with HBF, -O(CH;),.

In compartment B of the glass vessel, styrene (0.1 mL, 0.87 mmol) was
added to dry degassed benzene-dg (3.0 mL) along with Wilkinson's catalyst,
[(CeHs)3P)sRNCI, (40 mg, 0.04 mmol) under argon while stirring. In compartment
A of the same vessel, zinc powder (14 mg, 0.22 mmol) was added to dry
degassed benzene-dg (3.0 mL) and then excess HBF4-O(CHs)> (40 pL, 0.33
mmol) was added through a septum in the side port. Compartments A and B
were immediately sealed. As HBF,-O(CHs) came in contact with the zinc
powder, an immediate evolution of hydrogen gas took place. The reaction was
allowed to stir for 4 hours. The product, ethyl benzene from compartment B, was
detected by 'H NMR indicating that hydrogenation did take place.

4.2.19 Cyclic Voltammetry experiments.

Cyclic voltammograms were obtained from 0.5 mM analyte concentration
in THF using 0.2 M [t-BusN][PFs] (TBAHFP) as supporting electrolyte. The
solutions were prepared under nitrogen and a blanket of argon was maintained
over the solutions while making the measurements. Potentials were scaled to
NHE using ferrocene as an internal standard (Cp,Fe’/Cp.Fe literature value is
E12""E = 400 mV in acetonitrile).5 The analytes used were CpFe(dppe)(SCeHs-
p-Z) (Z = OCHgs, H, Cl, CF3;, NO;) and CpFe(P.S). The voltammograms are
shown in Figures 4.15 - 4.20.

4.2.20 Electron Paramagnetic Resonance experiments.

Electron paramagnetic spectra were collected at room temperature (298

K) on the foliowing solutions which were prepared under nitrogen: 3.1 mM

141



[CpFe(dppe)(SCsH4-p-OCH3)]BF4, 1.1 mM [CpFe(dppe)(SCeHs)]BFs, 2.1 mM
[CpFe(dppe)(SCesHa4-p-Cl)]BF4, 1.5 mM [CpFe(dppe)(SCsH4-p-CF3)|BF,, and 3.3
mM [CpFe(dppe)(SCeHs-p-NO.)]BF4. The spectral results are shown in Figures
4.22 -4.26. The microwave frequency was 9.434 GHz and the number of scans
collected on each sample were eight. The free radical, DPPH (2,2-di(4-tert-
octylphenyl)-1-picrylhydrazyl), was used as an external standard which has a
g-value of 2.0037 + 0.0002.

4.2.21 X-ray Crystal Structures.

Data for the crystal structures of CpFe(dppe)(SCe¢Hs),
[CpFe(dppe)(SCeHs)]BF 4, CpFe(dppe)(SCeHq-p-OCHs), and [CpFe(dppe)(SCeHa-
p-NO2) were collected at -85 °C on a Siemens P4 diffractometer using MoKa
(A=0.71073 A) radiation. The data were corrected for Lorentz and polarization
effects and an empirical absorption correction based on psi-scans was applied.

Structures were solved by the direct atom method using SHELXTL
(Siemens) system55, and refined by full-matrix least-squares on F? using all
reflections. All the non-hydrogen atoms were refined anisotropically and all the
hydrogen atoms were included in the refinement with idealized parameters for all
4 structures.

For CpFe(dppe)(SCeHs). the final R1 = 0.036 is based on 4469 observed
reflections [I>20(1)], and the final wR2 = 0.0874 is based on all reflections (5438
unique data). Figures for the molecule used thermal ellipsoids at 50% level and
for the packing diagram at 25% level.

For [CpFe(dppe)(SCeHs)]BF4, the final R1 = 0.051 is based on 5061
observed reflections [I>2c(l)], and the final wR2 = 0.139 is based on all
reflections (6527 unique data). Figures for the molecule used thermal ellipsoids

at 40% level and for the packing diagram at 20% level.
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The asymmetric unit contains a cation, the BF; anion and one C;HsO
solvent molecule. The C4HsO solvent is disordered as evident from the large
thermal motion of the carbon atoms (C38-C41) and it displays unrealistic
geometry.

For CpFe(dppe)(SCeH4-p-OCHj3), the final R1 = 0.063 is based on 3529
observed reflections [I>20(l)], and final wR2 = 0.1623 is based on all reflections
(3970 unique data). Figures for the molecule used thermal ellipsoids at 50%
level and the packing diagram at 25% level.

For CpFe(dppe)(SCsHs-p-NO.), the final R1 = 0.045 is based on 4749
observed reflections [I>2¢(l)], and the final wR2 = 0.121 is based on all
reflections (5510 unique data). Figures for the molecule used thermal ellipsoids
at 40% level and the packing diagrams at 20% level.

Data for the crystal structures of [CpFe(P.S)]PFs were collected at —120
°C on a Norius CAD-4 diffractometer using CuKa (A = 1.54178 A) radiation. The
data were corrected for Lorentz and polarization effects; and an empirical
absorption correction based on psi-scans was applied. The structure was solved
by the heavy atom method using SHELXTL (Siemens) system55, and refined by
full-matrix least squares on F? using all reflections.

The asymmetric unit contains a cation, the PFg anion, and one benzene
solvent molecule in a general position and two halves of a benzene solvent
molecule in special positions around the center of symmetry. Thus, each anion-
cation pair share two benzene solvent molecules. All of the hydrogen atoms
were included in the refinement with idealized parameters. The final R1 = 0.054
is based on 2976 observed reflections [I>2a(l)]. Figures are drawn with 50%

thermal ellipsoids and the packing diagrams at 20% level.
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4.2.22 Molecular Qrbital Calculations

Density functional calculations using the DN* basis set, which is a
numerical polarization basis set that includes d-type functions on heavy atoms,
were carried out using the program SPARTAN 5.042 running on a Silicon
Graphics IRIS Indigo 2 Solid Impact with a R10000 processor. The pBP theory
was used which introduces non-local corrections according to the method of
Becke and Perdew in a perturbative manner.> The compounds used for the
computational  studies were CpFe(CO)(SCH3), [CpFe(CO)(SCHa)]",
CpFe(PH3)2(SCH3), and [CpFe(PH3)2(SCHs)]*. These compounds were built and

geometrically optimized using molecular mechanics with SYBYL force fields.*2

4.3 Results

This section contains results from UV-vis spectroscopy experiments,
single-crystal X-ray crystallography, and molecular orbital calculations. Section
4.6.1 contains UV-vis spectra of [CpFe(dppe)(SCsH4-p-2)]BF4 (Z = OCH3, H, CI,
CF,, and NO2) and [CpFe(P.S)]PFs. Section 4.6.2 contains a sampie of the
UV-vis spectral resuits of the kinetic experiments of the reactions between
CpFe(dppe)(SCeHs-p-2) and excess CHjl and the kinetic data associated with
these experiments. This section also contains traces and the curve fit analysis of
the traces of the reactions between CpFe(dppe)(SCeHs-p-Z) (Z = OCH;3 and NO,)
and excess CHil. The Hammett relationship, log[k./ku] vs. sigma (o), is also
shown. Section 4.6.3 shows the cyclic voltammograms and cyclic voltammetric
data of 0.5 mM solutions of CpFe(P.S) and CpFe(dppe)(SCeHs-p-Z) (Z = OCHs,
H, Cl, CF3, and NOy) in THF. The Hammett relationship, Ei2 (mV) vs. sigma (o),
is also shown. Section 4.6.4 contains electron paramagnetic spectra of
(CpFe(dppe)(SCsHa-p-2)]BF, in CH,Cl, at room temperature and the associated

spectral data. Two Hammett relationships are shown. One of the relationships
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shows the g-values vs. sigma (c) and the other shows the half-width at half-
height (HWHH) vs. sigma (c). Section 4.6.5 contains the results of the solid state
experiments. Crystal structures and crystallographic data are shown for the
compounds CpFe(dppe)(SCeHq-p-2) Z = OCHjs, H, NO,),
[CpFe(dppe)(CsHs)]BFs, and [CpFe(P.S)|PFs. Section 4.6.8 contains the
calculated energies of the Highest Occupied Molecular Orbital (HOMO) and
Lowest Unoccupied Molecular Orbital (LUMO) using Density Functional Theory
(DFT) on the following compounds: CpFe(CO),SCHs, [CpFe(CO),SCHa]",
CpFe(PH3)2SCHj3, and [CpFe(PH3)SCH;J".
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4.3.1 UV-vis Spectra of [CpFe(dppe)(SCsH4-p-2)]BF 4 and [CpFe(P2S)]PFs

\\/“—"\ ! § e

N a4
u2l ~ l
\\, RS
R T e e ]
Wavelengh (nm) mao:nosaomnmmm
Wavelength (nm)
1 1
Qa8 o8

§ e s e e e an - - - 1

YA F k

o]

0 P T
LR Ty .1 T
400 450 S0 550 60 650 O 70 800 40 450 S0 S50 60 60 70 750 800
Wavelength (rm) Wavelengh (nm)

C. D.

400 450 500 550 800 850 700 800
Wavelength (nm)

E. F.

Figure 4.8. UV-vis spectra of: A. 1.25 mM solution of [CpFe(dppe)(SCeH4-p-OCH;)]BF4 in a
0.2 cm quartz UV-vis cell. {Amax, NM (g, M cm™)]: 644(1754), 578(1757). B. 0.50 mM solution of
[CpFe(dppe)(SCeHs)]BF, in @ 1 cm quartz UV-vis cell. [Amax. NM (e, M cm™)): 580(2050). C.
1.25 mM solution of [CpFe(dppe)(SCgH4-p-Cl)]BF, in 2 0.2 cm quartz UV-vis cell. [Amax, M (g, M
em™)]: 580(2099). D. 1.25 mM solution of [CpFe(dppe)(SCeHs-p-CF3)]BF in a 0.2 cm quartz
UV-vis cell. [Amax, M (e, M cm™)}: 570(2247). E. 1.25 mM solution of [CpFe(dppe)(SCeHe-p-
NO,)]BF, in a 0.2 cm quartz UV-vis cell. [Amax, NM (g, M”* cm™)): 570(2521). F. 0.50 mM solution
of [CpFe(PS)]BF. in a 1 cm quartz UV-vis cell. [Amex, N (g, M cm™)}: 530(1520).
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43.2 Resuits of the kinetic experiments: Reacting
CpFe(dppe)(SCesHq-p-Z) where Z = OCHj, H, CI, CF3, NO, with CH,l.
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Figure 4.9. A represents the UV-vis data that was collected over a period of 120
seconds of the reaction between 1.0 mM CpFe(dppe)(SCesHs) and 0.1 M CHjl in
dry degassed acetone. B shows two isosbestic points from the reaction

represented in A.
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Figure 4.10.
wavelength of 1.0 mM CpFe(dppe)l in acetone.
represents the absorbance vs. wavelenth of the product of the reaction between
1.0 mM CpFe(dppe)(SCsHs) and 0.1 M CHal in acetone after 120 seconds.
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Figure 4.11. Beer's Law plot of 0.5 mM CpFe(dppe)(SCsH4-p-OCHs) and 50 mM

CHal in acetone at 340 nm.
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Figure 4.12. A. The plot of absorbance vs. time representing the trace and curve fit at
430 nm of a pseudo-first order reaction of 0.5 mM CpFe(dppe)(SCeH,-p-OCHs;) and 50
mM CH,l in acetone. B. Residual plot of the reaction in A.
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Table 4.1. Represents the kinetic data for the reaction
CpFe(dppe)(SCe¢Ha-p-Z) and excess CHal.
4 4| [CH3l]
mol L™ mol L™ kLM's?! Krel
OCH3; 0.0005 0.01 2.4817(6) 2319
H 0.001 0.10 0.3454(2) 32.3
Cl 0.001 0.10 0.1279(6) 12.0
CF; 0.001 0.10 0.0562(3) 53
NO; 0.001 0.10 0.0107(1) 1.0
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Figure 4.13. A. The plot of absorbance vs. time representing the trace and curve fit at
546 (nm) of a pseudo-first order reaction of 1.0 mM CpFe(dppe)(SCeHs-p-NO,) and 100
mM CHal in acetone. B. Residual plot of the reaction in A.
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Figure 4.14. Hammett relationship between the rate of reaction of CpFe(dppe)(SCeH,-
p-Z) with iodomethane and the Hammett substituent constant (o).
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4.3.3 Results of the Cyclic Voltammetry experiments.
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Figure 4.15. Cyclic Voltagram of a 0.5 mM solution of CpFe(P.S) in 0.2 M
TBAHFP/THF with a glassy carbon working electrode at a scan rate of 100 mV/s.

