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Abstract of the Dissertation

Synthesis and Characterization of Late Transition Metal Complexes as Models for the

Active Site of Hydrogenases
by
Daniel Amarante
Doctor of Philosophy
in
Chemistry
Stony Brook University

2011

Researchers have turned to biological systems that utilized hydrogen in order to develop
new catalysts that do not require platinum. In nature, hydrogen is oxidized or reduced with
certain efficiency by using metalloenzymes called hydrogenases. Currently there are three types
of hydrogenases: [NiFe], [FeFe], and [Fe]-hydrogenase. These hydrogenases have shown
unusual structures, such as having carbonyl and cyanide ligands bound to the active site.

The synthesis of the potentially tridentate ligands, bis—(2—thiophenyl)phenylphosphine
(H2PS2) and bis—(2-thiobenzyl)benzylamine (H;NS2), has been optimized. These ligands
contain the rich sulfur environment that is found in the metalloenzyme and have shown prior
success in making stable metal complexes in various oxidation states. Metal complexes of
ruthenium and osmium containing these ligands were successfully synthesized and characterized.

The discovery of [Fe(CN)x(CO)y] units in hydrogenase enzymes has prompted the study
of iron—cyanide—carbonyl compounds. Recently, compounds of the general structure
[Fe'""(CN)4L,]*, where L = DMSO, CO, pyridine, were synthesized for the first time. This
prompted studies of related compounds of the congener elements of iron, specifically using
ruthenium and osmium. These studies have produced the first compounds of ruthenium with the

general structure, [Ru"(CN)4L,]*>" where L = CO and pyridine.



Iron carbonyl complexes with the H,PS2 ligand have been previously used to mimic the
iron centers in hydrogenase enzymes. To expand on these studies, ruthenium was used to replace
iron in the general structure [M"(CO)3(PS2)]. Studies show that the monomer loses carbonyls
producing a trimer, [Ru'3(CO)s(PS2')s]. Various compounds were also synthesized using Li,NS2
in place of Li,PS2.

The synthesis of analogs for the binuclear [NiFe] and [FeFe] hydrogenase active sites has
been sought for some time. Only a few such compounds had been previously characterized.
Using [Fe(CN),(CO)sl]” as a starting compound, the synthesis of a binuclear compound,
[Fe''(CN),(CO),Ni"(S4)] (S4 is 3,7-dithianoane—1,9—dithiolate). The X-ray structure of this
compound reproduces certain aspect of the active site of [NiFe] hydrogenase enzymes.

Characterization of synthesized compounds was done using single crystal X-ray
crystallography, infrared spectroscopy, NMR and electrochemistry.
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CHAPTER 1. Hydrogenase: An Introduction

1.1 Metalloproteins and Metalloenzymes: An Overview

Metalloproteins, by definition, are proteins that contain transition metals which are involved
in a wide range of biological processes. For this reason, many chemists and other scientists are
determined to understand the mechanisms and the roles of these enzymes.

One function that is uniquely performed by metalloproteins is respiration, dioxygen
transport. There are three known classes of this metalloproteins: hemoglobin—-myoglobin,
hemocyanins, and hemerythrins. These metalloproteins are illustrated in Figure 1-1. In these
metalloproteins, dioxygen molecules binds to either iron (hemoglobin or hemerythrin) or copper
(hemocyanin) center without undergoing an irreversible electron transfer reaction, which results
to dioxygen bond cleavage. In the case of hemoglobin and myoglobin, the dioxygen binding site
in an iron porphyrin complex that undergoes a structural change upon dioxygen binding. This
triggers subtle movement of the protein chains which results in the uptake of dioxygen.

In hemocyanin, which is found in mollusks and arthropods, dioxygen binds between two
copper atoms. In this case, the dioxygen binding reaction results in an oxidative addition to the
reduced, deoxy, form of the dimetallic center that generates a peroxide derivative of the
oxidized, oxy, form. The chemical strategies that are performed in all three reactions are quite
similar. Nature uses different transition metals in different organisms to carry out similar
functions.

Another function that involves metalloproteins is electron transfer reactions. These
proteins, which are involved in a net electron transfer, undergo redox transformations without
catalyzing an overall chemical change in the substrate. Such carriers usually pass their electrons
to or from enzymes that require redox chemistry in order to perform a specific task. Two
examples of these electron transfer metalloproteins are iron—sulfur clusters and cytochromes,

which are illustrated in Figure 1-2.



Figure I-1. Examples of different types of metalloenzymes.*
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Figure 1-2. Examples of different classes of Fe-S clusters.

Metalloenzymes are a subclass of metalloproteins, which perform specific catalytic
functions. Table 1-1 summarizes some of the reactions catalyzed by metalloenzymes.
Metalloenzymes are grouped depending on the functions they perform. Some of these functions
can be performed by more than one metalloenzyme. This type of diversity cannot be explained

and is shrouded by nature itself.



Table I-1. Selected Metalloenzyme Functions.

Function Enzyme Reaction
Hydrolytic Carboxypeptidase | Removes terminal amino acids from proteins
enzymes
Carbonic + _
anhydrase H,O + CO, 2> H™ + HCO3
Protective Superoxide - +
Metalloenzymes dismutase 20; +2H" 2 H,0, + 0,
Dehvdrogenases Liver alcohol CHsCH,OH + NAD" >
ydrog dehydrogenase CH;CHO + NADH + H*
Nitrogen fixation Nitrogenase N, + 8¢ + 8H" = 2NH; + H,
Photosynthesis Photosystem 1 2H,0 > O, + 4H" + 4e”

There are several metalloenzymes that catalyze reactions which involve either oxidation
or reduction of the substrate. Unlike the metalloproteins that function as electron transport, these
metalloenzymes generally function as two—electron redox components. One example of these
processes is the oxidation of hydrocarbons to alcohols, which is catalyzed by the iron—porphyrin
center in cytochrome P—450.

Dehydrogenation is another class of a two—electron redox process. Within the substrate
there is a loss of dihydrogen when the removal of two electrons and two protons has been
achieved. Some enzymes can generate or consume dihydrogen. This class of metalloenzymes is
called hydrogenase, which contains iron-sulfur clusters, and, depending on the class of

hydrogenase, nickel.

1.2 Hydrogenases and Hydrogen fuel

Currently, the energy infrastructure is dominated by fossil fuel production and
combustion. This is causing massive emission of greenhouse gases, which are harming the
planet. Hydrogen is often suggested as alternative fuel, sometimes called as the “fuel of the
future.” This statement has been mentioned for at least a generation, usually with greater
seriousness during high petroleum prices. Since hydrogen is derived from fuels, such as methane,

it cannot be viewed as a fuel. It is more correct to call hydrogen an energy currency.?



Several fundamental problems need to be solved in order to make hydrogen a reliable
source of energy. The realization of these possibilities depends upon significant progress in
hydrogen generation, storage, transportation and utilization. It is critical to develop new ways of
generating hydrogen that do not use hydrocarbons.

The technology to utilized hydrogen is highly advanced, however it is the scaling up that
remains an issue. Hydrogen fuel cells have been designed and used, but because of the high cost
and limited availability of platinum group metals, this technology has not widespread to the retail
market.?

Recent studies by the Department of Energy and Stanford University (Figure 1-3) shows
the different type of fuels used today and compares the specific energies and carbon dioxide
emissions.* From this study, this shows that hydrogen has the most specific energy out of all the
other types of fuels, which is extremely valuable from the point of power usage. However,
hydrogen has the lowest energy density, which is insufficient from the point—of-view of using
this fuel in a car for example. The most important aspect of this study is the amount of carbon
dioxide emissions that are released by these fuels. Hydrogen, of course, has no carbon dioxide
emissions, which is a positive result due to current global energy and pollution problems.

Research has been on going in order to use this type of fuel in our technological world.

Specific Energy, Energy Density & CO2

Specific Energy Density Chemical
Fuel kilg KWH/gal Formula lbs CO2/gal
Propane 50.4 268  C3H8 13
Ethanol 29.7 247  C2H50H 13
Gasoline 46.5 366  CTH16 20
Diesel 458 406  C12H26 22
Biodiesel 39.6 35.0  C18H3202 19
Methane 55.8 210 CH4 3
Qil 479 405  C14H30 20
Wood 14.9 11.3  approx weight 9
Coal 30.2 229  approx weight 19
Hydrogen 141.9 101 H2 0

Source: DOE, Stanford University, College of the Desert, & Green Econometrics research

Figure 1-3. Comparison of fuels and their specific energies.



Scientists have turned to biological systems that utilized hydrogen in order to develop
new catalysts that do not require platinum group metals. In nature, hydrogen is consumed or
produced with certain efficiency by hydrogenase enzymes. These enzymes are characterized as
metalloenzymes which contain iron and/or nickel core. The general reaction of dihydrogen
consumption and production is indicated in Scheme 1-1.

H, 2H"  +  2e

Scheme I-1. Redox reaction of H,.

In 1931, this enzymatic activity was first reported with the discovery of Escherichia coli
evolves hydrogen under certain conditions.®> Hydrogenase has been found in various different
microorganisms, from prokaryotic microbes to eukaryotic protozoa and fungi.”> Depending on the
conditions, these hydrogenase enzymes can catalyze the uptake and production of hydrogen.

These enzymes are separated into three main groups (Figure 1-4)° which is [NiFe]-

hydrogenases, [FeFe]-hydrogenase and [Fe]-hydrogenase.

methenyl-H,MPT

A B C (redox-active partner)
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% co Cys .
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co Cys
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[NiFe] hydrogenase [FeFe] hydrogenase [Fe] hydrogenase

Figure 1-4. The different classes of Hydrogenases. (A) [NiFe]-hydrogenase from
Desulfovibrio gigas; (B) [FeFe]-hydrogenase from Clostridium pasteurianium and

Desulfovibrio desulfuricans. (C) [Fe]-hydrogenase from Methanocaldococcus jannaschii.



1.3 [NiFe]-Hydrogenases

1.3.1 Structure and Mechanisms of [NiFe]-Hydrogenases

It has long been thought that the nickel center in the [NiFe]-hydrogenase was the active
site for the activation of hydrogen. These lead scientists to discover that dihydrogen adducts of
various transition metals can propose the intermediacy of a nickel dihydrogen complex in
hydrogen activation by the enzyme.” With a large emphasis on the nickel site, scientists
synthesized various nickel complexes for the electrocatalytic reduction of protons to
dihydrogen.®

In 1995, the crystal structure of Desulfovibrio gigas (Figure 1-5)®, a [NiFe] hydrogenase,
was discovered. The crystallographic studies showed the active site of the enzyme to contain one
nickel and one iron atom.®® The coordination sphere of the iron atom includes three diatomic
ligands, which could not be properly be identified by crystallography. Infrared studies combined
with isotopic labeling has been used to concluded that there are two cyanide and one carbon
monoxide ligands bound to the iron atom. Two bridging thiolate groups, from the cysteine

residues, complete the iron coordination sphere. It has been proposed that the bridging species

10-12

could be a zoxo, sulfide, hydroxo, peroxide or sulfoxide group.

Figure 1-5. X-ray structure of [NiFe]-hydrogenase from Desulfovibrio gigas.



It was determined that the iron center remains at oxidation state 2+ in a low spin (S = 0)
diamagnetic system in the inactive (Ni—A) and active (Ni—B) forms of the enzyme.® Besides Ni—
A and Ni-B forms, researchers have used crystallographic studies, which reported the Ni—C, Ni—
CO, and Ni-R structures and proposed the potential proton and gas channel pathways.**™*°

There are three structural units that are composed within the [NiFe]-hydrogenase active
site.® The first unit is the {Ni(u—S—Cys),Fe} arrangement, which is formed by the bridging
cysteine ligands. This orientation has sometimes been referred as the “butterfly” arrangement.
The second unit is the distorted square—planar arrangement, which is composed of the four
cysteine ligands that are bound to the nickel center. The last unit is the {Fe(CN),(CO)} motif.
The bond distance between the dinuclear center of the active site ranges from 2.9 A to

approximately 2.5 A for the inactive forms Ni-A, Ni-B and the reduced active form Ni-SI

respectively. 0131
Ni(IID}-H
0] C Js
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2H+,2 - + -
Ni(IID).OH' ¢ |HLe OOH
B }s S
H
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Figure 1-6. Possible aerobic oxidation reactions in that lead to the ready Ni-B state and the

unready Ni—A state, as well as all different redox states of active site [NiFe]-hydrogenase.**
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Dioxygen studies by Van der Zwaan et al. shows that oxygen was bound near the [NiFe]
site in both the Ni—A and the Ni-B states.™ It was proven, by the same group, that there was no
direct interaction between nickel and oxygen. In related studies there was some unexpected
conclusions which suggests that the bridging ligand, in the Ni—A state, could possibility be either
dioxygen or water.'*#* Investigation of the different redox states of [NiFe]-hydrogenase present
a series of complex schemes of the inactive and active forms of the [NiFe] core, which are
illustrated in Figure 1-6 and Figure 1-7.