Ei2 = -666 mV vs. Ag/AgNO; reference electrode. (Fc = ferrocene)
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Figure 4.16. Cyclic Voltagram of a 0.5 mM solution of CpFe(dppe)(SCeHs-p-
OCHa3) in 0.2 M TBAHFP/THF with a glassy carbon working electrode at a scan
rate of 100 mV/s. E;, = -577 mV vs. Ag/AgNO; reference electrode. (Fc =

ferrocene)

151



Current (pA)

T T T T
800 400 0 -400 -800

Fe  potential (mV)

Figure 4.17. Cyclic Voitagram of a 0.5 mM solution of CpFe(dppe)(SCeHs) in 0.2
M TBAHFP/THF with a glassy carbon working electrode at a scan rate of 100
mV/s. Eiz=-551 mV vs. Ag/AgNO; reference electrode. (Fc = ferrocene)
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Figure 4.18. Cyclic Voitagram of a 0.5 mM solution of CpFe(dppe)(SCeHs-p-Cl)
in 0.2 M TBAHFP/THF with a glassy carbon working electrode at a scan rate of
100 mV/s. E12 = -491 mV vs. Ag/AgNO; reference electrode. (Fc = ferrocene)
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Figure 4.19. Cyclic Voltagram of a 0.5 mM solution of CpFe(dppe)(SCeHa-p-
CF;) in 0.2 M TBAHFP/THF with a glassy carbon working electrode at a scan
rate of 100 mV/s. Ei2 = -438 mV vs. Ag/AgNO; reference electrode. (Fc =
ferrocene)
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Figure 4.20. Cyclic Voltagram of a 0.5 mM solution of CpFe(dppe)(SCeHa4-p-
NO,) in 0.2 M TBAHFP/THF with a glassy carbon working electrode at a scan
rate of 100 mV/s. E2 = -357 mV vs. Ag/AgNO; reference electrode. (Fc=
ferrocene)
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Table 4.2. Cyclic Voltammetric data for CpFe(dppe)(SCesHs-p-Z) and CpFe(P.S)
complexes.

Com pOUﬂd E1 12 (r“V)a Epg'Ech ipa/ipc Hammett
(mV) Constant (c)°

CpFe(P2S) -453 73 0.89 N/A
CpFe(dppe)(SCsH4-p-OCH3) | -364 88 1.01 -0.27
CpFe(dppe)(SCsHs) -330 82 1.15 0.00
CpFe(dppe)(SCgH4-p-Cl) -276 84 1.05 0.23
CpFe(dppe)(SCeHs-p-CF3) | -225 84 119 |0.54
CpFe(dppe)(SCsHs-p-NO2) | -142 82 1.01 0.78

a. Potentials are versus the National Hydrogen Electrode (NHE), measured at a
glassy carbon electrode in THF with 0.2 M [NBu4][PFs] as supporting
electrolyte.54 b. E,, and E, is the potential for a reversible one-electron
oxidation and reduction, respectively, that is measured at a scan rate of 100
mVs™'. c. See reference 56
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Figure 4.21. Hammett relationship between the half-wave potential of
CpFe(dppe)(SCsHs-p-2) and sigma. Data from Table 4.2.
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4.3.4 Resulits of EPR experiments.
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Figure 4.22. EPR spectrum of a 3.1 mM [CpFe(dppe)(SCeHs-p-OCH3)]BF4 in
CH_ClI, at 298K referenced to DPPH at 2.0037.
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Figure 4.23. EPR spectrum of a 1.1 mM [CpFe(dppe)(SCsHs)]BF4 in CH,Cl at
298K referenced to DPPH at 2.0037.
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Figure 4.24. EPR spectrum of a 2.1 mM [CpFe(dppe)(SCe¢H4-p-Cl)|BF4 in
CH.CI, at 298K referenced to DPPH at 2.0037.
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Figure 4.25. EPR spectrum of a 1.5 mM [CpFe(dppe)(SCeH4-p-CF3)]BF; in
CH,Cl, at 298K referenced to DPPH at 2.0037.
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Figure 4.26. EPR spectrum of a 3.3 mM [CpFe(dppe)(SCsHs-p-NO,)]BF, in
CH.Cl, at 298K referenced to DPPH at 2.0037.

Table 4.3. EPR spectra data® for [CpFe(dppe)(SCsHs-p-Z)]BF 4.

Compound Concentration | Solution® HWHH Values®
(mM) Qiso
[CpFe(dppe)(SCeHa-p-OCHa)]" | 3.1 2.07159 0.00568
[CpFe(dppe)(SCeHs)]" 1.1 2.07163 0.00569
[CpFe(dppe)(SCeHa-p-Cl)]” 2.1 2.07306 0.00617
[CpFe(dppe)(SCeHs-p-CF3)]” [ 1.5 2.07370 0.00649
[CpFe(dppe)(SCsHa-p-NO2)” | 3.3 2.07524 0.00700

a. At 298K; b. CH.Cly; c. Half width at half height values.
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Figure 4.27. Hammett relationship between the g-values of CpFe(dppe)(SCeHs4-
p-2Z) in CH,Cl, at 298K and sigma (o).
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Figure 4.28. Hammett relationship between the half width at half height (HWHH)
values of CpFe(dppe)(SCsH4-p-2) in CH2Cl, at 298K and sigma (o).
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4.3.5 Results of the Solid State Experiments

The compound CpFe(dppe)(SCeHs-p-OCH3) crystallizes in the P2;2,2,
space group and contains four molecules per unit cell. The thermal ellipsoid
drawings of CpFe(dppe)(SCeHs-p-OCH3) and crystal packing are located in
Figures 4.29 and 4.30. Selected bond lengths and angles for
CpFe(dppe)(SCesH4-p-OCHy3) are located in Table 4.6.

The compound CpFe(dppe)(SCsHs) crystallizes in the P24/c space group
and contains four molecules per unit cell. The thermal ellipsoid drawings of
CpFe(dppe)(SCeHs) and crystal packing are located in Figures 4.31 and 4.32.
Selected bond lengths and angles for CpFe(dppe)(SCsHs) are located in Table
49,

The compound CpFe(dppe)(SCsHs-p-NO2) crystallizes in the Pi space
group and contains two molecules per unit cell. The atoms of the sulfur and CeH,
group, and the nitrogen and oxygen atoms from the NO. substituent lie in the
same plane, which suggests the establishment of a strong conjugated n-system.
The Fe(1)-S(1)-C(6) bond angle 121°, which is one of the largest to be published
for these type of iron-thiolate complexes, may be due to the stabilizing effect of
the conjugated n-system. The thermal ellipsoid drawings of CpFe(dppe)(SCsHs-
p-NOy) and the crystal packing diagram are located in Figures 4.33 and 4.34.
Selected bond lengths and angles for CpFe(dppe)(SCeH4-p-NO2) are located in
Table 4.12.

The compound [CpFe(dppe)(SCsHs)]BF, crystallizes in the P2,/n space
group. The asymmetric unit contains a cation, the BF4" anion and one solvent
molecule (THF). The solvent molecule is disordered as evident form the large
thermal motion of the carbon atoms and it displays unrealistic geometry. The
thermal ellipsoid drawings of [CpFe(dppe)(SCe¢Hs)]BF4, and the crystal packing
diagram are located in Figures 4.35 and 4.36. Selected bond lengths and angles
for [CpFe(dppe)(SCsHs)]BF 4 are located in Table 4.15.

The compound [CpFe(P.S)]PF¢ crystallizes in the P1 space group. The
asymmetric unit contains a cation, the PFs anion, and one benzene solvent
molecule in a general position and two halves of a benzene solvent molecule in
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special positions around the center of symmetry. Each anion-cation pair share
two benzene solvent molecules. The thermal ellipsoid drawings of
[CpFe(P2S)]PFe and the crystal packing diagram are located in Figures 4.37 and
4.38. Selected bond lengths and angles for [CpFe(P.S)]PFs are located in Table
4.18.

The crystal data and structure refinement for CpFe(dppe)(SCeH4-p-OCHa),
CpFe(dppe)(SCsHs), CpFe(dppe)(SCsHa-p-NO2), [CpFe(dppe)(SCeHs)|BF4, and
[CpFe(P2S)]PFg are located in Tables 4.4, 4.7, 4.10, 4.13, and 4.16, respectively.
The atomic coordinates (x 10*) and equivalent isotropic displacement
parameters (A? x 10°%) for CpFe(dppe)(SCsHs-p-OCH3), CpFe(dppe)(SCeHs),
CpFe(dppe)(SCeHs-p-NO,), [CpFe(dppe)(SCeHs)IBFs, and [CpFe(P2S)JPFs are
located in Tables 4.5, 4.8, 4.11, 4.14, and 4.17, respectively.
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Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume, 2

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Limiting indices
Reflections collected
Independent reflections
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Table 4.4. Crystal data and structure refinement for CpFe(dppe)(SCesH4-p-
OCHs3).

CasHisFeOP,S

658.52

163(2) K

0.71073A

Orthorhombic

P2:2:2,

a=11.097(2) A o = 90 deg.

b = 15.777(3) A B = 90 deg.
c=17.841(3) A y=90 deg.
3123.6(10) A3, 4

1.400 mg/m*

0.683 mm™

1376

0.56 x 0.42 x 0.22 mm

2.16 to 26.01 deg.

-13<=h<=3, -17<=k<=19, -8<=/<=22
4153

3970 [R(int) = 0.0640]
Semi-empirical from psi-scans
0.5792 and 0.4852

Full-matrix least-squares on F?

3970/0/389
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Goodness-of-fit on F? 1.028

Final R indices [I>20(1)] R1=0.0630, wR2 = 0.1555
R indices (all data) R1=0.0716, wR2 = 0.1623
Absolute structure parameter -0.03(4)

Largest diff. peak and hole 0.954 and -0.681 e. A3

Table 4.5. Atomic coordinates (x 10°) and equivalent isotropic displacement
parameters (A% x 10%) for CpFe(dppe)(SCeHs-p-OCHs). U(eq) is defined as one
third of the trace of the orthogonalized Uj; tensor.