There are possible reaction fragments, i.e. HOO", SO, OH", H", O; and S, have been
labeled in these multi—step states. However, not all of these states have been fully characterized.
Electron paramagnetic resonance, EPR, have been used to probe the redox states of the dinuclear
active site. It was determined that the square planar Ni", which is EPR silent (S = 0), is being
oxidized or reduced to Ni"' or Ni', which are both EPR active (S = ). Upon further investigation
it was determined that the nickel, Ni", was the inactive form of the enzyme and was oxidized to

Ni"" for the active form of the enzyme (Figure 1-6).



Based on spectroscopic data, there have been some detailed mechanisms for the hydrogen
activation involving hydrides, H-, for both the nickel and iron centers. To date, it has been
generally accepted by researchers that the redox states of the active site, which correspond to the
catalytic activity, have been determined to be Ni-R, Ni-C and Ni-SI.'” This threestep
mechanism, which involves these redox states, has been supported by Kinetic data using
spectroscopic redox titrations.?? 2* These studies showed a shift in the vibrational frequencies,
using FTIR of the Ni-SI; and Ni-Sl;, which suggests that there are different levels of
protonation of the terminal cysteines bound to the nickel atom. This would, also, be consistent
with the broad pH range to which the [NiFe]-hydrogenase are in the active form.”> However, it
has been accepted that the Ni—-C form is the key intermediate of the catalytic cycle. This key
intermediate was proven by experimental and theoretical results showing that the Ni—C form has
the presence of a bridging hydride.?*! It was previously mentioned that EPR studies show that
the nickel center was responsible for the catalytic activity; this was later supported by the crystal
structures, which indicated that the gas channel of the enzyme end at the nickel center in 2002,
this work was done by Ogata et al.*®
Volbeda et al.*

and later supported by developing research in 2005 by

Experimental techniques were not the only route researchers have chosen. Some
researchers have used computational methods to solve how this catalytic activity works, however
there has been some controversy between the experimental results and the computational.
Computational studies of these intermediates and transition states of this catalytic activity have
pointed to the iron center as the primary binding site for dihydrogen. In 2002, Leger et al.
calculated that the energy barrier, for the heterolytic cleavage, was similar to the electrochemical
data.*® In 2004, Siegbahn showed through DFT (density functional theory) studies that the
bridging cysteines might act as a base during the catalytic cycle.?® In 2006, Pardo et al. used the
computational studies that other researchers have reported and formulated a proposed
mechanism of the catalytic activity for the dihydrogen oxidation and production by the [NiFe]-
hydrogenase (Figure 1-8). However, this proposed mechanism favors the iron center as the
primary binding site for dihydrogen.?’

The catalytic cycle has been separated into two components: (1) the outer cycle, which
represents the dihydrogen oxidation and (2) the inner cycle, which represents the dihydrogen

production or reduction. The Ni-Sl; form, the first step of this process of the outer cycle, starts
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with the binding of the dihydrogen to the iron center. There has been some debate, from the DFT
calculations, whether the kinetic barrier for the heterolytic cleavage would have been lowered if
the nickel center were in the 3+ oxidation state or not. Those researchers who believe that the
nickel is not in the 3+ oxidation state have concluded that both transition metals, Ni and Fe, are
in the 2+ oxidation states.” Some researchers have concluded that the amino acid residues,
which surround the active site, do not interfere with the binding of the dihydrogen binding to the
iron center.® As a result, the Ni—C state is formed after the transfer of one proton during the
heterolytic cleavage. The Ni-C state then forms a transient intermediate, which has been
concluded to be similar to Ni—L state, and quickly oxidizes back to the Ni-Sl,; state.

The starting point of the inner cycle is the Ni—Sl;, form, which, in a one—electron/one—
proton step, forms a stable intermediate called Ni-C. A possible transient intermediate, Ni'-Fe'"
might occur within the first step; however, this process haS not been detected by spectroscopy.
This transient intermediate has been concluded to be similar to the Ni—L species, which has been
detected by photodissociation at low temperatures.® > The existence of this transient
intermediate was discovered when the H,/D, exchange activity of the [NiFe]-hydrogenase was
observed. The Ni-C intermediate, in a second one—electron/one—proton step, forms the Ni-R
state. This transition was proven using infrared spectroscopy where the CO/CN stretching
frequencies have shifted when reducing Ni—C to Ni-R, which suggested that the Ni—R state
contains the bridging hydride.®®**! To date, there have been no further experimental
developments of the hydrogen species bound to the Ni-R state; however, DFT calculation has
proposed the structure of the Ni-R state (Figure 1-8). The final step of the inner cycle is the
formation of the dihydrogen ligand on the iron center and the release of the dihydrogen gas that

passes through a gas transport channel and the formation of the Ni—SlI,; state.
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1.3.2 Models of [NiFe]-Hydrogenases

In the past, modeling studies of [NiFe]-hydrogenase has been divided into four
categories: (1) the synthesis and characterization of the nickel complexes containing sulfur
ligands, (2) the synthesis and characterization of iron complexes that contain cyanide and
carbonyl ligands, (3) the development of hetero—dinuclear complexes, which primarily focuses
on the x—ray structure, (4) the catalytic activity of the modeled structures using dihydrogen.

There has been extensive research on nickel complexes, containing sulfur ligands, that
predates the discovery of the structure on the active site of [NiFe]-hydrogenase. These
complexes contained a wide variety of ligands from mixed S/N/O molecules to thioether.*
Initially, this research was performed to investigate tetrahedral Ni' complexes that can be

"' using monodentate ligands. To date there are only eight Ni"

reversibly oxidized to Ni
complexes that can do this reversible oxidization (Figure 1-9),*® which is similar to what is
found in the active site. Square planar Ni" complexes were synthesized and characterized, by X—
ray crystallography, using bidentate and porphyrin-type ligands, i.e. 1,2—ethanedithiol (edt),
norboranedithiol (ndt), chlorin, oxo—phlroin etc. (Figure 1-10). It is worth noting that some of
these Ni' complexes show similar electrochemical to that found in the nickel center of the

enzyme.*®

13



R R

/S
S//,,, Ni”‘\s
s s
/ \

R

R
R = %
CHs
(©) cl
(d)

(b)
e O

N+
CHs |
CHs
Cl ©)) (h)
(e)
NO»
(f)

Figure 1-9. Nickel complexes reversible redox Ni' to Ni''"' (a) — (g) [Ni"'(SR)4]*” complexes;
(h) [Ni"(SR)4]** complex.

)

N//II'N'” \N>
|
N Y

CS///,’ N“\\S>
|
s” g \

U OH
S S S E
pdt ndt i

chlorin oxo-phlroin
Figure 1-10. Nickel complexes containing bidentate and tetradentate ligands.

(left) Sulfur bidentate ligands; (right) Porphyrin-type ligands.

14



The synthesis of iron—cyanide and iron—carbonyl complexes has been investigated for
nearly three hundred years and one hundred years, respectively. This predates the discovery of
the [NiFe]-hydrogenase by over 250 years. The oldest iron—cyanide/carbonyl complex,
[Fe'(CN)s(CO)]*, was discovered and reported in 1887 by Mullar et. al.*” Approximately thirty
years later, researchers found that [Fe"(CN)s(CO)]* could be synthesized by a ligand
displacement reaction using [Fe"(CN)s(NH3)]*~ under CO atmosphere.®* In 1959, Cotton et al.
discovered, under extreme temperature and high CO pressure, the same iron complex can be
synthesized.*® However, due to the extreme measures needed to synthesize complexes like
[Fe''(CN)s(CO)J* this hindered scientists from pursuing further investigation in the field. In
2001, Jiang et al. synthesized two geometric isomers of [Fe'(CN)4(CO),]*" (Figure 1-11) under
mild reaction conditions.** This research opened a new era of [Fe(CN)x(CO),] complexes to be
synthesized and characterized in order to study the second component of the [NiFe]—

hydrogenase.*?

Figure 1-11. X-ray structure of trans and cis [Fe''(CN)4(CO),]*.

In 1996, Lai et al. reported the first structurally characterized thiolate-bridged Ni—Fe
carbonyl complex*® (Figure 1-12a); however the Fe was bridged by one of the thiolate. It was
shown that the Ni—Fe bond distance was 3.76 A, which was longer than the reported bond
distance in the enzyme (2.6 to 2.9 A). Osterloh et. al., in 1997, reported the first Ni—Fe dimer
where the complex was bridged by two thiolates (Figure 1-12b).** It was reported that the Ni—Fe
bond distance was 2.8 A, which shows the advantage of a di—bridged system with a difference of
approximately 1 A. This was the first Ni-Fe dimer where both transition metals have similar

geometries, i.e. square planar. The first structurally reported Ni—Fe dimer, containing (1) two
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bridging thiolate and (2) Fe—CO ligation, was reported by Davies et. al. in 1999 (Figure I-
12¢).** This structure contained a tetradentate N/S ligand; however, the Ni—Fe bond distance
was measured to be 3.5 A. This elongated bond distance was due to the ethane bridge between
the thiolate and the amine, which adds more flexibility to the tetradentate ligand. This structure
showed the Fe'" center to have a distorted octahedral geometry while the Ni'" had a square
pyramidal arrangement. Researchers moved from nitrogen—based ligands to phosphine—based
due to phosphorous being a soft donor as compared to nitrogen. Sellmann et al., in 2002,
reported a Ni—Fe dimer that has a tridentate thiolate ligand; however, in this case the phosphine
ligands were bound to the iron center as opposed to the nickel (Figure 1-12d).*” The nickel
showed four thiolates bound to it as was found in the enzyme with cysteine ligation. The
structure confirmed that one carbonyl ligand was bound to the iron; however, the Ni—-Fe bond
distance was 3.3 A. In 2005, the first Ni—Fe dimer which contained a phosphine-type ligand,
1,2-bis—(diphenylphosphino)ethane (dppe), where the Ni—Fe bond distance was the shortest at
2.5 A (Figure 1-12¢).”® The structure showed a square pyramidal geometry at the Fe° center
while the Ni" center showed a distorted tetrahedron. During this time, Tatsumi synthesized and
structurally characterized the first Ni—Fe dimer that closely mimics the structure of the enzyme
(Figure 1-12f).* The structure confirmed two carbonyl and cyanide ligands bound to iron and a
bridging bidentate thiolate where the nickel is coordinated to four thiolates. The Fe' showed an
octahedral geometry, where the cyanides are in the trans arrangement while the carbonyls are
cis, and the Ni" showed a square planar geometry. The Ni—Fe bond distance was measured to be
3.05 A which is close to the bond distance reported for the oxidized form of the [NiFe]-
hydrogenase.* #>°°%" Recently, in 2009, Jiang et al. synthesize the first Ni—Fe dimer that closely
mimics the native active site and the structure was found to be neutral, where Tatsumi’s
compound was charged (Figure 1-12g).**® The Ni—Fe bond distance was measured at 2.81 A,
one of the shortest bond distances known. This bond distance, like Tatsumi’s, are similar to the
bond distances found in the native active site of D. gigas and D. fructosovorans.

The complexes, in Figure 1-12(a—f) and similar structures, have not shown to be
effective catalysts as the native active site. Currently, Figure 1-12g, catalytic studies have not
been reported; however, Figure 1-12h showed positive results.® The Fe—Fe and Ni—Feavq bond
distances were measured to be 2.66 A and 2.50 A, respectively. The Fe—Ni—Fe trimer was found

to catalyze the reduction of trifluoroacetic acid to dihydrogen with an activity of six.
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Unfortunately, the compound only remains stable for approximately one hour before

decomposition occurs.
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Figure 1-12. Ni-Fe dimers models of [NiFe]-hydrogenase.

1.4[FeFe]-hydrogenases

1.4.1 Structure and Mechanisms of [FeFe]-Hydrogenases

The [FeFe]-hydrogenase, unlike the [NiFe]-hydrogenase, contains two iron atoms and it
is structurally different with some similarities. This type of hydrogenase is responsible for the
production, or reduction, of dihydrogen.®>® The activity of the [FeFe]-hydrogenase is
approximately ten times greater than the [NiFe]-hydrogenase and binds more strongly to
hydrogen.®
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In early 1999, the crystal structures, the active sites, of two [FeFe]-hydrogenase,
Clostridium pasteurianum (Cpl) and Desulfovibrio desulfricans (DdH), were discovered
conjointly by two independent groups.®®® The X—ray structure, shown in Figure 1-13, contains
two distinct iron atoms where one iron center is coordinated to an iron—sulfur cluster [Fe;S4];
called the H-cluster.’® The active site is buried deeply within the protein. According to
crystallographic data, three iron—sulfur clusters are contained within the enzyme. The clusters are
given names relative to their position from the active site, which are called proximal, medial, and
distal (Figure 1-14).°** The H-cluster is composed on an [FesSs]—cubane core linked by one
cysteinyl residue to a [Fe,S,]-subsite. The cubane is linked to the protein, from the backbone, by
three cysteines. The dinuclear metal center is bridged by a dithiolate ligand with two carbonyls
one bridging carbonyl, one solvent (H,O) and two cyanide ligands, which completes the
coordination sphere. Carbonyl and cyanide ligands are highly unusual for biological systems;
however, since both the [NiFe] and [FeFe]-hydrogenases contain those ligands it allows
scientists to consider that these ligands are essential for this catalytic activity. Another novel
feature is the presence of low spin iron(ll) centers, which are unusual in a non-heme
environment.

One of the major debates is the nature of the dithiolate ligand, marked X in Figure 1-13.
Currently, it remains undecided experimentally as to whether X is CH,, NH or O. The use high—
resolution X-—ray crystallography combined with DFT optimizations of the dithiolate ligand,
which has a 3.5 to 3.9 A protein environment, favors oxygen as the mysterious component.*®
Other researchers have used crystallographic data and shown that the bridging ligand is either 2—

azapropane—1,3—dithiol or propane—1,3—dithiol.®* 3
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Figure 1-13. X-ray structure of [FeFe]-hydrogenase active site.
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Figure 1-14. Desulfovibrio desulfuricans.



The different redox states of the active site were first studied by EPR spectroscopy,
which gave a signal (S= %) in the active form called Hox (Figure 1-15).% The aerobic inactive
site, Hinact, 1S diamagnetic, from which it could form a paramagnetic state, called Hyans, by a one—
electron reduction process (Figure 1-16).° Redox titrations showed that these signals
disappeared upon reduction, potential at —0.400 V vs NHE at pH 8.0, to produce a diamagnetic
species called He (Figure 1-16 and Figure 1-17). According to DFT calculations, the Hipact Or
Hox™" forms are low spin due to the presence of the Fe''-Fe" system. In the Hoy form, the cluster

is paramagnetic and it showed that one of the CO ligands acts a bridge between the dinuclear

centers.
+ CO
Hoxair <= Hirans >Hox =~ Hred Ho-CO
EPR-silent EPR-active EPR-active EPR-silent EPR-active
d123 = 8123 = 123 =
—2.06, -2.10, —2.06,
-1.96, -2.04, —2.00,
-1.89 -2.00 -2.00

Figure 1-15. EPR studies on [FeFe]-hydrogenase.
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Figure 1-16. Electrochemical studies on [FeFe]-hydrogenase (pH 8.0).
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Figure 1-17. Proposed forms of [FeFe]-hydrogenase active site.

Experimentally it was shown that the [Fe,Ss] cluster remains diamagnetic while an
unpaired spin was centered on one of the irons in the dinuclear subsite. Using isotopic **CO
labeling®, magnetic studies®” and DFT calculations® it was shown that the Hox and Hex—CO
forms were Fe''-Fe' systems with the unpaired spin located on the distal iron relative to the
cubane. Mdssbauer studies, along with DFT calculations, revealed that the iron atoms, in the
dinuclear center, were indistinguishable in the Hq form, and concludes that the Fe' Fe' system
was favored.®® " Infrared spectroscopy and electrochemistry were able to detect the transition
between Hinact 10 Hreg at various redox potentials; however, due to high instability, information
beyond this point is non—existent.

As with the [NiFe]-hydrogenase, the [FeFe]-hydrogenase has a narrow range of redox
potentials (Figure 1-16), due to the presence of ligands bound to the transition metals. The
ligand was not chosen by nature accidentally and the properties of these ligands, i.e thiolates are
good = donors, carbonyls are good & acceptors and cyanides are good o donors, are what makes
these enzymes perform their catalytic activity. Scientists have been investigating different
combinations of these ligands in order to discover the hidden power of these enzymes.

DeGioia and co—-workers suggested the proposed catalytic cycle, shown in Figure I-
18.”72 The cycle begins with the inactive, Fe'-Fe" (Ho*"), oxidized form that was isolated from
Desulfovibrio desulfricans. The protonation of the hydroxide ligand, with a one-electron

reduction, leads to a loss of water yielding the catalytically active Fe'-Fe" form (Hoy).
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Figure 1-18. Proposed catalytic cycle for [FeFe]-hydrogenase with unknown bridging
thiolate.

The bridging CO Fe'-Fe' form rearranges itself to produce an “all terminal” CO form.
Dihydrogen gas binds to the proximal iron center resulting in a one—electron oxidation to form
Fe''(H,)—Fe" form. A proton is transferred from the bound dihydrogen to the dithiolate resulting
in a bridging hydride between the two iron centers. The active site undergoes another one—
electron oxidation to reproduce the Fe'-Fe'' form and thereby completing the cycle. Some
researchers believe that the proton transfers to the nitrogen atom on the bridging 2—azapropane—
1,3-dithiol (Figure 1-19).*® Regardless of which mechanism is correct both have one component
in common, that the binding of the dihydrogen in the Hoy (Fe'-Fe') form is the key to the

catalytic cycle. This theory was proven experimentally in 2006 by Albracht and co—workers.”
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Figure 1-19. Proposed catalytic cycle for [FeFe]-hydrogenase with 2—azapropane-1,3—

dithiolate.

1.4.2 Models of [FeFe]-hydrogenase

The two key components when trying to model the [FeFe]-hydrogenase are (1) focusing
on the bridging thiolate and (2) the carbonyl and cyanide ligation. Synthesis and characterization
of diiron carbonyl compounds has been known for almost ninety years; however, synthetic
methods and techniques have greatly developed within the last thirty years.

In 1999, Lyon et al. were the first to report a diiron compound with a Fe—Fe bond
distance, 2.510 A, that is similar to that reported for the enzyme active site’* and they were the

first to report the preparation of the dianionic dicyanide complex (Figure 1-20).

23



o} SaucS 0 N Sa S
c =z C 2CN C N NE
NS 2L NN
oo 4 \N"co oo 4 \N"co
C C C
o] o 0 N

Figure 1-20. Structural models of [FeFe]-hydrogenase: (left) [Fe'>(pdt)(CO)e], (right)
[Fe'2(pdt)(CN)2(CO)a]*

Rauchfuss and Pickett, along with their coworkers, independently utilized ligand
substitution using [Fe',(pdt)(CO)e] as the starting material.”"” Darensbourg and coworkers were
the first to report the synthesis of [Fe's(pdt)(CN)»(CO)4]*"; however, Rauchfuss and coworkers
were the first to identify its X—ray structure.”” The [Fe'>(pdt)(CN)»(CO)s]> complex resembles
the active site and generates dihydrogen when reacted with acid. The product of this reaction was
described as an insoluble polymeric series with an unknown structure. Darensbourg and
coworkers reported the same protonation affording a transient bridging hydride, which was
characterized spectroscopically; however, the complex could not be isolated.” "

Rauchfuss and coworkers synthesized and characterized a monoanionic Fe'-Fe' complex
with one CN™ and one phosphine. This diiron complex reacted with acid to form a stable
dinuclear species containing a bridging hydride (Figure 1-21).”" The catalysis of the proton
reduction was shown using electrochemical studies in the presence of solutions at various acid

concentrations.

™ ‘ ™

PMe3(CO):Fe——Fe(CO),CN ———= PMe4(CO),Fe=---:Fe(CO),CN

+2e
-H, H*

Figure 1-21. A mono—phosphine diiron complex to model [FeFe]-hydrogenase.
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In 2003, Heineky and coworkers reported using isonitrile ligands (C=N-R) rather than
cyanide to synthesize neutral species, which tested positive for the production of dihydrogen
(Figure 1-22). Darensbourg showed, using the isonitrile species with the bridging hydride, that it
undergoes an isotope exchange with D, upon photolysis.”® This was quite an achievement

because very few models actually react with hydrogen.

N TS /N S.S
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Figure 1-22. Modeling [FeFe]-hydrogenase using isonitriles.

Darensbourg et al.have reported the synthesis and characterization of a bis—phosphine
Fe'-Fe' complex that upon protonation gave a stable bridging hydride species (Figure 1-23).”
This complex showed isotopic exchange with D, upon photolysis. There have been conflicting
reports on the reduction of [Fe',(pdt)(CO)s], shown in Figure 1-20. Based on electrochemical
studies it was shown that the diiron complex underwent a reversible two—electron reduction in
DMF in the presence of a CO atmosphere. In 2003, Darensbourg and coworkers, using cyclic
voltammetry and bulk electrolysis, showed a consistent one—electron reduction in CO-saturated
CH3CN. A further one—electron reduction to the dianionic complex occurs; however, only at

extremely high reducing potentials.®

™ .

+ o
PMe(CO).Fe

O
o

3 H R -
Fe(CO),PMe; ————=  PMe;(CO),Fet--->Fe(CO),PMe;

Figure 1-23. A bis—phosphine diiron complex to model [FeFe]-hydrogenase.
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In 2004, Pickett and coworkers demonstrated that dihydrogen evolved from protic media
using [Fe',(pdt)(CO)e] under reducing conditions.®* They also reported a detailed study on a one—
electron reduction product, which proposed a disproportionation/ligand redistribution reduction
that affords a dimeric species containing four iron atoms (Figure 1-24). The structure shown was

proposed based on spectroscopic data, since the complex could not be isolated.
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Figure 1-24. Dimeric species containing four Fe atoms to model [FeFe]-hydrogenase.

A Fe,S3 system, using a tridentate thioether ligand, has shown promise since it mimics
the active site.%? This new ligand system, interestingly, showed a transient bridging CO species
upon reaction with cyanide. This observation was important since the existence of a bridging CO
was only been demonstrated using infrared spectroscopy on the different redox states of the

enzyme (Figure 1-24).
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Figure 1-24. Modeling [FeFe]-hydrogenase using tridentate thiother.

It was previously stated that there has been debate on whether the bridgehead of the
dithiolate in the enzyme is CH,, NH or O. Crystallographic studies have pointed toward NH®®
while DFT calculations pointed toward O.%* In 2001, Rauchfuss and coworkers developed model
complexes using 2-azapropane-1,3—dithiol which surprisingly can be synthesize by a

condensation reaction using formaldehyde with a primary amine and a dimeric iron sulfide

(Figure 1-25).%°

LiQFGQSQ(CO)G

LigFGZSQ(CO)e
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RNH, (CO)sFe™——Fe(CO)s  (CN)(CO),Fe—Fe(CO),CN
CH,0

Figure 1-25. Synthesis of diiron complex using 2—azapropane—1,3—dithiolate.
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In 2005, Picket and coworkers synthesized the first complete structural model of the
[FeFe] active site (Figure 1-26).%2 Mossbauer studies revealed that the complex showed similar
results to those reported for the reduced form of the [FeFe]-hydrogenase found in Clostridia
pasteurianum. This complex, shown in Figure 1-26, has shown to be so extremely efficient at
proton reduction that it promoted other researchers to design similar models and study their

catalytic activity.®

Figure 1-26. First complete structural model of [FeFe]-hydrogenase.

1.5 [Fe]-hydrogenases

1.5.1 Structure and Mechanisms of [Fe]-Hydrogenases

In the past, this type of hydrogenase was referred to as H,—forming methylene—
tetrahydromethanopterin dehydrogenase (Hmd) or as an “iron—sulfur cluster” free hydrogenase.
Hmd was first discovered in 1990 by Thauer and coworkers.®” It was found to be
phylogenetically unrelated to the [NiFe] and [FeFe]-hydrogenases; Hmd is a homodimer,
composed of two identical subunits that contains two iron atoms per homodimer. Purity of this
enzyme proved to be difficult due to thermal and photo instability.2® The most stable form of the
Hmd enzyme is from Methanothermobacter marburgensis; however, sequence homologies
suggested that all Hmd enzymes are similar. Thauer and coworkers discovered that Hmd plays a
key role in CO, reduction to methane.®® Hmd is not the same as [NiFe] and [FeFe]-hydrogenases
as it does not catalyze the reduction of dihydrogen, but rather facilitates the stereoselective

transfer of a hydride from H, (Figure 1-27).%*
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Figure 1-27. Stereoselective transfer of a hydride by Hmd.