X y b4 U(eq)
Fe(1) 1905(1) 2476(1)  2087(1) 19(1)
S(1) 2206(2) 1088(1)  1678(1) 23(1)
P(1) 2687(1) 2136(1)  3174(1) 19(1)
P(2) 234(1) 1995(1)  2546(1) 18(1)
o(1) 2680(6) 711(3)  -1623(3) 47(2)
Cc(1) 2664(7) 2958(5) 1100(4) 33(2)
C(2) 1402(7) 3076(4) 1093(4) 29(2)
C(@3) 1124(7) 3598(4) 1737(4) 29(2)
C4) 2209(6) 3770(4) 2122(4) 28(2)
C(5) 3163(7) 3380(4) 1720(4) 33(2)
C(6) 2282(7) 1048(5) 680(4) 36(2)
) 1292(7) 1097(4)  226(4) 36(2)
C(8) 1376(8) 1009(4) -544(4) 35(2)
C(9) 2522(8) 831(4)  -8734) 37(2)
C(10) 3472(7) 795(4) -432(4) 33(2)
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c(11)
C(12)
C(13)
C(14)
Cc(15)
C(16)
c(17)
c(18)
C(19)
C(20)
c1)
C(22)
C(23)
C(24)
C(25)
C(26)
C(7)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)

3415(8)
4061(6)
4789(6)
5865(6)
6209(6)
5519(6)
4440(6)
3197(5)
4147(6)
4642(6)
4222(6)
3202(7)
2768(7)

-707(5)

-233(6)

-937(6)
-2104(6)
-2588(6)
-1906(5)

-861(6)

-965(6)
-1716(6)
-2363(7)

907(5)
1492(4)
1371(4)

918(4)

591(4)

725(4)
1173(4)
2986(4)
3491(4)
4113(5)
4223(4)
3745(5)
3128(4)
2686(3)
3423(4)
3914(4)
3698(4)
2972(4)
2475(4)
1557(4)

690(4)

411(4)

975(4)

163

337(5)
3241(4)
2603(4)
2678(5)
3371(5)
3986(5)
3926(4)
3808(3)
3550(4)
4004(4)
4725(8)
4979(4)
4513(4)
3136(3)
3453(4)
3928(4)
4076(4)
3774(4)
3296(4)
1895(3)
1743(4)
1182(4)

756(4)

39(2)
22(1)
29(2)
36(2)
36(2)
32(2)
29(2)
20(1)
32(2)
33(2)
31(2)
35(2)
30(2)
18(1)
24(1)
28(2)
28(2)
30(2)
26(1)
20(1)
22(1)
25(2)
30(2)



C(34) -2261(8) 1841(4) 894(4) 35(2)

C(35) -1518(6) 2114(4)  1464(4) 28(2)
C(36)  1577(6) 1527(4)  3739(4) 24(1)
C(37)  602(5) 11544)  3224(3) 19(1)
C(38)  1728(9) 808(5) -2108(4) 47(2)

Table 4.6. Selected bond lengths (A) and angles (deg) for CpFe(dppe)(SCsHs-
p-OCHjs).

Fe(1)-S(1) 2.332(2)
Fe(1)-P(1) 2.191(2)
Fe(1)-P(2) 2.164(2)
Fe(1)-X(1) 1.699(6)
S(1)-Fe(1)-P(1) 89.46(7)
S(1)-Fe(1)-P(2) 84.94(7)
S(1)-Fe(1)-X(1) 125.02)
P(1)-Fe(1)-P(2) 85.33(7)
P(1)-Fe(1)-X(1) 129.9(2)
P(2)-Fe(1)-X(1) 127.9(2)
Fe(1)-S(1)-C(6) 110.7(2)

X(1) refers to the centroid of C(1)-C(5) ring.
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Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume, 2

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected
Independent refiections
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Table 4.7. Crystal data and structure refinement for CpFe(dppe)(SCsHs).

CarHiFeP.S

628.49

188(2) K

0.71073 A

Monoclinic

P2,/c

a=11.0560(10) A a = 90 deg.
b=21.732(2) A B = 111.530(10) deg.
c=13.875(2) A y=90deg.
3101.1(6) A%, 4

1.346 mg/m®

0.682 mm"’

1312

0.24 x 0.46 x 0.52 mm

2.19 to 26.42 deg.

O0<=h<=13, 0<=k<=27, -16<=/<=15
5737

5438 [R(int) = 0.0420]
Semi-empirical from psi-scans
0.4340 and 0.3615

Full-matrix least-squares on F?
5436 /0 /371

1.065
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Final R indices [1>2a(1)] R1 = 0.0363, wR2 = 0.0874

R indices (all data) R1=0.0504, wR2 = 0.0974
Extinction coefficient 0.0014(3)
Largest diff. peak and hole 0.301 and -0.283 e. A

Table 4.8. Atomic coordinates (x 10%) and equivalent isotropic displacement
parameters (A® x 10°%) for CpFe(dppe)(SCsHs). U(eq) is defined as one third of
the trace of the orthogonalized U; tensor.

X y z Uleq)
Fe(1)  2451(1) 1393(1)  5741(1) 26(1)
P(1)  3086(1) 2327(1)  6226(1) 27(1)
P@2)  3703(1) 1110(1)  7302(1) 27(1)
s(1) 834(1) 1590(1)  6402(1) 35(1)
c()  1192(3) 849(1)  4545(2) 42(1)
C2)  1459(3) 1407(1)  4141(2) 42(1)
C(3)  2818(3) 1431(1)  4387(2) 39(1)
C@)  3382(3) 897(1)  4944(2) 37(1)
C(5)  2363(3) 532(1)  5032(2) 39(1)
C() 721(2) 1596(1)  5395(2) 33(1)
c@  -1619(3) 1148(1)  5401(2) 42(1)
C(8)  -2874(3) 11492)  4674(3) 55(1)
c@)  -3237(3) 1586(2)  3918(3) 61(1)
C(10)  -2371(3) 2030(2)  3882(2) 60(1)
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c(11)
C(12)
c(13)
C(14)
Cc(15)
C(16)
C(17)
C(18)
Cc(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)

-1110(3)
4565(2)
5500(3)
6661(3)
6892(3)
5970(3)
4818(3)
1958(2)
1375(3)

524(3)
241(3)
793(3)
1644(3)
5161(2)

6358(3)
7386(3)
7245(3)
6073(3)
5049(3)
3043(2)
3668(3)
3192(3)
2106(3)

2044(2)
2652(1)
2269(1)
2509(2)
3136(2)
3521(1)
3282(1)
2964(1)
3289(2)
3762(2)
3915(2)
3589(1)
3117(1)
659(1)
931(2)
568(2)
-54(2)
-327(2)
25(1)
614(1)
§57(1)
166(1)
-186(1)

167

4626(2)
6108(2)
5973(2)
5969(2)
6081(2)
6209(2)
6217(2)
5695(2)
6264(2)
5811(3)
4791(3)
4205(2)
4660(2)
7416(2)
7543(2)
7520(2)
7365(2)
7238(2)
7269(2)
8062(2)
9131(2)
9689(2)
9190(2)

46(1)
29(1)
36(1)
45(1)
45(1)
41(1)
35(1)
30(1)
47(1)
64(1)
56(1)
44(1)
36(1)
32(1)
43(1)
55(1)
54(1)
48(1)
38(1)
29(1)
33(1)
41(1)
45(1)



C(34)  1492(3) -144(1)  8131(2) 44(1)

C(35) 1949(3) 254(1) 7566(2) 36(1)
C(36) 3506(3) 2361(1) 7640(2) 31(1)
C(37) 4335(3) 1799(1) 8128(2) 36(1)

Table 4.9. Selected bond lengths (A) and angles (deg) for CpFe(dppe)(SCeHs).

Fe(1)-P(1) 2.1721(7)
Fe(1)-P(2) 2.1872(8)
Fe(1)-S(1) 2.3289(8)
Fe(1)-X(1) 1.702(3)
P(1)-Fe(1)-P(2) 86.61(3)
P(1)-Fe(1)-S(1) 85.05(3)
P(1)-Fe(1)-X(1) 130.2(1)
P(2)-Fe(1)-S(1) 87.72(3)
P(2)-Fe(1)-X(1) 127.1(1)
S(1)-Fe(1)-X(1) 125.9(1)
Fe(1)-S(1)-C(6) 110.73(9)

X(1) refers to the centroid of the C(1)-C(5) ring.
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Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume, Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected
Independent reflections
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Table 4.10. Crystal data and structure refinement for CpFe(dppe)(SCsHs-p-
NO,).

Cs7H33FeNOP.S

673.49

173(2) K

0.71073 A

Triclinic

PT

a=10.1423(8) A « =84.147(6) deg.
b = 12.5902(11) A p = 87.572(5) deg.
c=13.0472(10) A y=71.633(6) deg.
1572.8(2) A3, 2

1.422 mg/m*®

0.683 mm'*

700

0.64 x 0.52 x 0.16 mm

2.12 to 24.99 deg.

-12<=h<=5, -14<=k<=14, -15<=/<=15
6540

5510 [R(int) = 0.0341]
Semi-empirical from psi-scans

0.7261 and 0.5321

Full-matrix least-squares on F?

5506 /0 / 397
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Goodness-of-fit on F? 1.018

Final R indices [I>2o(l)] R1=0.0447, wR2 =0.1129
R indices (all data) R1=0.0534, wR2 =0.1206
Largest diff. peak and hole 1.044 and -0.452 e. A

Table 4.11. Atomic coordinates (x 10*) and equivalent isotropic displacement
parameters (A2 x 10%) for CpFe(dppe)(SCsHa-p-NO,). U(eq) is defined as one
third of the trace of the orthogonalized U; tensor.

X y z U(eq)
Fe(1) 1424(1) 4103(1)  2573(1) 23(1)
S(1) 2086(1) 3683(1) 4264(1) 31(1)
P(1) 2846(1) 5124(1) 2416(1) 28(1)
P(2) 3188(1) 2750(1)  2066(1) 30(1)
0(1) 2022(4) -408(2) 7857(2) 81(1)
0(2) 1258(3) -1039(2) 6603(2) 74(1)
N(1) 1656(3) -326(2) 6954(2) 54(1)
C(1) -394(3) 5468(2) 2384(2) 31(1)
C(2) 77(3) 5029(2) 1424(2) 30(1)
C(3) 68(3) 3909(2) 1506(2) 30(1)
C@4) -395(3) 3642(2) 2512(2) 32(1)
C(5) -677(3) 4616(2) 3043(2) 32(1)
C(6) 1892(3) 2501(2)  4983(2) 29(1)
C(7) 1427(3) 1670(2) 4626(2) 33(1)
C(8) 1352(3) 753(2) 5267(2) 39(1)
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C(9)

C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
c(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(@27)
C(28)
C(29)
C(30)
C(31)

1718(3)
2167(3)
2255(3)
3093(3)
1954(3)
2057(3)
3324(3)
4485(3)
4368(3)
2384(3)
1373(4)

831(4)
1337(4)
2350(4)
2873(3)
3615(3)
3014(3)
3455(3)
4480(3)
5080(4)
4660(3)
3277(4)
2277(5)

648(2)
1461(2)
2368(2)
5826(2)
6295(2)
6884(2)
6973(2)
6493(2)
5931(2)
6316(2)
7299(3)
8163(3)
8059(3)
7109(3)
6228(3)
2611(2)
3463(2)
3396(3)
2453(3)
1692(3)
1661(2)
1296(3)

897(3)
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6288(2)
6680(2)
6031(2)
3525(2)
4138(2)
4956(2)
5191(2)
4605(2)
3765(2)
1417(2)
1637(2)
873(3)
-121(3)
-352(2)
405(2)
693(2)
-57(2)
-1080(2)
-1357(2)
-619(3)
401(2)
2503(2)
2119(3)

41(1)
41(1)
35(1)
28(1)
33(1)
36(1)
39(1)
39(1)
32(1)
36(1)
50(1)
61(1)
60(1)
54(1)
45(1)
31(1)
34(1)
42(1)
47(1)
53(1)
45(1)
50(1)
62(1)



C(32) 2162(5) -148(3)  2450(3) 77(1)

C(33)  3044(5) -793(4)  3148(4) 80(1)
C(34)  4082(4) -495(3)  3557(3) 72(1)
C(35)  4211(4) 625(3)  3224(3) 72(1)
C(36)  4609(3) 4213(3)  2078(2) 43(1)
C(37)  4754(3) 2999(3)  2480(2) 43(1)

Table 4.12. Selected bond lengths (A) and angles (deg) for CpFe(dppe)(SCeHa-
p-NO2).

Fe(1)-S(1) 2.2933(7)
Fe(1)-P(1) 2.2051(8)
Fe(1)-P(2) 2.1795(8)
Fe(1)-X(1) 1.712(3)
S(1)-Fe(1)-P(1) 86.65(3)
S(1)-Fe(1)-P(2) 92.46(3)
S(1)-Fe(1)-X(1) 124.25(8)
P(1)-Fe(1)-P(2) 85.62(3)
P(1)-Fe(1)-X(1) 125.84(8)
P(2)-Fe(1)-X(1) 129.12(8)
Fe(1)-S(1)-C(6) 121.23(10)

X(1) refers to the centroid of C(1)-C(5) ring.
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Table 4.13. Crystal data and structure refinement for [CpFe(dppe)(SCsHs)]BF 4.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume, Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected
Independent reflections
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

C41H42BF ;FeOP,S

787 .41

188(2) K

0.71073 A

Monoclinic

P2/n

a=17.236(2) A o =90deg.
b =11.6260(9) A 8 = 105.032(8) deg.
c=19.150(2) A y=90deg.
3705.9(6) A°, 4

1.411 mg/m®

0.603 mm"

1636

0.40 x 0.36x 0.24 mm

1.85 to 25.00 deg.