The Hmd was thought to be “metal-free” until 2004 where Thauer and coworkers
discovered the enzyme contains one iron atom.®**° Spectroscopic studies suggested that the
active site contained two cis—CO, one thiolate and two N/O ligands. Studies showed that treating
the Hmd with CO lead to a tricarbonyl complex, which suggested that the CO replaced a weakly
bound solvent molecule. Mdssbauer studies suggested that the active site was diamagnetic under
a wide range of conditions, which suggested the iron was Fe'.**

In 2008, Thauer and coworkers solved the crystal structure of the Hmd active site, which
confirmed the presence of iron atom bound to two cis—CO ligands. Studies suggested that the
previously unknown ligand may in fact be an acyl moiety derived from the pendant acid group

on the pyridine ring (Figure 1-28).%2%

\ 'N
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Figure 1-28. X—ray and skeletal structure of the Hmd active site.
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1.5.2 Models of [Fe]-hydrogenase

Since the crystal structure was reported in 2008, several functional models have been
reported. Pickett and coworkers, prior to the publication of the Hmd crystal structure,
synthesized and characterization an iron complex that exhibited IR spectra similar to that of the

enzyme active site (Figure 1-29).%

Figure 1-29. Structure of Fe''-complex to model Hmd active site.

1.6 Conclusions/Goals

Hydrogenase active sites have been investigated for the past thirty years. Chemical,
computational and spectroscopic (i.e. IR, EPR, X-ray crystallography and DFT) studies have
illustrated that these active sites contain transition, nickel and/or iron. Researchers have
synthesized and characterized several models of the specific active sites. However, only a few of

these models have similar catalytic activity found in the enzymes.

The primary goal of this research is synthesize and characterized models of the [NiFe]
and [FeFe]-hydrogenases. There are various pathways to achieve this goal. First, synthesis and
structural characterization of dimeric complexes using individual components, i.e.
[Fe(CN)x(CO),] and Ni(SR)s. Second, synthesis and characterization of the individual
components as previously stated. Cyanide and carbon monoxide are poisonous by nature;
however, these ligands are found in the enzyme active sites, which researchers are investigating,

the same can be said for the Ni(SR); component. Another approach was synthesizing
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polydentate—thiolate ligands and using them with various transition metals to model the active

sites of hydrogenase and other transition metal—sulfur containing enzymes, e,g. nitrogenase.

Research has expanded to ruthenium and osmium in place of iron for two reasons: (1)
same group as iron, i.e. similar chemical properties and (2) less susceptible to oxidation. The
goals are to synthesized and characterized ruthenium and osmium analogs of the existing iron

complexes and compare their chemical and physical properties.

1.7 Experimental Techniques

All chapters in this dissertation follow these general procedures and use these instruments
unless otherwise stated.
1.7.1 General Methods

Syntheses of ligands and metal complexes were carried out under dinitrogen atmosphere
using conventional Schlenk techniques unless otherwise specified. Transfer of air sensitive
materials was carried out under a dinitrogen atmosphere by either cannulation (solutions) or in
the Dry—Box (solids). All chemicals used are either commercially available or were synthesized
according to the literature procedure. All solvents were distilled prior to use. Cyclohexane,
hexane, diethyl ether, toluene, benzene and tetrahydrofuran (THF) were distilled using
Na/benzophenone. Methanol, 2—propanol and ethanol were distilled using Mg/l,. Acetonitrile
and tetramethylethylenediamine (TMEDA) were distilled using calcium hydride (CaH,).
Dichloromethane and chloroform were distilled using diphosphorus pentoxide (P2Os). Solvents
were stored in a dinitrogen gas filled flask. Dinitrogen gas was purged through these solvents
before use. Tetrabutylammonium tetrafluoroborate (TBABF,) was recrystallized using ethyl
acetate and pentane. All other solvents were used as purchased unless otherwise specified.

1.8 Instrumentation

1.8.1 Electrochemistry
Cyclic voltammetry (CV) studies were recorded on a BAS-100W electrochemical

analyzer with a platinum working electrode, a platinum wire auxiliary electrode, and a Ag/AgCl
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reference electrode. Samples (ca. 1.0 mM) were measured in the specified solvent with tetra—n—
butylammonium tetrafluoroborate (0.1 M), TBABF,, as the supporting electrolyte. The samples
were measured in a 2 mL micro—electrochemical cell.

1.8.2 Electronic Spectroscopy (UV-Vis)

UV-Vis spectra were measured using an HP 8453 UV-Visible Spectrophotometer. A
tungsten lamp was used for the visible region and a deuterium lamp was used for the ultraviolet
region. All samples were scanned using two quartz cells of different path lengths, 0.1 mm and
1.0 mm. Samples (ca. 1.0 mM) were measured in the specified solvent under dinitrogen
atmosphere.

1.8.3 H-NMR, *C-NMR and *'P-NMR Spectroscopy

'H-NMR, “C-NMR and *P-NMR spectra were recorded using a Varian-300
spectrometer operating at 300 MHz and a Varian—400 spectrometer operating at 400 MHz. All
chemicals shifts were referenced using tetramethylsilane (TMS), at 0.00 parts per million (ppm),
for 'H-NMR. All chemicals shifts were referenced to the reported deuterated solvents for **C—
NMR. All chemical shifts were referenced using an external standard of 85% H3PO,4 (0.0 ppm)
for *P-NMR.

1.8.4 Infrared Spectroscopy

The infrared spectra were recorded using a Thermo Fisher Scientific Nicolet iS10. The
spectra were analyzed using Omnic IR software, version 8.0.342. Solid samples were prepared
using a potassium bromide (KBr) pellet. Solution samples were injected into a solution CaF; IR
cell with a typical path length of 1 mm.

1.8.,5 X-ray Structure Determinations

Cell parameters and data collection summaries for the complexes are given throughout
the chapters. X-ray data of these complexes were collected on an Oxford single crystal X-ray
diffractometer operating at 50 kV and 40 mA using Mo Ko (A =0.71073 A) radiation. The X-ray
diffractometer was operated using CrysAlisPro, version 171.33.66. All samples were collected at
100 K. The structure refinement was done with SHELXL-97 (Sheldrick). All of the crystal
structures were solved by direct methods using WinGX, version 1.80.05. Anisotropic refinement
for all non-hydrogen atoms was done by a full-matrix least squares method. X-ray structure
figures were created using ChemRay, x-ray imaging software developed by Dr. Joseph W.

Lauher at Stony Brook University.
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CHAPTER 2. Synthesis of Phosphine—Thiolate, Amine-Thiolate, and Amine-

Selenate Ligands

2.1 Introduction

Systematic studies of coordination compounds using phenylene—bridged phosphinothiols
suffered due to the lack of a general preparative route of the ligands. In 1989, an efficient method
was developed for the ortho—lithiation of lithium thiophenolate. Block et al. reported a series
of substituted phosphanylarylthiols that were prepared using the reaction of lithium 2—
lithiobenzenethiolate with organochlorophosphines.* Since this discovery, research groups have
been developing new substituted phosphanylarylthiols by using substituted benzenethiol as
starting materials (e.g. 4-methylbenzenethiol). A number of coordination compounds have been
explored over the recent years.

However, until recently, most studies have focused on the bidentate ligand (HPSLI,
illustrated in Figure 11-1).° Tridentate (H,PS2) and tetradentate (HsPS3) ligands, illustrated in
Figure 11-1, have shown to have a wide interest among scientists in the recent years.

There are several reasons for choosing a ligand such as [PS2] or [PS3] etc. First, sulfur is
an excellent donor atom for a wide range of metals and, due to the low ionization energy of
sulfur including the lone pairs of electrons, offers the possibility of rich sulfur—based chemistry
for these complexes.® The main function of these ligands is to model the hydrogenase active site
since the enzyme contains a rich source of sulfur which is bound to the metal active site,
discussed in Chapter 1. This modeling have been extended to the second row and third row
transition metals, discussed in Chapter 3, due to previous studies of promising catalytic
properties. The steric hindrance provided by the aryl ring can prevent polymerization.

The sulfur atoms play an important role in the functionality of the ligand; however, the
phosphorous plays an equal role in this system. Phosphorous, also, is an electron rich ligand
donor atom for a wide range of metals. Despite the fact that phosphorous is not native to the
enzyme systems, the additional electron donor capacity of the atom provides an extra

stabilization of the metal center toward redox activity.
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The chelate effect of these ligands offers greater stability than monodentate thiolate

ligands. The advantages that these polydentate ligands have are stereochemistry, stoichiometry
and control over the coordination number.’

G @% @%

HPS1 H,PS2 H4PS3
Figure 11-1. The family of [PS] ligands.

The purpose of designing the NS2 or NS3 ligands, shown in Figure 11-2, is to obtain
ligands that can mimic the H cluster of the [FeFe] hydrogenase. The framework of the [NS(e)]
ligand is similar to the [PS] ligand but with two major differences. The first major difference is
the replacement of the phosphorous atom with a nitrogen atom. This change is important due to
the fact that nitrogen is native to the [FeFe] hydrogenase enzyme. The second difference is the
addition of the methylene groups, —CH,—, which adds to the flexibility of the [NS(e)] ligands
versus the [PS] ligands.

A

Li,NS2 Li,NS2' Li3NS3
Figure 11-2. The family of [NS] ligands.

In the past, whether in the reported literature procedure or by previous students in the

Koch or Millar groups, the synthesis of the [PS] and [NS(e)] ligands has not been described
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thoroughly. In this chapter, the total synthesis will be discussed; the critical steps of each
procedure have been investigated and have been carefully tested. Optimization of these multistep

reactions has, also, been performed by using various solvents for recrystallization.

2.2 Experimental

All [PS] ligands were prepared by a modified literature procedure.*
Synthesis of H,PS2 (bis-[2-thiophenyl]phenylphosphine)

In a 500 mL Schlenk flask, a solution of TMEDA (45.0 mL, 0.299 moles) and 2.5 M n—
butyllithium (120 mL, 0.299 moles) in 200 mL of freshly distilled cyclohexane were prepared at
0 °C (ice bath). A solution of thiophenol (15 g, 0.136 moles) in 100 mL cyclohexane was added
dropwise to the TMEDA/n-butyllithium solution. The mixture was allowed to slowly warm to
room temperature; a precipitate (white creamy slurry) was observed. After stirring overnight, the
white solid was filtered, under nitrogen, via closed frit. The solid was washed with
approximately 100 mL of distilled cyclohexane and dried under vacuum. The white solid was
brought into the Dry-Box, weighed and transferred to a separate 500 mL Schlenk flask. Yield:
~31 g, 96% yield. The white solid was dissolved in freshly distilled THF (250 mL) and cooled to
—78 °C using a dry ice/acetone bath. A solution of dichlorophenylphosphine (8.8 mL, 0.065
moles) in 50 mL of freshly distilled THF was added dropwise to the THF slurry. The mixture
was allowed to slowly warm to room temperature and stirred overnight. The clear orange
solution was cooled to 0 °C (ice bath) and brought to pH ~ 5 using 10% H,SO, (aq). After
acidification, the flask was opened to air. The mixture was separated using a separatory funnel.
The aqueous layer was washed with diethyl ether (2 x 100 mL). The THF layer and diethyl ether
layers were combined and washed with 200 mL saturated aqueous solution of NaCl. The solution
was separated and the organic layer was dried using Na,SO,4 and left to stir for ~2 hours, filtered
and the solvent was removed by rotary evaporator to give thick green oil. The oil was further
dried under vacuum to give a green residue which was recrystallized in methanol (~50 mL). The
solution was left to stir for several hours, filtered, and dried. A pure white solid was obtained
(16.1 g, 76% yield). *H-NMR, *'P-NMR and *C-NMR are shown in Figure 11-9, Figure 11-10

and Figure 11-11 respectively. Crystal structure is shown in Figure 11-40.
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'H-NMR (400 MHz, CDCls) [ppm]: 7.41-7.35 (m, J = 7.38, 5H, aromatic), 7.32—7.26 (td, J =
7.29, 2H, aromatic), 7.25-7.20 (td, J = 7.23, 2H, aromatic), 7.11-7.05 (td, J = 7.08, 2H,
aromatic), 6.82-6.77 (ddd, J = 6.79, 2H, aromatic), 4.08 (s, 2H, —SH).

3C-NMR (100 MHz, CDCls) [ppm]: 138.4, 138.1, 134.6, 134.5, 134.5, 134.3, 134.1, 133.9,
133.8, 130.8, 130.8, 129.8, 129.6, 129.1, 129.1, 126.3 (aromatic).

$'P_NMR (162 MHz, CDClI3) [ppm]: —17.85 (s).

Unit cell: Monoclinic, P2¢/n, a =7.6555(2) A, b=8.0505(2) A, ¢ =26.6533(6) A, a. =y =90° B
=97.476(2)°, V = 1628.70(7) A3,

A colorless crystal measuring 0.45 x 0.35 x 0.25 mm?® was mounted using a nylon loop
and centered on the X-ray beam at 100 K. Crystals were grown from a concentrated diethyl ether
solution at —20°C. The accurate unit cell was obtained using reflection with 20 = 3.31 — 29.70% a
=7.6555(2) A, b =18.0505(2) A, ¢ =26.6533(6) A, a =y =90° B =97.476(2)°, V = 1628.70(7)
A3, The structure was solved under a primitive monoclinic crystal system (space group P2:/n)
using 4238 reflections. The asymmetric unit consists of one molecule of the H,PS2. The data
reduction was done using CryAlisPro and the structure refinement was done with SHELXL-97
(Sheldrick). All the non—hydrogen atoms were located by Direct Methods and were refined
anisotopically by a full-matrix least-squares method. The thiol protons were located using
Fourier difference maps. The positions of the remaining hydrogen atoms were calculated. The
crystallographic parameters and atomic coordinates for this compound are located in Table A-1.
Synthesis of H,PS2" (bis—[5-methyl-2—thiophenyl]phenylphosphine)

In a 500 mL Schlenk flask, a solution of TMEDA (40.0 mL, 0.266 moles) and 2.5 M n—
butyllithium (106 mL, 0.266 moles) in 200 mL of freshly distilled cyclohexane were prepared at
0 °C (ice bath). A solution of p—methylthiophenol (15 g, 0.121 moles) in 100 mL cyclohexane
was added dropwise to the TMEDA/n-butyllithium solution. The mixture was allowed to slowly
warm to room temperature; a precipitate (white creamy slurry) was observed. After stirring
overnight, the white solid was filtered, under nitrogen, via closed frit. The solid was washed with
approximately 100 mL of distilled cyclohexane and dried under vacuum. The white solid was
brought into the Dry—-Box, weighed and transferred to a separate 500 mL Schlenk flask. Yield:
~28 g, 97% yield. The white solid was dissolved in freshly distilled THF (250 mL) and cooled to
—78 °C using a dry ice/acetone bath. A solution of dichlorophenylphosphine (8.0 mL, 0.059
moles) in 50 mL of freshly distilled THF was added dropwise to the THF slurry. The mixture
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was allowed to slowly warm to room temperature and stirred overnight. The clear orange
solution was cooled to 0 °C (ice bath) and brought to pH ~ 5 using 10% H,SO4 (aq). After
acidification, the flask was opened to air. The mixture was separated using a separatory funnel.
The aqueous layer was washed with diethyl ether (2 x 100 mL). The THF layer and diethyl ether
layers were combined and washed with 200 mL saturated aqueous solution of NaCl. The solution
was separated and the organic layer was dried using Na,SO,4 and left to stir for ~2 hours, filtered
and the solvent was removed by rotary evaporator to give thick green oil. The oil was further
dried by vacuum to give a green residue which was recrystallized in methanol (~50 mL). The
solution was left to stir for several hours, filtered, and dried. A pure white solid was obtained
(12.4 g, 60% vyield). Crystals were grown from a concentrated solution of diethyl ether at —20 °C.
'"H-NMR, *P-NMR and **C-NMR are shown in Figure 11-12, Figure 11-13 and Figure 11-14
respectively. Crystal structure is shown in Figure 11-41.

'H-NMR (400 MHz, CDCls) [ppm]: 7.40-7.34 (m, J = 7.38, 3H, aromatic), 7.31-7.26 (m, J =
7.28, 4H, aromatic), 7.07— 7.03 (dd, J = 7.05, 2H, aromatic), 3.94 (s, 2H, —-SH), 2.16 (s, 6H, —
CHsy).

3C-NMR (100 MHz, CDCl;) [ppm]: 136.18, 135.00, 134.94, 134.58, 134.49, 134.32, 134.30,
134.24, 134.02, 131.19, 131.15, 130.72, 129.45, 129.08, 129.00 (aromatic); 21.31, 21.29 (-CHj3).
$'P_NMR (162 MHz, CDCls) [ppm]: —17.16 (5).

Unit cell: Monoclinic, P2;/n, a=9.4007(2) A, b=9.5810(2) A, ¢ =20.0653(5) A, a. =y =90°, B
=98.492(2)°, V = 1787.43(7) A%,

A colorless crystal measuring 0.85 x 0.40 x 0.35 mm® was mounted using a nylon loop
and centered on the X—ray beam at 100K. Crystals were grown from a concentrated diethyl ether
solution at —20°C. The accurate unit cell was obtained using reflection with 20 = 3.49 — 31.40% a
=9.4007(2) A, b =9.5810(2) A, ¢ = 20.0653(5) A, a.=y =90° B =98.492(2)°, V = 1787.43(7)
A3. The structure was solved under a primitive monoclinic crystal system (space group P2:/n)
using 5301 reflections. The asymmetric unit consists of one molecule of the H,PS2'. The data
reduction was done using CryAlisPro and the structure refinement was done with SHELXL-97
(Sheldrick). All the non—hydrogen atoms were located by Direct Methods and were refined
anisotopically by a full-matrix least-squares method. The thiol and methyl protons were located

using Fourier difference maps. The positions of the remaining hydrogen atoms were calculated.
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The crystallographic parameters and atomic coordinates for this compound are located in Table
A-2.
Synthesis of H,POS2 (bis—[2—thiophenyl]oxophenylphosphine)

In a 500 mL Schlenk flask, a solution of TMEDA (30.0 mL, 0.199 moles) and 2.5 M n—
butyllithium (80 mL, 0.199 moles) in 200 mL of freshly distilled cyclohexane were prepared at
0 °C (ice bath). A solution of thiophenol (10 g, 0.136 moles) in 100 mL cyclohexane was added
dropwise to the TMEDA/n—butyllithium solution. The mixture was allowed to slowly warm to
room temperature; a precipitate (white creamy slurry) was observed. After stirring overnight, the
white solid was filtered, under nitrogen, via closed frit. The solid was washed with
approximately 100 mL of distilled cyclohexane and dried under vacuum. The white solid was
brought into the Dry—Box, weighed and transferred to a separate 500 mL Schlenk flask. Yield:
~21 g, 97% yield. The white solid was dissolved in freshly distilled THF (250 mL) and cooled to
—78 °C using a dry ice/acetone bath. A solution of phenylphosphonic dichloride (6.5 mL, 0.044
moles) in 50 mL of freshly distilled THF was added dropwise to the THF slurry. The mixture
was allowed to slowly warm to room temperature and stirred overnight. The clear orange
solution was cooled to 0 °C (ice bath) and brought to pH ~ 5 using 10% H,SO, (aq). After
acidification, the flask was opened to air. The mixture was separated using a separatory funnel.
The aqueous layer was washed with diethyl ether (2 x 100 mL). The THF layer and diethyl ether
layers were combined and washed with 200 mL saturated aqueous solution of NaCl. The solution
was separated and the organic layer was dried using Na,SO,4 and left to stir for ~2 hours, filtered
and the solvent was removed by rotary evaporator to give thick green oil. The oil was further
dried by vacuum to give a green residue which was recrystallized in 2—propanol (~50 mL). The
solution was left to stir for several hours, filtered, and dried. A pure white solid was obtained
(8.9 g, 59% vyield). *H-NMR, *P-NMR and **C-NMR are shown in Figure 11-15, Figure 11-16
and Figure 11-17 respectively.

'H-NMR (400 MHz, CDCls) [ppm]: 7.68-7.58 (m, J = 7.63, 3H, aromatic), 7.55-7.48 (td, J =
7.52, 2H, aromatic), 7.46-7.36 (m, J = 7.42, 4H, aromatic), 7.12-7.05 (id, J = 7.09, 2H,
aromatic), 7.00-6.91 (dd, J = 6.95, 2H, aromatic), 6.21 (s, 2H, —SH).

BC-NMR (100 MHz, CDCl;) [ppm]: 140.37, 140.31, 134.22, 134.09, 132.68, 132.59, 132.49,
132.47, 131.94, 131.85, 129.00, 128.87, 128.16, 127.09, 124.78, 124.66 (aromatic).

$'P_NMR (162 MHz, CDClI3) [ppm]: 40.75 (s).
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Synthesis of H3PS3 (tris—[2-thiophenyl]phosphine)

In a 500 mL Schlenk flask, a solution of TMEDA (45.0 mL, 0.299 moles) and 2.5 M n—
butyllithium (120 mL, 0.299 moles) in 200 mL of freshly distilled cyclohexane were prepared at
0 °C (ice bath). A solution of thiophenol (15 g, 0.136 moles) in 100 mL cyclohexane was added
dropwise to the TMEDA/n-butyllithium solution. The mixture was allowed to slowly warm to
room temperature; a precipitate (white creamy slurry) was observed. After stirring overnight, the
white solid was filtered, under nitrogen, via closed frit. The solid was washed with
approximately 100 mL of distilled cyclohexane and dried under vacuum. The white solid was
brought into the Dry-Box, weighed and transferred to a separate 500 mL Schlenk flask. Yield:
~31 ¢, 96% yield. The white solid was dissolved in freshly distilled THF (250 mL) and cooled to
—78 °C using a dry ice/acetone bath. A solution of phosphorus trichloride (3.4 mL, 0.065 moles)
in 50 mL of freshly distilled THF was added dropwise to the THF slurry. The mixture was
allowed to slowly warm to room temperature and stirred overnight. The clear orange solution
was cooled to 0 °C (ice bath) and brought to a pH ~ 5 using 10% H,SO4 (aq). After acidification,
the flask was opened to air. The mixture was separated using a separatory funnel. The aqueous
layer was washed with diethyl ether (2 x 100 mL). The THF layer and diethyl ether layers were
combined and washed with 200 mL saturated aqueous solution of NaCl. The solution was
separated and the organic layer was dried using Na SO, and left to stir for ~2 hours, filtered and
the solvent was removed by rotary evaporator to give thick green oil. The oil was further dried
by vacuum to give a green residue which was recrystallized in methanol (~50 mL). The solution
was left to stir for several hours, filtered, and dried. A pure white solid was obtained (9.1 g, 65%
yield). *H-NMR, *P-NMR and > C-NMR are shown in Figure 11-18, Figure 11-19 and Figure
11-20 respectively.

'H-NMR (400 MHz, CDCls) [ppm]: 7.42-7.37 (dd, J = 7.40, 3H, aromatic), 7.29-7.24 (td, J =
7.26, 3H, aromatic), 7.13-7.07 (td, J = 7.10, 3H, aromatic), 6.82-6.78 (ddd, J = 6.80, 3H,
aromatic), 4.10-4.09 (d, 4.09, 3H, —SH).

3C-NMR (100 MHz, CDCls) [ppm]: 138.80, 138.48, 134.26, 132.96, 132.92, 131.03, 130.99,
130.12, 126.53 (aromatic).

$'P_NMR (162 MHz, CDCls) [ppm]: —24.39 (5).
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Synthesis of H3PS3' (tris—[5—-methyl-2—-thiophenyl]phosphine)

In a 500 mL Schlenk flask, a solution of TMEDA (40.0 mL, 0.266 moles) and 2.5 M n—
butyllithium (106 mL, 0.266 moles) in 200 mL of freshly distilled cyclohexane were prepared at
0 °C (ice bath). A solution of p—-methylthiophenol (15 g, 0.136 moles) in 100 mL cyclohexane
was added dropwise to the TMEDA/n-butyllithium solution. The mixture was allowed to slowly
warm to room temperature; a precipitate (white creamy slurry) was observed. After stirring
overnight, the white solid was filtered, under nitrogen, via closed frit. The solid was washed with
approximately 100 mL of distilled cyclohexane and dried under vacuum. The white solid was
brought into the Dry-Box, weighed and transferred to a separate 500 mL Schlenk flask. Yield:
~28 ¢, 97% yield. The white solid was dissolved in freshly distilled THF (250 mL) and cooled to
—78 °C using a dry ice/acetone bath. A solution of phosphorous trichloride (3.1 mL, 0.035
moles) in 50 mL of freshly distilled THF was added dropwise to the THF slurry. The mixture
was allowed to slowly warm to room temperature and stirred overnight. The clear orange
solution was cooled to 0 °C (ice bath) and brought to a pH ~ 5 using 10% H,SO4 (aq). After
acidification, the flask was opened to air. The mixture was separated using a separatory funnel.
The aqueous layer was washed with diethyl ether (2 x 100 mL). The THF layer and diethyl ether
layers were combined and washed with 200 mL saturated aqueous solution of NaCl. The solution
was separated and the organic layer was dried using Na,SO,4 and left to stir for ~2 hours, filtered
and the solvent was removed by rotary evaporator to give a thick green oil. The oil was further
dried by vacuum to give a green residue which was recrystallized in methanol (~50 mL). The
solution was left to stir for several hours, filtered, and dried. A pure white solid was obtained
(8.1 g, 57% vield). *H-NMR, *P-NMR and **C-NMR are shown in Figure 11-21, Figure 11-22
and Figure 11-23 respectively.