-20<=h<=0, 0<=k<=13, -21<=/<=22
6767

6527 [R(int) = 0.0353]
Semi-empirical from psi-scans
0.5713 and 0.5009

Full-matrix least-squares on F?
6525/0 /460

1.052
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Final R indices [I>2c(])] R1=0.0501, wR2 = 0.1239
R indices (all data) R1=0.0710, wR2 = 0.1387
Largest diff. peak and hole 0.708 and -0.374 . A®

Table 4.14. Atomic coordinates (x 10*) and equivalent isotropic displacement
parameters (A% x 10°) for [CpFe(dppe)(SCeHs)]BFs. U(eq) is defined as one third
of the trace of the orthogonalized U;; tensor.

X y z U(eq)
Fe(1) 3308(1) 1568(1)  1602(1) 28(1)
S(1) 3 333(1) 2885(1)  2426(1) 36(1)
P(1) 2043(1) 2082(1)  1066(1) 28(1)
P(2) 3 648(1) 2856(1) 864(1) 31(1)
Cc(1) 3503(2) 76(3)  2266(2) 49(1)
C(2) 4236(2) 439(3) 2168(2) 47(1)
C@) 4190(3) 428(3) 1430(2) 51(1)
C(4) 3420(3) 46(3) 1058(2) 53(1)
C(5) 3001(2) -189(3) 1584(3) 53(1)
C(6) 3566(2) 2262(3)  3309(2) 39(1)
C(7) 2955(3) 2134(3) 3654(2) 44(1)
C(8) 3130(4) 1674(4)  4345(2) 62(1)
C(9) 3886(4) 1334(4) 4694(2) 74(2)
C(10) 4486(4) 1455(5)  4354(3) 77(2)
c(11) 4339(3) 1941(5)  3665(2) 61(1)
C(12) 1492(2) 1265(3) 279(2) 38(1)
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C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)

1334(3)
926(3)
687(3)
824(3)

1211(2)

1328(2)
687(2)
130(2)
207(3)
834(3)

1398(2)

2070(2)

2813(2)

3878(2)

4655(3)

4846(3)

4272(3)

3512(3)

3299(3)

4530(2)

5123(2)

5829(3)

5946(3)

1717(4)
1066/(6)

-32(6)
-489(4)

169(4)
2097(3)
2850(3)
2854(4)
2080(4)
1312(5)
1316(4)
3582(3)
3884(3)
2303(3)
1985(4)
1557(4)
1434(4)
1735(5)
2169(5)
3738(3)
3397(4)
4027(5)
4995(5)
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-417(2)
-1007(3)
-903(3)
-219(4)
374(3)
1622(2)
1471(2)
1882(2)
2437(2)
2584(2)
2180(2)
774(2)
536(3)
50(2)
63(2)
-542(2)
-1178(2)
-1207(2)
-599(2)
1227(2)
1829(2)
2050(2)
1670(3)

55(1)
77(2)
87(2)
86(2)
58(1)
33(1)
39(1)
50(1)
56(1)
64(1)
55(1)
36(1)
53(1)
34(1)
53(1)
70(1)
62(1)
69(1)
60(1)
38(1)
46(1)
63(1)
70(2)



C(36)
C(37)
B(1)
F(1)
F(2)
F(3)
F(4)
O(1)
C(38)
C(39)
C(40)
C(41)

5363(3)
4652(3)
8540(3)
7760(2)
8819(3)
8915(2)
8722(2)
6854(4)
7443(8)
7640(6)
7155(10)
6795(8)

5338(4)
4723(3)
5628(4)
5801(4)
5365(3)
6615(3)
4758(3)
2171(7)
2778(10)
2106(10)
1156(11)
1199(9)

1080(2)
849(2)
1671(2)
1467(3)
1085(2)
1963(2)
2147(2)
492(3)
996(5)
1657(4)
1496(6)
768(5)

60(1)
46(1)
44(1)
136(2)
124(2)
106(1)
97(1)
155(2)
223(7)
161(4)
223(7)
194(6)
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Table 4.15. Selected bond lengths (A) and angles (deg) for
[CpFe(dppe)(SCeHs)]BF 4.

Fe(1)-S(1) 2.1899(10)
Fe(1)-P(1) 2.2367(10)
Fe(1)-P(2) 2.2380(10)
Fe(1)-X(1) 1.745(4)
S(1)-Fe(1)-P(1) 88.82(4)
S(1)-Fe(1)-P(2) 91.60(4)
S(1)-Fe(1)-X(1) 129.6(1)
P(1)-Fe(1)-P(2) 85.10(3)
P(1)-Fe(1)-X(1) 125.4(1)
P(2)-Fe(1)-X(1) 123.5(1)

X(1) refers to the centroid of C(1)-C(5) ring.
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Table 4.16. Crystal data and structure refinement for [CpFe(P.S)]PFs.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume, Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected
Independent reflections
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on F?

CasHasFsFePsS

893.65

153(2) K

1.54178 A

Triclinic

Pi

a=10.956(2) A a =88.51(3) deg.
b =13.828(3) A B = 86.05(3) deg.
c=14.039(3) A y=81.53(3) deg.
2098.4(7) A, 2

1.414 mg/m®

4.934 mm™

926

0.14 x 0.22 x 0.26 mm

3.16 to 59.93 deg.

0<=h<=12, -15<=k<=15, -15<=/<=15

6742

6221 [R(int) = 0.0574]
Semi-empirical from psi-scans
0.3128 and 0.2523

Full-matrix least-squares on F?
6221/0/514

1.033
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Final R indices [I>2a(1)] R1 =0.0538, wR2 = 0.1082
R indices (all data) R1=0.2201, wR2 = 0.1490

Largest diff. peak and hole 0.574 and -0.351 e. A3

Table 4.17. Atomic coordinates (x 10°) and equivalent isotropic displacement
parameters (A? x 10°) for [CpFe(P2S)]PFs. U(eq) is defined as one third of the
trace of the orthogonalized Uj; tensor.

X y z U(eq)
Fe(1)  3988(1) 12882(1)  1102(1)  30(1)
S(1)  4058(2) 11607(1)  241(1)  36(1)
P(1) 5120(2) 11984(1)  2133(1)  32(1)
P(2) 2230(2) 12569(1)  1880(1)  31(1)
P(3)  -2002(2) 13039(1)  7328(1)  40(1)
F(1)  -3006(4) 13930(3)  7002(3)  52(1)
F(2) -997(4) 12161(3)  7659(3)  62(1)
F(3)  -2665(4) 12296(2) 6782(3)  52(1)
F@4)  -1341(4) 13799(3) 7866(3)  57(1)
F(5)  -1148(4) 13185(3) 6386(3)  61(1)
F6)  -2844(4) 12800(3) 8282(3)  63(1)
c() 5265(7) 13875(5)  915(5)  46(2)
C2  4203(7) 14306(4)  1449(5)  44(2)
C(3) 3198(7) 14350(4)  888(5)  45(2)
C(4) 3625(7) 13952(4) 5(5)  42(2)
C(5)  4909(7) 13669(5) 12(5)  44(2)
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C(6)

Cc™

C(8)

C(9)

C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
c(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)

4057(6)
3457(6)
4281(6)
2185(6)
3251(6)
6562(6)
7082(7)
8150(7)
8742(8)
8263(7)
7192(7)
5647(7)
6887(7)
7273(8)
6425(10)
5216(9)
4819(7)
863(6)
-162(7)
-1171(8)
-1195(7)
-205(8)
811(7)

10492(4)
10612(4)
11031(4)
11256(4)
9592(4)
11280(5)
11461(5)
10911(6)
10169(7)
9975(5)
10539(5)
12598(4)
12709(5)
13198(6)
13569(6)
13478(6)
12996(5)
13014(5)
13604(6)
13914(6)
13617(6)
13024(6)
12719(5)
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972(4)
1992(4)
2667(4)
1957(4)
2354(5)
1649(5)

738(5)

373(6)

904(7)
1820(6)
2186(5)
3137(4)

3169(5)
3922(6)
4641(6)
4597(6)
3860(5)

1248(5)

1625(5)

1110(7)

201(6)

-195(5)

313(5)

37(2)
35(2)
33(2)
33(2)
43(2)
39(2)
48(2)
68(3)
85(3)
60(2)
46(2)
36(2)
52(2)
66(2)
72(3)
68(3)
50(2)
38(2)
59(2)
76(3)
60(2)
66(3)
58(2)



C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
c(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)

1827(6)
1610(7)
1202(7)
1195(8)
1490(7)
1805(7)
-7336(12)
-8232(9)
-7911(10)
-6731(11)
-5831(9)
-6116(10)
247(8)
727(8)
505(8)
5556(13)
4282(13)
3732(9)

13026(5)
12445(5)
12833(5)
13803(6)
14408(5)
14007(5)
14297(8)
13742(9)
12782(8)
12395(8)
12929(8)
13898(8)

9623(7)

9111(6)

9482(6)

9120(8)

9288(9)

10170(11)

3087(4)
3854(5)
4744(5)
4895(5)
4128(5)
3248(5)
7202(7)
7452(7)
7680(6)
7686(7)
7436(7)
7187(6)
4100(6)
4858(7)
5763(6)
4657(5)
4857(6)
5178(7)

34(2)
47(2)
59(2)
61(2)
61(2)
48(2)
95(3)
83(3)
83(3)
90(3)
84(3)
78(3)
67(3)
65(2)
64(2)
78(3)
82(3)
81(3)
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Table 4.18. Selected bond lengths (A) and angles (deg) for [CpFe(P,S)]PFs.

Fe(1)-S(1) 2.153(2)
Fe(1)-P(1) 2.209(2)
Fe(1)-P(2) 2.241(2)
Fe(1)-X(1) 1.746(7)
S(1)-Fe(1)-P(1) 89.10(7)
S(1)-Fe(1)-P(2) 90.95(8)
S(1)-Fe(1)-X(1) 124.3(2)
P(1)-Fe(1)-P(2) 91.69(7)
P(1)-Fe(1)-X(1) 125.7(3)
P(2)-Fe(1)-X(1) 124.6(3)

X(1) refers to the centroid of C(1)-C(5) ring.
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B.
Figure 4.29. Thermal ellipsoid drawings of the crystal structure of

CpFe(dppe)(SCsHs-p-OCH3) at the 50% level with the labeling scheme. The
hydrogen atoms are excluded from the figure for the sake of clarity. Drawing A is
a side view and B is the top view.
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Figure 4.30. Packing diagram of CpFe(dppe)(SCsH4-p-OCH,) at the 25% level.
The hydrogen atoms are exciuded from the figure for the sake of clarity.
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B.
Figure 4.31. Thermal ellipsoid drawings of the crystal structure of
CpFe(dppe)(SCsHs) at the 50% level with the labeling scheme. The hydrogen
atoms are excluded from the figure for the sake of clarity.
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Figure 4.32. Packing diagram of CpFe(dppe)(SCsHs) at the 25% level. The
hydrogen atoms are excluded from the figure for the sake of clarity.
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Figure 4.33. Thermal ellipsoid drawing of the crystal structure of
CpFe(dppe)(SCsH4-p-NO;) at the 40% level with the labeling scheme. The
hydrogen atoms are excluded from the figure for the sake of clarity.
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Figure 4.34. Packing diagram of CpFe(dppe)(SCsHq-p-NO.) at the 20% level.
The hydrogen atoms are excluded from the figure for the sake of clarity.
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B.
Figure 4.35. Thermal ellipsoid drawing of the crystal structure of

[CpFe(dppe)(SCeHs)IBF, at the 40% level with the labeling scheme. The
hydrogen atoms are excluded from the figure for the sake of clarity.
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Figure 4.36. Packing diagram of CpFe(dppe)(SCeHs)]BF,4 at the 20% level. The
hydrogen atoms are excluded from the figure for the sake of clarity
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Figure 4.37. Thermal ellipsoid drawing of the crystal structure of [CpFe(P2S)]PFg
at the 50% level with the labeling scheme. The hydrogen atoms are excluded
from the figure for the sake of clarity.
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Figure 4.38. Packing diagram of [CpFe(P2S)]PFs at the 20% level. The hydrogen
atoms are excluded from the figure for the sake of clarity.
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4.3.6 Resuits of the Molecular Orbital Calculations

Some results of the density functional calculations are presented in Table
4.19. The Highest Occupied Molecular Orbitals (HOMOs) and Lowest
Unoccupied Molecular Orbitals (LUMO) of CpFe(CO)(SCHs3),
[CpFe(CO)(SCHa)]*, CpFe(PH3)2(SCH3), and [CpFe(PH3)2(SCH3)]" were
calculated by the DFT method.