'H-NMR (400 MHz, CDCIs) [ppm]: 7.34-7.28 (dd, J = 7.30, 3H, aromatic), 7.10-7.05 (dd, J =
7.08, 3H, aromatic), 6.60-6.57 (dd, J = 6.59, 3H, aromatic), 3.97-3.96 (d, 3.97, 3H, -SH), 2.18
(s, 9H, —CHj).

3C-NMR (100 MHz, CDCls) [ppm]: 136.29, 134.66, 134.36, 133.48, 133.44, 131.26, 131.22,
130.95 (aromatic); 21.35, 21.33 (—CHy).

$'P_NMR (162 MHz, CDCls) [ppm]: —23.38 (9).
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Synthesis of NBr2 (bis—[2—bromobenzyl]benzylamine)

Into a 500 mL Schlenk flask with K,CO3; (49.7 g, 360 mmoles) and 2-
bromobenzylbromide (30 g, 120 mmoles), 200 mL of freshly distilled CH3CN was added by
cannula under N,. Benzylamine (6.55 mL, 59.9 mmoles, density: 0.981 g/mL) was added by
syringe. The mixture was stirred under reflux for 8 hours. The reaction was cooled down to room
temperature and the CH3CN was removed by a rotary evaporator and the solid was further dried
by vacuum. The solid was extracted three times with water and diethyl ether (150:100 mL). The
ether fractions were collected in a 500 mL Erlenmeyer flask and dried by adding solid Na,SO4
and stirring for ~1 hour. The solution was filtered and was placed in a preweighed 500 mL flask.
The solvent was removed under vacuum to produce a yellow residue which was recrystallized by
addition of methanol (~50 mL). The solution was left to stir for several hours, filtered, and dried.
A pure white solid was obtained (25.5 g, 95.5%). *H-NMR and **C-NMR are shown in Figure
11-24 and Figure 11-25 respectively.

'H-NMR (400 MHz, CDCls) [ppm]: 7.70-7.66 (dd, J = 7.68, 2H, aromatic), 7.52-7.48 (dd, J =
7.50, 2H, aromatic), 7.42-7.38 (d, J = 7.40, 2H, aromatic), 7.36-7.27 (m, J = 7.30, 5H,
aromatic), 7.10-7.04 (td, J = 7.07, 2H, aromatic), 3.74-3.72 (s, 4H, —CH,(CgH,4)Br), 3.69-3.70
(s, 2H, —CH3(CgHs)).

BC-NMR (100 MHz, CDCl;) [ppm]: 139.15, 138.70, 132.83, 130.50, 128.93, 128.49, 128.46,
127.55, 127.25, 124.51 (aromatic); 58.82 (—CH,(CgHs)) 57.80 (—CH,(CgsH4)BT).

Synthesis of Li,NS2 (litho—(bis[2-thiobenzyl]benzylamine))

In a 500 mL Schlenk flask, NBr2 (25.5 g, 57.2 mmoles) was dissolved in 250 mL of
freshly distilled diethyl ether and the solution was cooled to —78°C (dry ice/acetone); the solution
becomes yellow when dissolved. In a Schlenk graduated cylinder, 2.5 M n—butyllithium (46 mL,
115 mmoles) was measured and added dropwise to the NBr2 solution. Red vapor was seen above
the yellow solution. The reaction was allowed to stir at —78°C for approximately 30 minutes. The
dry ice/acetone bath was removed and the solution was brought to room temperature to speed up
the reaction, which resulted in the solution turning clear orange. The solution was brought back
to —78 °C and sulfur powder (3.67 g, 115 mmoles) was slowly added via addition funnel. The
solution was allowed to stir at —78 °C to room temperature overnight. The off-white precipitate
that formed was filtered, via closed frit, and washed with distilled diethyl ether and dried under

vacuum. This compound is sensitive to air forming disulfide, which is yellow in color. This
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compound was brought into the Dry-Box, weighed, and stored (15.8 g, 76%). "H-NMR and
13C_NMR are shown in Figure 11-30 and Figure 11-31 respectively.

'H-NMR (400 MHz, DMSO-dg) [ppm]: 7.49-7.45 (d, J = 7.47, 2H, aromatic), 7.40-7.35 (d, J
= 7.38, 2H, aromatic), 7.31-7.24 (t, J = 7.28, 2H, aromatic), 7.20-7.13 (t, J = 7.17, 1H,
aromatic), 7.07-7.03 (dd, J = 7.05, 2H, aromatic), 6.56-6.49 (td, J = 6.53, 2H, aromatic), 6.47—
6.41 (td, J = 6.45, 2H, aromatic), 3.61-3.58 (s, 2H, —CH,(CgHs)), 3.58-3.56 (s, 4H, —
CH,(CgHy4)Br).

BC-NMR (100 MHz, DMSO-d¢) [ppm]: 158.04, 141.64, 139.97, 133.92, 127.99, 127.48,
126.03, 124.25, 123.22, 116.06 (aromatic); 58.85 (—CH,(C¢Hs)); 58.72 (—CH,(CeH4)Br).
Synthesis of NBr2' (bis—[2—bromobenzyl]4—-methylbenzylamine)

Into a 500 mL Schlenk flask with K,CO3; (49.7 g, 360 mmoles) and 2-
bromobenzylbromide (30 g, 120 mmoles), 200 mL of freshly distilled CH3CN was added by
cannula under N,. 4-methylbenzylamine (7.64 mL, 60.0 mmoles, density: 0.952 g/mL) was
added by syringe. The mixture was stirred under reflux for 8 hours. The reaction was cooled
down to room temperature and the CH3CN was removed by a rotary evaporator and was further
dried by vacuum. The solid was extracted three times with water and diethyl ether (150:100 mL).
The ether fractions were collected in a 500 mL Erlenmeyer flask and dried by adding solid
Na,SOy,, and stirring for ~1 hour. The solution was filtered and was placed in a preweighed 500
mL flask. The solvent was removed under vacuum to produce a yellow residue which was
recrystallized by addition of methanol (~50 mL). The solution was left to stir for several hours,
filtered, and dried. A pure white solid was collected (21.3 g, 77.4%). Crystals were grown from
layering the yellow residue with methanol and allowed to stand for two weeks. *H-NMR and
3C-NMR are shown in Figure 11-26 and Figure 11-27 respectively. The crystal structure is
shown in Figure 11-43.

'H-NMR (400 MHz, CDCls) [ppm]: 7.70-7.65 (dd, J = 7.68, 2H, aromatic), 7.52-7.47 (dd, J =
7.49, 2H, aromatic), 7.32-7.26 (td, J = 7.29, 4H, aromatic), 7.14-7.10 (d, J = 7.12, 2H,
aromatic), 7.09-7.03 (td, J = 7.07, 2H, aromatic), 3.72 (s, 4H, —CH»(C¢H4)Br), 3.64 (s, 2H, —
CH3(CgH4)CHg), 2.32 (s, 3H, —CH3).

BC-NMR (100 MHz, CDCl;) [ppm]: 138.79, 136.80, 135.98, 132.79, 130.45, 129.18, 128.90,
128.39, 127.53, 124.48 (aromatic); 58.48 (—CHy(CeH4)Br); 57.69 (—CH,(CsH,s)CH3); 21.32,
21.30 (—CHjy).
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Unit cell: Monoclinic, P2;/c, a=7.5884(4) A, b=29.730(2) A, c = 8.8523(4) A, o=y =90°, B =
94.891(5)°, V = 1989.8(2) A°.

A colorless crystal measuring 0.90 x 0.70 x 0.40 mm?® was mounted using a nylon loop
and centered on the X—ray beam at 100K. Crystals were grown from layering methanol to the
reaction flask, which was left undisturbed for one week. The accurate unit cell was obtained
using reflection with 20 = 3.39 — 32.78°% a = 7.5884(4) A, b=29.730(2) A, c = 8.8523(4) A, 0. =
y = 90°% B = 94.891(5)°, V = 1989.8(2) A3. The structure was solved under a primitive
monoclinic crystal system (space group P2i/c) using 6147 reflections. The asymmetric unit
consists of one molecule of the NBr2'. The data reduction was done using CryAlisPro and the
structure refinement was done with SHELXL-97 (Sheldrick). All the non-hydrogen atoms were
located by Direct Methods and were refined anisotopically by a full-matrix least-squares
method. The positions of the hydrogen atoms were calculated. The crystallographic parameters
and atomic coordinates for this compound are located in Table A-3.

Synthesis of LioNS2' (litho—(bis—[2—thiobenzyl]4-methylbenzylamine))

In a 500 mL Schlenk flask, NBr2' (21.3 g, 46.4 mmoles) was dissolved in 250 mL of
freshly distilled diethyl ether and the solution was cooled to —78 °C (dry ice/acetone); the
solution becomes yellow when dissolved. In a Schlenk graduated cylinder, 2.5 M n—butyllithium
(37 mL, 92.8 mmoles) was measured and added dropwise to the NBr2' solution. Red vapor was
seen above the yellow solution. The reaction was allowed to stir at —78 °C for approximately 30
minutes. The dry ice/acetone bath was removed and the solution was brought to room
temperature to speed up the reaction, which resulted in the solution turning clear orange. The
solution was brought back to —78 °C and sulfur powder (2.97 g, 92.8 mmoles) was slowly added
via addition funnel. The solution was allowed to stir at —78°C to room temperature overnight.
The off-white precipitate that formed was filtered, via closed frit, and washed with distilled
diethyl ether and dried by vacuum. This compound is sensitive to air forming disulfide, which is
yellow in color. The product was brought into the Dry-Box, weighed, and stored (12.1 g,
69.0%). 'H-NMR and **C-NMR are shown in Figure 11-32 and Figure 11-33 respectively.
'H-NMR (400 MHz, DMSO-ds) [ppm]: 7.68-7.60 (d, J = 7.64, 2H, aromatic), 7.44-7.40 (m, J
= 7.42, 2H, aromatic), 7.37-7.32 (d, J = 7.34, 2H, aromatic), 7.07-7.03 (d, J = 7.05, 2H,
aromatic), 6.82-6.77 (m, J = 6.80, 4H, aromatic), 4.00 (s, 4H, —CH,(C¢H,4)Br), 3.79 (s, 2H, —
CH3(CgH4)CHg), 2.26 (s, 3H, —CH3).
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BC-NMR (100 MHz, DMSO-dg) [ppm]: 158.03, 140.05, 138.51, 134.93, 133.88, 128.57,
127.52, 124.24, 123.20, 116.04 (aromatic); 64.88 (—CHy(CgH4)CH3); 58.70, 58.59(-
CHy(CgH4)SLi); 20.65 (—CHjs).

Synthesis of NBr3 (tris—[2—bromobenzyllamine)

In a 500 mL beaker, 2-bromobenzylbromide (30 g, 120 mmoles) was dissolved in 200
mL of absolute ethanol. Ammonium hydroxide (6.31 g, 180 mmoles) was added to the ethanol
solution. The mixture was allowed to stir for 24 hours which produced a white powder. The
white solid was filtered, washed with absolute ethanol, and air dried (17.8 g, 94.2%). 'H-NMR
and *C-NMR are shown in Figure 11-28 and Figure 11-29 respectively. The crystal structure is
shown in Figure 11-44.

'H-NMR (400 MHz, CDCls) [ppm]: 7.67-7.61 (dd, J = 7.64, 3H, aromatic), 7.53-7.48 (dd, J =
7.50, 3H, aromatic), 7.30-7.23 (td, J = 7.27, 3H, aromatic), 7.11-7.04 (id, J = 7.08, 3H,
aromatic), 3.80 (s, 6H, —CH,(CgH,)Br).

BC-NMR (100 MHz, CDCls;) [ppm]: 138.37, 132.88, 130.40, 128.54, 127.56, 124.51
(aromatic); 58.28 (—CHy(CgH4)Br).

Unit cell: Triclinic, P-1, a=7.6219(2) A, b =9.0494(3) A, ¢ = 14.5748(4) A, 0. = 79.071(3)°, B
= 81.768(2)°, y = 85.510(3)°, V = 975.52(5) A°.