Table 4.19. Density functional calculations of the HOMO and LUMO in the units
of hartress and electron volts for the following compounds: CpFe(CO)2(SCHa),
[CpFe(CO)2(SCHa)]", CpFe(PH3)2(SCHs), and [CpFe(PH3)(SCHa)l"

Compounds HOMO LUMO HOMO LUMO
(hartrees) | (hartrees) | (eV) (eV)

CpFe(CO)2(SCHa) -0.1705 -0.1084 | -0.4639 -0.2950

[CpFe(CO)2(SCH3)]" | -0.3758 -0.2912 | -1.0226 -0.7924

CpFe(PH;)2(SCHy) -0.1444 -0.0079 | -0.3929 -0.0215

[CpFe(PH3)2(SCH3)]" | -0.3215 -0.2540 |-0.8748 -0.6911

4.4 Discussion

This work involves the study of the electron-rich iron-thiolate complexes,
CpFe(dppe)(SCeHs-p-Z) where Z = OCH3, H, Cl, CF; and NO; (dppe =
Pho,PCH,CH.PPh;). Part of this work involves using CpFe(dppe)(SCe¢Hs) as a
potential model system for hydrogenase. Treichel stated that addition of a protic
acid to CpFe(dppe)(SCeHs) gives the oxidized product and molecular
hydrogen.47 If this is the case, then this would provide a model for hydrogenase
and a way to determine a possible mechanism for the formation of molecular
hydrogen from proton. Other parts of this work involves studying how changes
in the aryl substituents in the para position from the sulfur phenyl group affect the
reactivity, redox potential, and structure of the parent compound,
CpFe(dppe)(SCeHs).
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Selimann et al. have synthesized an iron-thiolate compound that reacts
with proton to produce molecular hydrogen.4! As shown Scheme 4.1, elimination
of H2 from a metal hydride species can take place via a concerted H, elimination
from a dithiol species (complexes V). Theoretical calcuations have shown that
elimination of H, from a metal hydride species is the more favorable mechanism
(metal-ligand activation).60 This reaction occurs stoichiometrically.

Bitterwolf also synthesized a dinuclear chromium complex as a model for
hydrogenase (Figure 4.39).6! Protonation occurs at the metal sites and then
reductive elmination of dihydrogen occurs (metal-metal activation) leaving a
doubly charged intermediate which then decomposes. This reaction is also non-

catalytic.
[~ T+
| | _H
Cr. _Cr -
OC/ P | co oc T p N
CcO
\/ CO [_ OC \/ cl;o

(l; cl; H>C|:r\ e

T I~

OC/oc': \P\/P/I o e ot N A ' co
CcoO

l 2+
+C CO
OC/C \ Sy, + 2

oc\/

Figure 4.39. Dinuclear model for hydrogenase.61
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Triechel mentioned that CpFe(dppe)(SCesHs) could generate dihydrogen
upon protonation.4? As a prelude to studying the reaction of CpFe(dppe)(SCsHs)
with proton, we envisaged a possible mechanism for the reaction of H* by
CpFe(dppe)(SCeHs) to give H; (Figure 4.40). According to this mechanism, the
first step is protonation at the sulfur site. This forms an extremely acidic proton62
which can potentially hydrogen bond to a sulfur site on another molecule of
CpFe(dppe)(SCeHs). The bridging hydrogen becomes hydridic in character and
could be susceptible to electrophylic attack by another proton. If this happens,

oxidative reduction could occur forming the products, [CpFe(dppe)(SCsHs)]” and

dihydrogen.
™ T+
g\ degassed CHzClz ﬁ\
\\\l"'“.' Fe— sph * H " > e Fe— §Ph
PhyP* | PhoP" | A
-’\/Pphz ’\/Pphz
- + [~ 7] +
\ \_ ph h g
- Fe—SPh * o FE—SPh ———> o FES /g Fe
PP L PhP | PhP™ | H
?\,Pphz -’\/Pth ?\/pphz
- - -
+ B ] +
i
\_ Pn Ph il . + H
rFe—S S8 *H 2 _~Fe—SPh
PhoP™ | H PhoP™ |
H PPh H PPh
\, 2 \, 2

Figure 4.40. Proposed mechanism for ligand-ligand activation for the liberation

of dihydrogen.
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In testing the proposed mechanism, the first step was to generate
dihydrogen by adding HBF,-O(CHj)2 to CpFe(dppe)(SCsHs) in dry degassed
CH.Cl, under argon. The experiment demonstrated that protonation took place
according to 'H NMR but not oxidation and evolution of dihydrogen. The parent
compound, CpFe(dppe)(SCeHs) is olive-green when dissolved in CH.Cly;
however, upon protonation the solution tumns red. The oxidized species,
[CpFe(dppe)(SCeHs)]BF,, is dark blue in color. When the solvated protonated
species is exposed to the air, oxidation occurs. The solution turns from a red
color to a dark blue color. Even under the same conditions as Triechel
described, using acetone under argon as solvent instead of CH.Cl;, a red color
was exhibited upon protonation instead of the dark blue color of the oxidized
species. Apparently, the compound, CpFe(dppe)(SCeHs), is not a good model
for hydrogenases.

By making the iron-thiolate complex more electron rich, there is a better
chance for dihydrogen evolution to take place. The tripodal complex, CpFe(P,S),
was synthesized (Figure 4.41) to increase the electron environment about the
sulfur and also the chelation effect should help to prevent acid solvolysis from
taking place. According to cyclic voltammetry experiments, the redox potentials
for CpFe(P.S) and CpFe(dppe)(SCsHs) are -453 mV and -330 mV vs. NHE,
respectively (Table 4.2). Obviously, CpFe(P.S) can be more easily oxidized than
CpFe(dppe)(SCeHs).
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Figure 4.41. The compound, CpFe(P2S), which was synthesized as a potential
model system for hydrogenase.

An experiment was set up under argon to test for hydrogen gas evolution
using the greenish-brown compound, CpFe(P.S) and excess HBF4-O(CH3).. A
unique Schlenk glass vessel (Figure 4.7) was used to trap hydrogen gas that
was, in turn, used for the hydrogenation of styrene to produce ethyl benzene. As
HBF;-O(CH3), was added to a benzene-dg solution of CpFe(P2S), an immediate
color change from greenish-brown to violet-pink took place, which is indicative of
oxidation. The compound, [CpFe(P.S)]BF, is violet-pink when dissolved in
benzene. This was allowed to stir for 24 hours to make sure that any hydrogen
produced would be trapped in the hydrogenation reaction.

Apparently, no hydrogen gas was produced since 'H NMR could not
detect the product, ethyl benzene. Some spurious oxygen may have been in the
solvent or the acid solution to cause the oxidation to occur. This reaction was
attempted three times with the same results. The compound, CpFe(P2S), is

extremely susceptible to oxidation in the presence of a Brensted acid and

oxygen.
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Another experiment was set up under argon to test for hydrogen gas
evolution using zinc powder at the same concentration as the compound
CpFe(P2S) in the previous experiment and HBF4:O(CH3)2. As HBF4:O(CHjs)2
was added to a benzene-ds solution of zinc powder, an immediate evolution of
hydrogen gas occurred. This was allowed to stir for 4 hours to make sure that
any hydrogen gas produced would be available for the hydrogenation reaction.
Enough hydrogen gas was produced so that the 'H NMR was abie to detect the
hydrogenation product, ethyl benzene.

Not only has protonation been involved in the reactivity study of electron
rich iron-thiolates but also methylation. Recently, Lippard et al. reported that
iron-sulfur clusters [4Fe-4S] coordinated by a single phenyl thiolate at each metal
accepts a methyl group from (CH30);P0.%3 They also determined that the
methylation occurs at the terminal thiolate group; however, ligand exchange
occurs between the resulting thioether and the [(CH30).PO2]" anion (Figure

4.42).
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Figure 4.42. Methylation and ligand exchange reaction between [4Fe-4S]-
cluster and (CH30);P0.63

A similar ligand exchange process occurs in the pseudo-first order kinetic

study involving the reaction between CpFe(dppe)(SCeHs-p-Z) (Where Z = OCHj3,

198



H, Cl, CF;, and NO;) and excess iodomethane in acetone to form the thioether
(Figure 4.9). According to Scheme 4.3, methylation takes place first, which is the
rate-determining step, and then ligand exchange between the thioether and
iodide occurs. Figure 4.10 shows a confirmation of the product by the spectrum
representing the absorbance vs. wavelength of the product of the reaction
between 1.0 mM CpFe(dppe)(SCesHs) and 0.10 M CHsl and also a spectrum of
1.0 mM CpFe(dppe)l. The results of a kinetic experiment where 1.0 mM
CpFe(dppe)(SCsHs) reacts with 0.1 M CHsl in is shown in Figure 4.9.A. Notice
the two isosbestic points showing the reactants cleanly reacting to form the
product (Figure 4.9.B).

The influence of the thiolate ligand substituent Z on the reaction rate is
summarized in Table 4.1. The example of a Beer's Law plot that is shown in
Figure 4.11 shows the linear change in concentration vs. absorbance from the
reaction between CpFe(dppe)(SCsHs-p-Z) and excess CHil. The trace and
curve fits (using a nonlinear least-squares program by Specfit)®? vs. time (Figures
4.12 and 4.13) show that the reactions are first order in CHsl since in each case
the residuals, ([A)icos — [Al:, cac), contain very small systematic deviations.84

Ashby et al. accomplished a similar set of experiments using
CpFe(CO)x(SCsHs-p-Z2) and excess iodomethane in acetone.5 A linear free
energy relationship is observed between the reaction rate and the Hammett
substituent constant (c). A similar correlation is observed in this study between
the relative donor ability of the aryl substituent and reaction rate. The calculated
Hammett reaction constant using the compound CpFe(CO),(SCgHy-p-2) is p =
-1.82 which is close to the value of p = -2.14 that is obtained for the compound
CpFe(dppe)(SCeHs-p-Z) (Figure 4.14). This suggests that the mechanism by
which CpFe(dppe)(SCesHs-p-Z) and CpFe(CO)x(SCeH4-p-Z) are methylated is the

same. If the mechanism involves frontier orbital control, as is described in the
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case of CpFe(CO),(SCsH4-p-Z),55 or charge control, then the expectation is that
the more electron withdrawing substituent should decrease the rate of
methylation. The kinetic resuits obtained from methylating CpFe(dppe)(SCsH4-p-
2) coincides with this expectation.

On average, the reactions of CpFe(dppe)(SCesHs-p-Z) and CHal are
approximately two hundred times faster than the corresponding reactions of the
dicarbonyl analogs. Also, higher oxidation potential values are found in
CpFe(CO)2X compared with those for CpFe(dppe)X complexes (X = CI, or I)
which is not surprising, since the diphos derivatives are much more electron
rich.47.66  According to Hiuckel molecular orbital calculations and He(l)
photoelectron-spectra, the HOMO for the Fe(lll)-phosphorus derivatives are
primarily metal in character;67.68 however, according to reactivity studies6é, PES
studies®, and the density functional calculations that were carried out in this
work, the HOMO of CpFe(CO)2(SCeHs-p-Z) and CpFe(dppe)(SCsHs-p-Z) are
primarily sulfur in character.