A colorless crystal measuring 0.65 x 0.50 x 0.30 mm? was mounted using a nylon loop
and centered on the X-ray beam at 100K. Crystals were grown by slow cooling of a hot
concentrated acetonitrile solution. The accurate unit cell was obtained using reflection with 20 =
3.34 — 32.81% a = 7.6219(2) A, b = 9.0494(3) A, ¢ = 14.5748(4) A, o = 79.071(3)°, p =
81.768(2)°, v = 85.510(3)°, V = 975.52(5) A®. The structure was solved under a primitive
monoclinic crystal system (space group P-1) using 6394 reflections. The asymmetric unit
consists of one molecule of the NBr2'. The data reduction was done using CryAlisPro and the
structure refinement was done with SHELXL-97 (Sheldrick). All the non-hydrogen atoms were
located by Direct Methods and were refined anisotopically by a full-matrix least-squares
method. The positions of the hydrogen atoms were calculated. The crystallographic parameters
and atomic coordinates for this compound are located in Table A—4.

Synthesis of Li3NS3 (litho—(tris—[2—thiobenzyl]amine))

In a 500 mL Schlenk flask, NBr3 (15.0 g, 28.6 mmoles) was dissolved in 250 mL of

freshly distilled diethyl ether and the solution was cooled to —78 °C (dry ice/acetone); the
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solution becomes yellow when dissolved. In a Schlenk graduated cylinder, 2.5 M n—butyllithium
(37 mL, 91.4 mmoles) was measured and added dropwise to the NBr3 solution. From the yellow
solution red vapor was seen. The reaction was allowed to stir at —78 °C for approximately 30
minutes. The dry ice/acetone bath was removed and the solution was brought to room
temperature to speed up the reaction, which resulted in the solution turning clear orange. The
solution was brought back to —78 °C and sulfur powder (2.93 g, 91.4 mmoles) was slowly added
via addition funnel. The solution was allowed to stir at —78 °C to room temperature overnight.
The off-white precipitate that formed was filtered, via closed frit, and washed with distilled
diethyl ether and dried by vacuum. This compound is sensitive to air forming
disulfide/polysulfide, which is yellow in color. This compound was brought into the Dry-Box,
weighed, and stored (9.8 g, 85.2%). "H-NMR and **C-NMR are shown in Figure 11-34 and
Figure 11-35 respectively.

'H-NMR (400 MHz, D,0) [ppm]: 7.30-7.20 (ddd, J = 7.26, 6H, aromatic), 6.95-6.87 (td, J =
6.91, 3H, aromatic), 6.83-6.76 (td, J = 6.80, 3H, aromatic), 4.20 (s, 6H, —CH(CgH4)SLI).
BC-NMR (100 MHz, DMSO-ds) [ppm]: 157.66, 141.28, 133.68, 124.34, 122.94, 116.00
(aromatic); 59.95 (—-CHy(CgH4)SLI).

Synthesis of LizNSe3 (litho—(tris—[2—selenobenzyl]amine))

In a 500 mL Schlenk flask, NBr3 (15.0 g, 28.6 mmoles) was dissolved in 250 mL of
freshly distilled diethyl ether and the solution was cooled to —78 °C (dry ice/acetone); the
solution becomes yellow when dissolved. In a Schlenk graduated cylinder, 2.5 M n-butyllithium
(37 mL, 91.4 mmoles) was measured and added dropwise to the NBr3 solution. From the yellow
solution red vapor was seen. The reaction was allowed to stir at —78 °C for approximately 30
minutes. The dry ice/acetone bath was removed and the solution was brought to room
temperature to speed up the reaction, which resulted in the solution turning clear orange. The
solution was brought back to —78 °C and selenium powder (7.21 g, 91.4 mmoles) was slowly
added via addition funnel. The solution was allowed to stir at —78 °C to room temperature
overnight. The off-white precipitate that formed was filtered, via closed frit, and washed with
distilled diethyl ether and dried by vacuum. This compound is sensitive to air forming
diselenide/polyselenide, which is yellow in color. This compound was brought into the Dry—Box,
weighed, and stored (10.9 g, 69.0%). *H-NMR and **C-NMR are shown in Figure 11-36 and
Figure 11-37 respectively.
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'H-NMR (400 MHz, D,0) [ppm]: 7.35-7.17 (dd, J = 7.25, 6H, aromatic), 6.95-6.86 (t, J =
6.92, 3H, aromatic), 6.85-6.75 (t, J = 6.81, 3H, aromatic), 4.25 (s, 6H, —-CH,(CgH,)SeL.i).
BC-NMR (100 MHz, DMSO-ds) [ppm]: 156.98, 141.75, 134.12, 125.10, 123.15, 115.85
(aromatic); 64.91 (—CHy(CgH4)SeLi).

Synthesis of H,S4 (3,7-dithianoane-1,9-dithiol)

This product was synthesized using a literature procedure.® The synthesis is broken into
two parts.

Part 1: Synthesis of 3,7—dithianoane—1,9—diol (H,02S2)

A 500 mL, three—necked, round-bottomed flask is fitted with a reflux condenser which
was attached to a N, inlet, contained a magnetic stir bar and sealed off with septa. The flask was
flushed with N, and absolute ethanol (200 proof) was added. Septum was removed and 5.75
grams (250 mmol) of sodium metal was added to the ethanol solution cautiously. After the
sodium dissolves, the solution was heated to about 50 °C and 13.5 g (125 mmol) of 1,3
propanedithiol was added dropwise via cannula. To the ethanol solution, 20.1 g (250 mmol) of
2—chloroethanol was added dropwise and the mixture was refluxed for four hours. The mixture
was allowed to cool to room temperature and filtered. The solvent was removed on a rotary
evaporator to produce a clear viscous liquid. The product was purified by distillation at low
pressure. Yield: 18.2 g, 73.6%. *H-NMR is shown in Figure 11-38.

'H-NMR (400 MHz, CDCls) [ppm]: 3.66-3.57 (g, J = 3.62, 4H), 3.40-3.34 (t, J = 3.37, 2H),
2.63-2.51 (dt, J = 2.57, 8H), 1.82-1.71 (q, J = 1.77, 2H).
Part 2: Synthesis of 3,7—dithianoane—1,9—dithiol

In a 1000 mL, round-bottomed flask equipped with a reflux condenser and a magnetic
stir bar was placed 18.0 g (90.7 mmol) of 3,7—dithianoane—1,9—diol, 13.8 g (181 mmol) of
thiourea, and 94 mL of concentrated HCI. The mixture was stirred and refluxed for twelve hours.
The resulting solution was cooled to 0 °C using an ice bath. Potassium hydroxide 34.1 g (608
mmol) was dissolved in 400 mL of distilled water and added to the mixture cautiously. The
resulting mixture was refluxed for three hours. The solution was cooled to room temperature and
was acidified with dilute HCI. The solution was extracted with 300 mL of diethyl ether and dried
over anhydrous magnesium sulfate. The solution was filtered and the solvent was removed using
a rotary evaporator producing a clear off—yellow liquid. The product was purified by distillation
at low pressure. Yield: 11.7 g, 55.9%. *H-NMR is shown in Figure 11-39.
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'H-NMR (400 MHz, CDClIs) [ppm]: 2.70-2.65 (m, J = 2.67, 8H), 2.61-2.54 (t, J = 2.58, 4H),
1.85-1.74 (p, J = 1.79, 2H), 1.72-1.66 (m, J = 1.70, 2H)

2.3 Results and Discussion

2.3.1 Synthesis of [PS] Ligands
Step 1: Ortholithiation of Substituted Benzenethiol Derivatives

The following explanation can be used for any of the substituted benzenethiol
derivatives. Cyclohexane, TMEDA and THF were freshly distilled prior to any synthetic
workup. Working under a dinitrogen atmosphere and in the absence of light; the substituted
benzenethiol was dissolved in freshly distilled cyclohexane and cooled to 0 °C (ice water bath).
In the case of 4-methylbenzenethiol, the thiol becomes insoluble when cooled to 0 °C; hence the
solution was cooled to approximately 15 °C for the thiol compound to remain in solution.
Approximately 2.2 molar equivalents of TMEDA and of 2.5 M n-BuLi were added and cooled
to 0 °C. The substituted benzenethiol solution was added dropwise to the TMEDA/n-BulLi
solution. The mixture was stirred overnight and a yellow—white precipitate was observed. The
dilithiated substituted benzenethiolate salt, which is pyrophoric, was filtered under a dinitrogen
atmosphere. Exposure of the dilithiated substituted benzenethiolate salt to air will result in an
exothermic reaction which results in the solid changing from off—-white to black. The resulting
off-white solid was washed with distilled cyclohexane and dried under vacuum. The product was
taken into the Dry—Box where the product was weighed and transferred to a separate flask. The
product should not be kept in the Dry—Box for longer than two days. The product is unstable
even under Dry—Box environment.

Step 2: Synthesis of Hy[P(=O)Sy] Ligands (where x =y =2; x =y = 3)

The following explanation can be used for any of the dilithiated substituted
benzenethiolate salt derivatives. All manipulations were done under a dinitrogen atmosphere.
The off—-white dilithiated substituted benzenethiolate salt was dissolved in freshly distilled THF.
The solution was cooled to —78 °C using a dry ice/acetone bath. Dichlorophenylphosphine
(H2PS2 or H,PS2"), trichlorophosphine (HsPS3 or H3PS3') or phenylphosphonic dichloride
(H,POS2) was syringed into freshly distilled THF solution, which is cooled to —78 °C. The

phosphine solution was added to the dilithiated substituted benzenethiolate salt solution dropwise
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and the mixture was stirred overnight. The solution was brought to room temperature as the
reaction proceeded overnight. The transparent solution, the color can range from orange to a dark
red depending on the concentration of the solution, was cooled to 0 °C using an ice water bath. A
10% aqueous solution of sulfuric acid (H,SO,4) in degassed water was added to the reaction
mixture until pH 5. The volume of acid solution depended on the dilithiated substituted
benzenethiolate salt used. Addition of the acid solution was a critical step, allowing the pH to
become lower than 5 resulted in either no product or low yields due to the protonation of the
phosphorous atom.

Once the solution was at pH 5, all manipulations at this point could safely be carried out
under air. The reaction mixture was opened to the air and extracted. The organic (THF) layer was
collected and stored. The aqueous layer was washed twice with anhydrous diethyl ether. All
organic layers were combined. A brine solution, a saturated aqueous solution of sodium chloride,
was added to the organic layers that were collected. The brine solution was used to remove any
micelles that could or had formed in the mixture. The mixture was stirred after which it was
extracted and the organic layer was collected once again. The organic solution was dried using
anhydrous sodium sulfate. The sodium sulfate was filtered off and the filtrate was place on the
rotary evaporator until a green oil was observed. The oil was treated with methanol and stirred
overnight. The resulting white solid was filtered, washed with cold methanol and dried by
vacuum. Due to the hydrogen bonding of the H,POS2, 2—propanol was used instead of methanol
for recrystallization. Yields varied depending on which reaction that was performed; however,
the yields ranged from 50% to 80%. The products were tested for purity using *H-NMR and *!P—
NMR. Various solvents were used in order to maximize the yields of these [PS] ligands, which is

described in Table 11-1. 2—propanol gave the highest yield in all cases.
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Figure 11-3. Overall synthesis of H,PS2 and H,PS2".
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Table 11-1. Optimization of Yields for [PS] Ligands
Using Different Solvents for Recrystallization.
Ligand Solvent % Yield
H,PS2 Methanol 76
Ethanol 79
2—Propanol 80
H,PS2' Methanol 60
Ethanol 72
2—Propanol 76
H3PS3 Methanol 65
Ethanol 68
2—Propanol 72
H3PS3' Methanol 57
Ethanol 63
2—Propanol 71
H,POS2 Methanol N/A
Ethanol N/A
2—Propanol 59
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2.3.2 Synthesis of [NS] and [NSe] ligands
Part 1: Synthesis of NBr2 and NBr2' compounds

The following explanation can be used for of the any substituted primary amines. All
manipulations were carried out under dinitrogen atmosphere. A six molar excess of potassium
carbonate (K,CO3) and two molar excess of 2-bromobenzylbromide were dissolved in freshly
distilled CH3CN. Benzylamine (NBr2) or 4-methylbenzylamine (NBr2') was added dropwise to
the potassium carbonate/2—bromobenzylbromide mixture followed by reflux. As the reaction
proceeded a white powder was observed which was identified to be potassium bromide, KBr.
The solution was cooled to room temperature and the CH3CN was removed using a rotary
evaporator. The solid was extracted using a water/diethyl ether mixture (1.5:1). After each
extraction, the diethyl ether layers were combined. The organic layer (diethyl ether layer) was
dried using anhydrous sodium sulfate. The sodium sulfate was filtered off and the filtrate was
placed on the rotary evaporator and the solvent removed, which produced a light yellow oil.
Methanol was added and the resulting mixture was stirred overnight. A white powder was
observed, which was filtered off and washed with methanol. Yields varied depending on the
starting primary amine; however, yields ranged from 75% to 90%. The products were tested for
purity by ‘H-NMR.
Part 2: Synthesis of LioNS2 and Li,NS2' ligands