By looking at the relative rates of reaction in Table 4.1, the OCH;
derivative reacts 232 times faster than the NO. derivative. In fact, as the aryl
substituent becomes more electron withdrawing, the reaction becomes slower.
These data coincide with the cyclic voltammetric data (Table 4.2). The cyclic
voltammograms for each complex are shown in Figures 4.15 — 420. The
electron transfer associated with this redox process can be assigned to the
oxidation of the Fe(ll)-thiolate compiex CpFe(dppe)(SCe¢Hs-p-Z) —
[CpFe(dppe)(SCesH4-p-Z) + 1e. The compounds, CpFe(dppe)(SCsHs) and
[CpFe(dppe)(SCeHs)]BF 4 (Figures 4.31 and 4.35), have been crystallographically
characterized and a comparison of the Fe-S bond distances between the
complexes has been carried out. The Fe(ll) and Fe(lll) derivatives were

prepared by slow vapor diffusion of pentane in a saturated THF solution of the
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compound under nitrogen. No solvents were trapped in the lattice of the crystal
structure of the Fe(ll) species but the Fe(lll) species contains a THF molecule in
its asymmetric unit. The Fe-S bond length for the CpFe(dppe)(SCesHs) complex
is substantially longer (2.3289(8) A) as compared with the
[CpFe(dppe)(SCeHs)]BF4 complex (2.1899(10) A). This can be explained by the
fact that the orbital from which the electron has been removed is the iron-sulfur =-
antibonding HOMO .66

According to the CV data, the ratio of anodic to cathodic peak currents are
near unity indicating a chemically reversible process with no decomposition of
oxidized product; however, E.c-E,, are slightly greater than 59 mV and vary with
sweep rate in a manner typical of a quasi-reversible electron transfer process.®
The required potentials for oxidation vary from -577 mV for the OCH3 derivative
to -357 mV for the NO- derivative versus the Ag/AgNO; reference electrode.

A linear free energy relationship is observed in this electrochemical study
between the relative donor ability of the aryl substituent and the half-wave
potential of the compounds CpFe(dppe)(SCeH4-p-Z) (Figure 4.21). Notice that
the OCHj; derivative is the most easily oxidizable whereas the NO. derivative is
the least oxidizable. The NO; substituent best stabilizes the complex by
withdrawing electron density from the HOMO which is the dr-pr antibonding
orbital.85

This can also be corroborated with the solid state evidence. A comparison
of the Fe-S bond distances between the complexes, CpFe(dppe)(SCsH4-p-OCHj3)
(Figure 4.29), CpFe(dppe)(SCsHs) (Figure 4.31), and CpFe(dppe)(SCsHq4-p-
NO.)(Figure 4.33), was accomplished by single-crystal X-ray crystallographic
analysis of a suitable crystal of each compound. The H and NO; derivatives
were prepared by slow vapor diffusion of pentane in a saturated THF solution of

the compound under nitrogen. The OCH; derivative was prepared by
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evaporation from a saturated CH.Cl> solution of the compound under nitrogen.
No solvents were found in the lattice of the crystal structures of any of the Fe(ll)
complexes. Tables 4.6, 4.9, 4.12, 415 and 4.18. list the selected bond
distances and angles for each compound. The Fe-S bond length for these
compounds are comparable with those of other structurally characterized iron(ll)-

phenyl thiolate complexes (Table 4.20).

Table 4.20. Fe-S Bond Lengths (A) and Angles (deg) for Structurally
Characterized Iron(il) Aryl Thiolate Complexes.

Fe(ll) Compounds Fe-S-C Fe-SA Ref.
Angle (deg)

cis, cis, cis-Fe(CO)x(dppe)(SCeHs)2  112.4(5) 2.339(5) 57
109.5(5) 2.343(4)

cis, cis, cis-Fe(CO)z(dppe)(SCeHs)2"  114.9(5) 2.350(4) 57
107.7(5) 2.346(5)

Fez(SCeHs)s(dppe). 112.7(3) 2.284(2) S8
108.9(3) 2.293(2)

FeH(SCgHs)(CO)2(P(OCsHs)s)2 113.2(4) 2.343(3) 59

CpFe(dppe)(SCgHs-p-OCH3) 110.7(2) 2.332(2) this study

CpFe(dppe)(SC¢Hs) 110.73(9) 2.3289(8) this study

CpFe(dppe)(SCsHs-p-NO2) 121.23(10) 2.2933(7) this study

a. The cis, cis, cis-Fe(CO)(dppe)(SCeHs) complex is enantiomeric.

The Fe-S bond distances for the OCH3, H, and NO. derivatives are
2.332(2), 2. 3289(8), and 2.2933(7) A, respectively (Table 4.20). A significant
decrease in the Fe-S bond distance occurs as the aryl substituent becomes more

electron withdrawing. An explanation for this trend is that the more electron
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withdrawing substituent, NO,, stabilizes the Fe-S bond by removing electron
density from the Fedn-Spr antibonding orbital.65
The crystal packing diagrams of the OCHs;, H, and NO; derivatives are
also shown for comparison (Figures 4.30, 4.32, and 4.34). One of the more
interesting features in analyzing the crystal-packing patterns, the NO, derivative
shows an intermolecular n-stacking arrangement within each pair of molecules.
One arene group from each phosphine of one molecule is closely stacked with
one arene group from each phosphine of another molecule.
Another major difference between the two reactions, CpFe(dppe)(SCeHs-
p-2) and CpFe(CO)2(SCsHs-p-Z) with excess CHsl, is shown in equations 4.3 and
4.4. Reaction 4.3 gives the methylated product and reaction 4.4 gives the ligand
exchange product. Reaction 4.3 can give the ligand exchange product,
CpFe(CO).l, but under more vigorous conditions.65 Of course, the dicarbonyl
fragment, [CpFe(CO).]", is a better Lewis acid than [CpFe(dppe)]’ due to the
back-donation ability of the carbonyl ligand which decreases the electron density
from the metal. Since the thioether, CH3;SCgHs, is a very weak Lewis base, then
it is not surprising that ligand exchange with a stronger Lewis base occurs more
readily with the [CpFe(dppe)]” fragment than the [CpFe(CO),]* fragment. In fact,
it has been demonstrated by Diaz et al. that even the Fe-l bond in the compound,
CpFe(dppe)l, will undergo dissociation in polar solvents (¢> 35) to give the
cationic solvated species, [CpFe(dppe)(solvent)]’ and solvated iodide anion

which speaks to the high ionic nature of the Fe-| bond.68.70
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Diaz et al. compare the HOMO energies from MO calculations of
[CpFe(CO).]" and [CpFe(dppe)]” and find that the carbonyl derivative is lower in
energy.”! The HOMO energies from density functional calculations on the
oxidized species, [CpFe(CO)(SCH;)]" and [CpFe(dppe)(SCHs)]", also shows
that the carbonyl derivative is more stable than the phosphine derivative (Figure
4.43); however, the calculations also indicate that the HOMO in the carbonyi
derivative is still predominantly sulfur in character while in the phosphine

derivative, the HOMO is predominantly metal in character.

204



-0. 3215

HOMO
P 1+

HOMO 23738 l§
) i /F\e—""SCH3

'7 * HP bh,

Re—SCH5
/
oc \co

Figure 4.43. Substitution effect on the HOMO's energy (hartrees) in going from
carbonyl to phosphine ligands.

There is also indication that the HOMO of the Fe(lll) species is primarily
metal in character as determine by the electron paramagnetic resonance (EPR)
data collected (Table 4.3). Room temperature CH>Cl. solutions of the complex,
[CpFe(dppe)(SCsH4-p-Z)|BFs where Z = OCHa3, H, Cl, CF3;, and NO., have a
single symmetric peak that indicates pseudooctahedral structures (Figures 4.22 —
4.26) and no phosphorus hyperfine coupling. Diaz has reported EPR results on
[CpFe(dppe)(SCeH4-p-Z)]BF, where Z = H and Br.72 Diaz indicates that the
g-values for these H and Br derivatives are 2.0705(9) and 1.9753(13),
respectively and that no phosphorus hyperfine splitting in any of the g
components of the spectrum is observed in soiution or solid (crushed powder).
He also gives no indication that an internal or external reference has been used.

in this work, the free radical, DPPH (2,2-di(4-tert-octylphenyl)-1-
picrylhydrazyl), was used as an external standard which has a g-value of 2.0037
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+ 0.0002. The g-values range from 2.07159 for the OCH; derivative to 2.07525
for the NO; derivative. From a study by Roger, the g-values higher than those of
the free electron value (g = 2.0023) are usually observed for 17 electron iron(lll)
compounds having a single occupied HOMO with a predominant metallic
character.”3 A linear free energy relationship is observed relative to the g-values
and the relative donor ability of the aryl substituent (Figure 4.27). Apparently,
when the aryl substituent becomes more electron withdrawing and the g-values
increase the HOMO becomes more metal in character.

An apparent linear free energy relationship is also observed relative to the
half width at half height (HWHH) and the relative donor ability of the aryl
substituent (Figure 4.28). The broadening of an e.p.r. spectrum can be caused
by: 1) the relative motion of paramagnets in fluid solutions via dipole-dipole
interactions, 2) electron spin exchange whereby unpaired electrons on different
paramagnets overlap, 3) rapid tumbling of the paramagnets, and 4) unresolved
hyperfine splittings.’4 An increase in dipole-dipole interactions which can be
caused by: 1) increased concentrations of the paramagnetic compound of
interest or impurties or; 2) the increase in the dipole moment of the compound
can cause peak broadening. In dilute liquid solutions, the exchange effects are
removed since the individual molecules are at a much greater distance than in a
solid and the rapid tumbling averages away the anisotropic hyperfine effects.’>

In this work, the concentrations were very dilute but were not kept
constant; however, the concentration of [CpFe(dppe)(SCsHs-p-OCH3)]BF, and
[CpFe(dppe)(SCeHs-p-NO2)]BF,4 are similar, 3.1 mM and 3.3 mM, respectively.
Notice, in Figures 4.22 and 4.26, how the intensities and lineshapes change with
respect to the NO, and OCHj3 derivatives. The NO2 derivative is much less
intense and much broader than the OCH; derivative. The haif width at haif

height (HWHH) values for the NO, and OCHj; derivatives are 0.00700 and
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0.00568, respectively (Table 4.3). Apparently, as the more electron donating
substituent is replaced with a more electron withdrawing substituent, the more
polar the [CpFe(dppe)(SCsHs-p-Z)]" complex becomes which is indicated by the

broadening of the peak.

4.5 Conclusions.

This work has provided reactivity, electrochemical, spectroscopic, and
structural information concerning the electron-rich iron-thiolate complexes
CpFe(dppe)(SCeHs-p-Z) where Z = OCHs, H, Cl, CF3, and NO, and also their
respective Fe(lll) analogs as well as the more electron rich tripodal compound
CpFe(P2S) (Figure 4.41) and its Fe(lll) analog (Figure 4.37).

Initially, the use of CpFe(dppe)(SCsHs) was to be used as a model system
for hydrogenase. Triechel indicated that molecular hydrogen would evolve from
a reaction between HBF, and CpFe(dppe)(SCeHs) under inert conditions.4? The
results of this experiment was protonation of CpFe(dppe)(SCegHs) to form the
product [CpFe(dppe)(HSCeHs)]BFs and no molecular hydrogen was produced.
Protonation of CpFe(dppe)(SCsHs) was attempted under aerobic conditions to
achieve the oxidized product [CpFe(dppe)(SCeHs)]BFs but no molecular
hydrogen was detected. The more electron rich tripodal complex, CpFe(P,S),
was synthesized and subsequently reacted with HBF, under anaerobic
conditions. Oxidation took place to form the product [CpFe(P.S)]BF,, but no
molecular hydrogen was formed. Some spurious oxygen may have been in the
reaction vessel during the time of protonation that would cause the oxidation to
take place. '

Another part of this work involved studies of how changes in the aryl
substituents in the para position from the sulfur phenyl group influenced the

reactivity, redox potential, and structure of the parent compound,
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CpFe(dppe)(SCeHs). The first study involved observing the kinetics of the
pseudo-first order methylation of CpFe(dppe)(SCeHs-p-Z) by CHsl in acetone to
form the products CpFe(dppe)l and CHiS(CeHs) (Scheme 4.3). It was
determined that the reaction was first order in CHsl as expected (Figure 4.12 and
4.13). It was also determined that a correlation exists between the relative donor
ability of the aryl substituent and the reaction rate (Figure 4.14). From the
Hammett plot, a value of p = -2.14 was calculated which is similar to the p value
of ~1.82 given for the reaction of CpFe(CO)(SCeHs-p-Z) and excess CHsl in
acetone which was accomplished by Ashby et al. in a previous study.65 This
result suggests that the mechanism by which the compounds
CpFe(dppe)(SCeHs-p-Z) and CpFe(CO)x(SCeH4-p-Z) are methylated are the
same. The mechanism appears to be frontier orbital controlled or charge
controlled which means that more electron withdrawing substituent should
decrease the rate of methylation. This was confirmed by the resuits of the kinetic
experiments.

The second study involved cyclic voltammetry experiments. CV was
accomplished on the compounds, CpFe(dppe)(SCeHs-p-Z) solvated in THF
(Figures 4.15 - 4.20). A glassy carbon working electrode and a Ag/AgNO;
reference electrode along with a platinum wire auxiliary electrode were used.
According to the CV data, the ratio of anodic to cathodic currents (ipa/ipc) are near
unity indicating a chemically reversible process with no decomposition of
oxidized product; however, Epc — Ep, are slightly greater than §9 mV and vary
with a sweep rate typical of a quasi-reversible electron transfer process.® The
required potentials for oxidation vary from —577 mV for the OCHj derivative to
-357 mV for the NO; derivative versus the Ag/AgNO; reference electrode. A
linear free energy relationship is observed between the relative donor ability of

the aryl substituent and the half-wave potential of the compounds
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CpFe(dppe)(SCesHs-p-Z) (Figure 4.21). Apparently, the NO, substituent best
stabilizes the complex by withdrawing electron density from the HOMO which is
the dn-pr antibonding orbital.65

The solid state evidence also coincides with the CV data. Single-crystal
X-ray crystallographic analysis of CpFe(dppe)(SCeH4-p-OCH),
CpFe(dppe)(SCe¢Hs) and CpFe(dppe)(SCesHs-p-NO,) shows that the Fe-S bond
distances decrease in the order of the derivatives: OCHz > H > NO,. Their bond
distances are 2.332(2), 2.3289(8), and 2.2933(7) A, respectively. An explanation
for this trend is that the more electron withdrawing substitutuent, NO,, stabilizes
the Fe-S bond by removing electron density from the Fedn-Spr antibonding
orbital.65 Another comparison is the Fe-S bond distance between
CpFe(dppe)(SCeHs) and [CpFe(dppe)(SCgHs))BF4 which shows that the Fe(ll)
derivative has the greater bond length of 2.3289(8) A while the Fe(lll) has a bond
length of 2.1899(10) A. This resuit is due to the removal of an electron from the
iron-sulfur r-antibonding HOMO of the Fe(ll) species which causes stabilization
of the bond.56

A major difference between the two reactions, CpFe(dppe)(SCesHs-p-2)
and CpFe(CO),(SCeH4-p-2) with excess CHal, is shown in Figure 4.43. Reaction
A gives the methylated product and reaction B gives the ligand exchange
product. The dicarbonyi fragment, [CpFe(CO).]", is a better Lewis acid than the
fragment, [CpFe(dppe)]’, due to the back-donation ability of the carbonyl ligand
which decreases the electron density from the metal. Since the thioether,
CH3SCeHs, is a very weak Lewis base, then it is not surprising that ligand
exchange with a stronger Lewis base occurs more readily with the [CpFe(dppe)]”
fragment than the [CpFe(CO),]" fragment.

The HOMO energies from density functional calculations on the oxidized
species, [CpFe(CO)x(SCH3)]" and [CpFe(dppe)(SCHa)]", also show that the
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HOMO of the carbonyl derivative is more stable than the phosphine derivative
(Figure 4.43); however, the calculations also indicate that the HOMO in the
carbonyl derivative is predominantly sulfur in character while in the phosphine
derivative, the HOMO is predominantly metal in character.

There is also indication that the HOMO of the Fe(lll) species is primarily
metal in character as determine by the electron paramagnetic resonance (EPR)
data collected (Table 4.3). The free radical, DPPH (2,2-di(4-tert-octylphenyi)-1-
picrylhydrazyl), which has a g-value of 2.0037 + 0.0002, was used as an extemal
standard. The g-values range from 2.07159 for the OCHj; derivative to 2.07525
for the NO, derivative. From a study by Roger, g-values that are higher than
those of the free electron value (g = 2.0023) are usually observed for 17 electron
iron(lll) compounds having a single occupied HOMO with predominant metal
character.”3 A linear free energy relationship is observed relative to the g-values
and the relative donor ability of the aryl substituent (Figure 4.27). Apparently, as
the aryl substituent becomes more electron withdrawing and the g-values
increase, the HOMO becomes more metallic in character.

An apparent linear free energy relationship is also observed relative to the
half width at half height (HWHH) and the relative donor ability of the aryl
substituent (Figure 4.28). As the more electron donating substituent is replaced
with a more electron withdrawing substituent, the [CpFe(dppe)(SCeHs-p-2)]"

complex becomes more polar as indicated by the broadening of the peak.
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Chapter 5 CONCLUSION

Iron-sulfur proteins play a significant role in electron transfer and also
catalysis in all biological systems. A significant number of these iron-sulfur
proteins involve cysteinate ligands bound to the iron (Figure 2.1). Model systems
are often used to study the structural and redox behavior of these proteins.?2 In
this research, three major influences on the redox potentiai have been
investigated using electron rich model systems. First, intermolecular hydrogen
bonding can influence the redox behavior of the metal as shown in Chapter 2
using the model system, CpFe(CO)x(SCeHs). Second, the local solvent
environment effects the electronic and vibrational energies of CpFe(C0O)(SCeHs)
and therefore the redox potential as shown in Chapter 3. Third, the reactivity and
the redox potentiai of the complexes, CpFe(CO).S(Ce¢Hs-Z) and
CpFe(dppe)S(CeHs-Z), where Z = OCH3, H, Cl, CF3, and NO,, is also influenced

by changing the electron environment at the sulfur site as shown in Chapter 4.

5.1 Summary of the Resuits from Chapter 2.

it has been determined that in the complex, CpFe(CO)2(SC¢Hs), the
HOMO is primarily sulfur in character so that hydrogen bonding as well as
protonation occurs at the sulfur site.34 By titrating CH.Cl, solutions of
CpFe(CO)2(SCeHs) with various concentrations of CCl;COOH, it was determined
by the data garnered from the use of UV-vis and infrared spectroscopy that a
discrete hydrogen bound species 1-HX does not exist in solution (Scheme 2.1).
There are no isosbestic points in the visible spectra (Figures 2.9) and also the
curve fit analysis indicates that perhaps there are more than one type of
hydrogen bound species in solution at higher concentrations of acid (Figures 2.5-

2.8). The hydrogen bound species is part of a continuum, which means that at
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low concentrations of weak protic acids, little hydrogen bonding can be detected
but as the concentrations or strengths of the protic acids increase, hydrogen
bonding becomes more pronounced. The continuum reflects the combined
influences of the polarity of the solvent environment and the ability of the acid to
hydrogen bond to the thiolate ligand.

By adding less than one equivalent of HBF,-O(CHs;), to a methyiene
chloride solution of CpFe(CO)x(SCeHs), a mixture of CpFe(CO)2(SCgHs) and
[CpFe(CO)(HSCeHs)IBF, is produced as shown by the carbonyl stretching
frequencies (Figure 2.16). By adding more than one equivalent of HBF,-O(CH,);
to a methylene chioride solution of CpFe(CO);(SC¢Hs), only the protonated
species, [CpFe(CO)2(HSCgHs))BF,, is produced. A comparison between the
bond distances between CpFe(CQ)2(SCeHs) and [CpFe(CO)(HSCsHs)|BF s was
accomplished by single-crystal X-ray crystallographic analysis of a suitable
crystal of each compound. It is noteworthy that the bond distance for the
protonated species (2.2590(13) A) is significantly shorter than the parent
complex (2.283(2) A). This can be attributed by the reduction of the 4-electron
Fe-S dn-pn anti-bonding orbital upon protonation of the thiolate ligand.

By increasing the concentration of CCl;COOH to a 10 mL CH2Cl, solution
of CpFe(CO),(SCsHs), the ligand to metal charge transfer (LMCT) band in the
visible region undergoes a blue shift due to an increase in hydrogen bonding and
at the same time, the CO stretching frequencies in the infrared region shifted to a
higher frequency (Figure 2.9). Not only is hydrogen bonding dependent upon the
concentration of a specific acid, but it is also dependent upon the strength of an
acid. A series of experiments were carried out using CH;COOH, CH2CICOOH,
CHCLCOOH, CCI;COOH, and CF;COOH at the same concentration (150 mM in
CH2Cl;). To each acid solution was added enough CpFe(CO)2(SCeHs) to form a
10 mM solution. Once again, a blue shift occurred in the LMCT band and the
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carbonyl stretching frequencies increased in frequency as stronger acids were
used (Figure 2.15). The carbonyl stretching frequencies (vco) shifting to higher
frequencies is an indirect indication of the existence of hydrogen bonding to a
ligand or metal. As electron density is decreased at the metal center as a result
of hydrogen bonding to the metal or a ligand, there is less back donation from the
metal to the CO n* antibonding orbitals.

A correlation is shown between the redox potentials and force constants

by the empirical formula that was derived from other equations:4-9

AE12= LAF (i.e., for 1.6 <A < 2.1 and the observed AF.,= 0.65 mdyn/ A).

We predict a shift of the oxidation potential of CpFe(CO)(SCe¢Hs) by 1.0 - 1.3V
upon protonation. Using the value of F., = 16.42 mdyn/A that is observed for the
hydrogen bound species 1-TFA (TFA is trifluoroacetic acid), we estimate a
maximal effect of 300 < AE;, < 400 mV for H-bonding to CpFe(CO),(SCsHs).
Based on this information, there is a substantially smaller affect for hydrogen
bonding, which is about 30% of that observed upon protonation.

Density functional calculations were carried for CpFe(CO)2(SCH;), two
hydrogen bound species with CF;:COOH and HBF, as the hydrogen bound
donors and the protonated species [CpFe(CO)(HSCH3)]" as shown in Figure
2.2. The data from the caiculations on CpFe(CO)(SCH3) show that the HOMO
is primarily sulfur in character, as expected, but upon protonation, becomes
primarily metal in character (Figure 2.25). The complex that contains the weaker
acid, CF3COOH, that is hydrogen bound to CpFe(CO)2(SCH3) shows more of the
HOMO as primarily sulfur in character but the complex that contains the stronger
acid, HBF,, hydrogen bound to CpFe(CO),(SCH3) shows a decrease in sulfur

character and an increase in metal character.
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Another trend to observe is from the carbonyl stretching frequencies that
were calculated. The stretching frequencies for CpFe(CO)>(SCHaj) are 1980 and
2024 cm' and the frequencies for CpFe(CO),SCHi;-HBF, and
CpFe(CO),(HSCH3)" are 1998, 2043 cm™* and 2042, 2078 cm™ respectively. The
trend is an increase in carbonyl stretching frequencies as FpSCH; undergoes
hydrogen bonding and then protonation. This reflects the decreased electron
density backbonding from the metal to the CO =* antibonding orbital.

The carbonyl stretching frequencies that were calculated using the density
functional method foliows the same trend as those that were observed
experimentally. An increase in the stretching frequencies occurs as hydrogen
bonding to the compound, CpFe(CO)(SCsHs), takes place and even more so
when protonation occurs. These results indicate only a small perturbation of the
donor ability of the thiolate ligand during hydrogen bonding as compared with the
more significant change that results from protonation. Based on the free-energy
relationships that relate redox potentials and vco, there is a substantially smaller
affect for hydrogen bonding, which is about 30% of that observed upon

protonation.

5.2 Summary of the Results from Chapter 3.

The compound, CpFe(CO);(SCgHs) exhibits solvatochromic behavior as
well as other solvent effects based on carbony! stretching frequencies. The
solutions of CpFe(CO)(SCeHs) in pentane, benzene, and acetone are colored
green, greenish/brown, and red, respectively. The wavelength of the LMCT band
was correlated to several solvent polarity scales, which includes the Dimroth-
Reichardt's normalized energy of transition scale, Gutmann's Acceptor Number
scale, and Kosower's Z-scale (Figures 3.45-3.48). As CpFe(CO)x(SCeHs) is

dissolved in more polar solvents, a blue shift occurs in the visible region. This is
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evidence that the ground-state dipole moment is greater than the excited-state
dipole moment, pg>pe as illustrated in Figure 3.2.10 This means that the
ground-state will become more stable in polar solvents than the excited-state,
which will produce a hypsochromic or blue shift. By using the Dimroth-
Reichardt's normalized energy of transition scale, it was also shown that the
ground-state energy of CpFe(CO),(SCsHs) is less stable than the ground-state
energy of CpFe(CO)(SCeHs-p-CF3) (Figure 3.46). By adding an electron
withdrawing substituent in the para position of the phenyl thiolate group makes it
a weaker n donating ligand. Since it has been determined that the HOMO for
each of the compounds is a dn-pr antibonding orbital, which is primarily sulfur in
character, the electron withdrawing group better stabilizes the compound as
demonstrated by gas phase photoelectron spectroscopy.4

Other solvent effects at the vibrational level are observed in the infrared
region which are more difficult to correlate. A plot of the antisymmetric stretching
versus the symmetric stretching frequencies of CpFe(CO)x(SCeHs) in various
solvents show two lines (Figure 3.50). One line represents the less polar
hydrocarbon solvents with the exception of diethyl ether, and the other line
represents the more polar non-hydrocarbon solvents.

As indicated in Figure 3.51, there seems to be similar solvent influences
for the compounds CpFe(CQO).Cl, CpFe(CO).l, and CpFe(CO)2(SCe¢Hs). Since
the phenyl thiolate ligand is the strongest n donor and certainly the largest of the
three ligands, it should be less sensitive to solvent interactions than the chloride
or the iodide anions. This means that a competition between the carbonyi-
solvent interaction and the iron-thiolate-solvent interaction is occurring to
determine whether the carbonyl stretching frequency is going to increase or
decrease. The Bellamy plot, Figure 3.50, shows that less polar hydrocarbon

solvents have less influence on the carbonyl ligands of CpFe(CO)(SCeHs) and
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so the carbonyl antisymmetric stretching frequencies, which seem to be more
sensitive to the solvent effects!!, are higher than in the more polar solvents.
Within the more polar solvents, tetrahydrofuran seems to effectively interact with
the carbonyl ligands enough to significantly lower the carbony!l stretching
frequency, however, as the polarity of the solvent increases, the iron-thiolate-
solvent interaction becomes more effective and increases the carbonyl stretching
frequency.

The last soivent interaction to be mentioned is the hydrogen bonding
effect between the protic solvents and CpFe(CO),(SCe¢Hs). Figures 3.14-3.17
show a decrease in intensity and wavelength which is indicative of hydrogen
bonding. The soivent, 2,22-trifluoroethanol, shows substantial hydrogen
bonding according to the UV-vis and infrared spectra. The carbonyl stretching
frequencies closely matches those of the hydrogen bound species that was
made by reaction 10 mM CpFe(CO)(SCeHs) with 500 mM CCIL,COOH in

methylene chloride which is discussed in Chapter 2 of this dissertation.

5.3 Summary of the Results of Chapter 4.

Part of this project involved using CpFe(dppe)(SCQHs) as a potential
model system for hydrogenase. Figure 4.40 shows a potential mechanism for
the ligand-ligand activation for the liberation of dihydrogen using
CpFe(dppe)(SCeHs). In testing the proposed mechanism, the first step was to
generate dihydrogen by adding HBF4-O(CH;), to CpFe(dppe)(SCeHs) in dry
degassed CH.Cl; under argon. The experiment demonstrated that protonation
took place according to 'H NMR but not oxidation and evolution of dihydrogen.
The parent compound, CpFe(dppe)(SCsHs) is olive-green when dissolved in
CH_Cl2; however, upon protonation the solution tums red. The oxidized species,

[CpFe(dppe)(SCsHs)]BF4, is dark biue in color. When the solvated protonated
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species is exposed to the air, oxidation oceurs. The solution turns from a red
color to a dark blue color. Even under the same conditions as Triechel
described2, using acetone under argon as solvent instead of CH,Cl,, a red color
was exhibited upon protonation instead of the dark blue color of the oxidized
species. Apparently, the compound CpFe(dppe)(SCeHs) is not a good model for
hydrogenases.

By making the iron-thiolate complex more electron rich, there is a better
chance for dihydrogen evolution to take place. The tripodal complex, CpFe(P.S),
was synthesized (Figure 4.41) to increase the electron environment about the
sulfur and also the chelation effect should help to prevent acid solvolysis from
taking place. As HBF4,-O(CH3); was added to a benzene-ds solution of
CpFe(P.S), an immediate color change from greenish-brown to violet-pink took
place, which is indicative of oxidation; however, hydrogen gas was not detected.

Other parts of this project involved studying the reactivity, redox potential,
and structure of the compounds CpFe(dppe)(SCesH4-p-Z) where Z = OCH3, H, Cl,
CF3, and NO,. By reacting CpFe(dppe)(SCeH4-p-2) with excess CHal in acetone,
a ligand exchange process occurs forming the final products as CpFe(dppe)l and
CH3SCgHs (Figure 4.9). The influence of the thiolate ligand substituent Z on the
reaction rate is summarized in Table 4.1. The plots of the In([A.)/[A]) vs. time
(Figures 4.12 and 4.13) shows that the reaction is first order in CHsl since in each
case, by increasing the concentration of CHil by a muitiple of five, the rate also
increases by a multiple of five.13

Ashby et al. accomplished a similar set of experiments using
CpFe(C0)2(SCeHs-p-Z) and excess iodomethane in acetone.4 A linear free
energy relationship is observed between the reaction rate and the Hammett
substituent constant (). A similar correlation is observed in this study between

the relative donor ability of the aryl substituent and reaction rate. The calculated
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Hammett reaction constant using the compound CpFe(CO)x(SCsHs-p-2) is p =
-1.82 which is close to the value of p = -2.14 that is obtained for the compound
CpFe(dppe)(SCeH4-p-Z) (Figure 4.14). This suggests that the mechanism by
which CpFe(dppe)(SCsHa4-p-Z) and CpFe(CO)2(SCsHs-p-Z) are methylated is the
same. [f the mechanism involves frontier orbital control, as is described in the
case of CpFe(CO)(SCeHa-p-2),4 then the expectation is that the more electron
withdrawing substituent should decrease the rate of methylation. The kinetic
results obtained from methylating CpFe(dppe)(SCsHs-p-Z) coincides with this
expectation. By looking at the relative rates of reaction in Table 4.1, the OCH,
derivative reacts 232 times faster than the NO, derivative. In fact, as the aryl
substituent becomes more electron withdrawing, the reaction becomes slower.
These data coincides with the cyclic voltammetric data (Table 4.2).

A linear free energy relationship is observed in this electrochemical study
between the relative donor ability of the aryl substituent and the half-wave
potential of the compounds CpFe(dppe)(SCegHs-p-Z) (Figure 4.21). Notice that
the OCHj5 derivative is the most easily oxidizable whereas the NO> derivative is
the least oxidizable. The NO substituent best stabilizes the complex by
withdrawing electron density from the HOMO which is the dr-pr antibonding
orbital.4

This can also be corroborated with the solid-state evidence. A
comparison of the Fe-S bond distances between the complexes,
CpFe(dppe)(SCsH4-p-OCHa3) (Figure 4.29), CpFe(dppe)(SCeHs) (Figure 4.31),
and CpFe(dppe)(SCeH4-p-NO2) (Figure 4.33), was accomplished by single-
crystal X-ray crystallographic analysis of a suitable crystal of each compound.
Tables 4.6, 4.9, 4.12, 4.15, and 4.18. list the selected bond distances and angles

for each compound. The Fe-S bond length for these compounds are comparable
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with those of other structurally characterized iron(ll)-phenyl! thiolate complexes
(Table 4.19).

By observing the Fe-S bond distances, a significant decrease occurs. The
Fe-S bond distances for the OCH3, H, and NO; derivatives are 2.332(2), 2.
3289(8), and 2.2933(7) A, respectively (Table 4.19). Explanation for this trend is
that the more electron withdrawing substituent, NO,, stabilizes the Fe-S bond by
removing electron density from the Fedn-Spr antibonding orbital.4

Diaz et al. compares the HOMO energies from MO calculations of
[CpFe(CO).]* and [CpFe(dppe)]” and finds that the carbonyl derivative is lower in
energy.'¥ The HOMO energies from density functional calculations on the
oxidized species, [CpFe(CO),(SCH3)]* and [CpFe(dppe)(SCH3)]*, also shows
that the carbonyl derivative is more stable than the phosphine derivative (Figure
4.44); however, the calculations also indicate that the HOMO in the carbonyi
derivative is still predominantly suifur in character while in the phosphine
derivative, the HOMO is predominantly metal in character.

There is also indication that the HOMO of the Fe(lll) species is primarily
metal in character as determine by the electron paramagnetic resonance (EPR)
data collected (Table 4.3). Room temperature CHxCl, solutions of the complex,
[CpFe(dppe)(SCesH4-p-2)]BF4, have a single symmetric peak that indicates
pseudooctahedral structures (Figures 4.22 - 4.26) and no phosphorus hyperfine
coupling. The g-values range from 2.07159 for the OCH; derivative to 2.07525
for the NO; derivative. From a study by Roger, the g-values higher than those of
the free electron value (g = 2.0023) are usually observed for 17 electron iron(lll)
compounds having a single occupied HOMO with a predominant metallic
character.15

A linear free energy relationship is observed relative to the g-values and

the relative donor ability of the aryl substituent (Figure 4.27). Apparently, when

228



the aryl substituent becomes more electron withdrawing and the g-values
increase the HOMO becomes more metal in character. An apparent linear free
energy relationship is also observed relative to the half width at half height
(HWHH) and the relative donor ability of the aryl substituent (Figure 4.28). The
NO; derivative is much less intense and much broader than the OCH; derivative.
The half width at half height (HWHH) values for the NO, and OCH3; derivatives
are 0.00700 and 0.00568, respectively (Table 4.3). Apparently, as the more
electron donating substituent is replaced with a more electron withdrawing
substituent, the more polar the [CpFe(dppe)(SCeH4-p-Z)]" complex becomes

which is indicated by the broadening of the peak.

5.4 Future Work.

5.4.1 Project 1

A specific correlation between the broadening effect on the carbonyl
stretching frequency and any physical properties of the solvent has yet to be
found. It seems that the compounds, CpFe(CO).(SCsHs-p-Z) where Z = OCH;,
H, CI, CF;, and NO;, CpFe(CO).l, CpFe(CO).Br, and CpFe(CO).Cl would
provide excellent opportunity to study the broadening effect using line shape
analysis and to correlate it to some physical property of the solvent. These
compounds are soluble in many types of solvents and are easily synthesized.

5.4.2 Project 2

The tripodal complex, CpFe(P2S), is an interesting compound. When this
compound reacts with HBF,-O(CHs;), why does oxidation take place and no
hydrogen gas evoive? It may have been due to some spurious oxygen
associated with the solvent or acid. This needs to be investigated further. Also,
by making the pentamethyicyclopentadienyl derivative of CpFe(P.S) would make

the compound even more electron rich. Perhaps this might achieve the goal of
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producing hydrogen via the proposed mechanism (Figure 4.40). A comparison of
redox behavior as well as rate of methylation could be achieved between

Cp*Fe(P.S) and CpFe(P2S) to see the affect of the additional methyl groups.
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