The following explanation can be used for any substituted [NBr] compounds. All
manipulations were carried out under dinitrogen atmosphere. NBr2 or NBr2' was partially
dissolved in freshly distilled diethyl ether. The flask was cooled to —78 °C using a dry
ice/acetone bath. Approximately 2.2 molar excess of 2.5M n-BuLi was measured and
transferred, dropwise, via cannula to the [NBr]/ether solution. As the n—BuLi was transferred, the
yellow solution became red and a red vapor was observed, which was identified as elemental
bromine. The reaction was stirred at —78 °C for several minutes. The dry ice/acetone bath was
removed and the solution was allowed to return to room temperature to speed up the reaction. As
the reaction proceeded the NBr2 or NBr2' completely dissolved in the diethyl ether. Once at
room temperature the solution was left to stir. The flask was then placed back at —78 °C and 2.2
molar excess of elemental sulfur, Sg, was slowly added. The sulfur did not immediately dissolve
in the diethyl ether. Upon completion of the addition of sulfur, the mixture was allowed to stir

overnight leaving the reaction to slowly return to room temperature. Leaving the solution to stir
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for longer periods of time resulted in decomposition and/or polymerization of the desired
product. The next day, an off-white precipitate was observed and was filtered. The off-white
solid was washed twice with distilled diethyl ether. The solid was dried in vacuo and transferred
to the Dry Box where it was weighed and stored. This procedure was also performed by
substituting selenium for sulfur.
Part 3: Synthesis of NBr3

Manipulations of this procedure can be done in the air. 2-bromobenzylbromide was
dissolved in absolute ethanol. Approximately 1.5 molar excess of ammonium hydroxide was
added slowly, using a glass pipette, to the ethanol solution. The solution was stirred for twenty—
four hours, which resulted in a white precipitate. Leaving the solution to stir for longer periods of
time can result in higher yields. Yields after twenty—four hours ranged from 75% to 85%. Yields
after thirty—six to forty—eight hours ranged from 85% to 96%. The white solid was collected by
filtration and washed with absolute ethanol. The solid was air dried, weighed and can be stored
under air.
Part 4: Synthesis of LisNS3 and LisNSe3

All manipulations were carried out under dinitrogen atmosphere. NBr3 was partially
dissolved in freshly distilled diethyl ether. The flask was cooled to —78 °C using a dry
ice/acetone bath. Approximately 3.3 molar excess of 25 M n-BuLi was measured and
transferred, dropwise, via cannula to the NBr3/ether solution. As the n-BuLi was being
transferred the yellow solution became red and a red vapor was observed, which was identified
to be elemental bromine. The reaction was stirred at —78 °C for several minutes. The dry
ice/acetone bath was removed and the solution was allowed to return to room temperature to
speed up the reaction. As the reaction proceeded, the NBr3 completely dissolved in the diethyl
ether. Once at room temperature the solution was left to stir. The flask was then placed back at
—78 °C and 3.3 molar excess of elemental sulfur, Sg, was slowly added. The sulfur did not
immediately dissolve in diethyl ether. Upon completion of the addition of sulfur the mixture was
allowed to stir overnight leaving the reaction to slowly return to room temperature. Unlike the
NBr3 procedure, leaving the solution to stir for longer periods of time resulted in decomposition
and/or polymerization of the desired product. The next day an off-white precipitate was

observed and filtered. The off-white solid was washed twice with distilled diethyl ether, dried in
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vacuo and transferred to the Dry Box where it was weighed and stored. This procedure was also

performed by substituting selenium for sulfur.

Ether, -78°C A=HorCHs

LiS SLi

Figure 11-6. Overall synthesis of Li,NS2 and Li,NS2".
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Figure 11-7. Overall Synthesis of LisNS3 and LizNSe3.
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2.3.3 Synthesis of H,S4 (3,7—dithianoane-1,9—dithiol)
Part 1: Synthesis of 3,7-dithianoane-1,9—diol

The system was flushed with dinitrogen and a two molar excess of sodium metal was
slowly added to the ethanol solution. Once the sodium metal had dissolved the solution was
heated to approximately 50 °C and approximately one molar excess of 1,3—propandithiol was
added dropwise via cannula followed by the addition of a two molar excess of 2—chloroethanol.
As the reaction proceeded a white powder was observed, which was identified as sodium
chloride (NaCl). The mixture was cooled to room temperature and filtered. The filtrate was
collected and the solvent was removed using a rotary evaporator. This resulted in a clear viscous
liquid which was purified by distillation at low pressure to give the desired product. The
approximate percent yield for this reaction is 75%.
Part 2: Synthesis of 3,7-dithianoane-1,9—dithiol

Thiourea and 3,7—dithianoane—1,9—-diol were dissolved in concentrated hydrochloric acid
(HCI). The mixture was stirred and refluxed. After refluxing, the solution was cooled to 0 °C and
an aqueous solution of potassium hydroxide was added cautiously to the reaction mixture. The
resulting mixture was reflux for additional time. The reaction was cooled to room temperature
and acidified with dilute hydrochloric acid until a pH 4 was achieved. Diethyl ether was added to
the mixture and stirred for several minutes. The organic layer was extracted, collected and dried
using anhydrous magnesium sulfate. The solution was filtered and the solvent was removed
using a rotary evaporator which produced a clear off—yellow liquid. The product was purified by
distillation at low pressure to afford clear oil. The approximate percent yield of this reaction was
55%.
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Figure 11-8. Overall Synthesis of H,S4.

2.3.4 NMR Spectra of Compounds and Ligands

In the next three sections are the NMR spectra of the compounds and ligands that were
described in the experimental section (Section 2.2). In the *H-NMR spectra for PS3 (Figure 11—
12) and PS3' (Figure 11-15) the —SH peak shows a doublet, which shows the —SH is split by the
phosphorous atom. In the *H-NMR spectrum for POS2 (Figure 11-9) the —SH peak is shifted
downfield relative to the —SH peaks for the PS2, PS3 etc. due to the presence of the

electronegative oxygen atom.
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2.3.4.1 NMR Spectra of [PS] Ligands
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Figure 11-9. '"H-NMR spectrum of the H,PS2 ligand in CDCls.
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Figure 11-10. **P-NMR spectrum of H,PS2 ligand in CDCls.
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Figure 11-11. ®*C-NMR spectrum of the H,PS2 ligand in CDCl.
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Figure 11-12. "H-NMR spectrum of the H,PS2" ligand in CDCls.
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Figure 11-13. *P_NMR spectrum of H,PS2" ligand in CDCls.
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Figure 11-14. ®C-NMR spectrum of the H,PS2" ligand in CDCls.
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Figure 11-15. *"H-NMR spectrum of the H,POS2 ligand in CDCls.
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Figure 11-16. **P-NMR spectrum of H,POS2 ligand in CDCls.
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Figure 11-17. ®C-NMR spectrum of the H,POS2 ligand in CDCl.
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Figure 11-18. *"H-NMR spectrum of the H3PS3 ligand in CDCls.
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Figure 11-19. **P-NMR spectrum of H3PS3 ligand in CDCl.
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Figure 11-20. ®C-NMR spectrum of the H3PS3 ligand in CDCl.
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Figure 11-21. *H-NMR spectrum of the H3PS3" ligand in CDCls.
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Figure 11-22. *P—NMR spectrum of H3PS3" ligand in CDCls.
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Figure 11-23. ®C-NMR spectrum of the H3PS3" ligand in CDCls.

2.3.4.2 NMR Spectra of [NBr] Compounds
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Figure 11-24. "H-NMR spectrum of the NBr2 compound in CDCls.
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Figure 11-25. ®*C-NMR spectrum of the NBr2 compound in CDCls.
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Figure 11-26. *"H-NMR spectrum of the NBr2' compound in CDCl.
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Figure 11-27. ®*C-NMR spectrum of the NBr2' compound in CDCls.
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Figure 11-28. *"H-NMR spectrum of the NBr3 compound in CDCls.
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Figure 11-29. ®C-NMR spectrum of the NBr3 compound in CDCls.

2.3.4.3 NMR Spectra of [NS] and [NSe] Ligands
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Figure 11-30. *"H-NMR spectrum of the Li,NS2 ligand in DMSO-dg.
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Figure 11-31. ®C-NMR spectrum of the Li,NS2 ligand in DMSO—ds.
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Figure 11-32. 'H-NMR spectrum of the Li;NS2' ligand in DMSO-ds.
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Figure 11-33. ®C-NMR spectrum of the Li,NS2" ligand in DMSO—ds.

: N—j SLi —CHz—

LiS

Aromatic protons

ek

T T T T T T T T T T T T T T T T T T T T T
735 730 7.25 720 7.15 7.10 7.05 7.00 695 6.90 6.85 6.80 6.75 435 430 425 420 4.15 4.10 4.05 4.00
f1 (ppm)

Figure 11-34. *"H-NMR spectrum of the LisNS3 ligand in D,0.
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Figure 11-35. ®*C-NMR spectrum of the LisNS3 ligand in DMSO—ds.
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Figure 11-36. "H-NMR spectrum of the LisNSe3 ligand in D,O.
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Figure 11-37. ®C-NMR spectrum of the LisNSe3 ligand in DMSO-ds.

2.3.4.4 NMR Spectra of H,02S2 Compound and H,S4 Ligand
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Figure 11-38. *H-NMR spectrum of the H,02S2 compound in CDCls.
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Figure 11-39. "H-NMR spectrum of the H,S4 ligand in CDCls.

2.3.5 X—Ray Structures of Compounds and Ligands

Various crystals of these organic compounds were grown in order to understand their
structures. Several crystal structures have been reported either in the literature or in previous
group member’s thesis. However, none of these compounds have been reported using the X—ray
diffractometer described in the general procedures as well as having the data set collected at
100K.

The PS2 and PS2' ligand crystal structures show a slightly distorted trigonal pyramidal
geometry, which is illustrated in Figure 11-34 and Figure 11-35. H,PS2 and H,PS2' crystals
were grown from a concentrated solution of diethyl ether at —20 °C. Both structures crystallize in
a monoclinic space group, P2:/n, with four molecules in the unit cell. For a trigonal pyramidal
geometry the bond angles are typically <109.5° or = 107°. This distortion of the geometry is
confirmed by the C—P—C bond angles of 103.00(7)°, 102.41(7)° and 101.67(7)° for the PS2
ligand and 101.96(7)°, 101.94(7)° and 105.44(7)° for the PS2' ligand. These values are slightly
smaller than from corresponding C—P—C bond angles from similar compounds, which range
from ~106° to 108°.°

The packing diagram of H,PS2, which is illustrated in Figure 11-36, shows a weak

intermolecular S—H - P interaction of 3.03(9) A, forming a zigzag chain along the b axis. The
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second —SH group points towards the 7 system of the adjacent aryl ring. The shortest S—H " C
distance is 3.344(1) A.

For each molecule, one of the —SH protons points in the direction of the phosphorous
lone pair, suggesting a weak intramolecular S—H " P interaction of 2.585(1) A. The second SH
group points towards the 7 ring system of the adjacent molecule. The shortest S—H - C distance
is 3.132(1) A. This intramolecular interaction has been observed in the HsPS3 crystal structure.™

The NBr2' and NBr3 compound crystal structures show a trigonal pyramidal geometry,
which is illustrated in Figure 11-37 and Figure 11-38. The NBr2' crystals were grown by
layering methanol to reaction flask, which was left undisturbed. The NBr2' was crystallized in a
monoclinic space group, P2i/c, with four molecules in the unit cell. The NBr3 crystals were
grown by slow cooling of a hot concentrated acetonitrile solution. The NBr3 was crystallized in a
triclinic space group, P—1, with two molecules in the unit cell.

The trigonal pyramidal nitrogen, C—N—C, gave average bond angles of 111.2(7)° for
NBr2' and 111.13(18)° for NBr3. These angles are slightly larger compared to the average C—
N—C bond angle of 110.0(9)° for tribenzylamine.** This change in the C—N—C bond angles
can be caused by the greater steric demand of the bromine atoms, which has been seen for
similar structures as NBr3.* A summary of selective bond distances and bond angles for PS2 are
listed in Table 11-2, for PS2' Table 11-3, for NBr2' Table 11-4, and for NBr3 Table I1-5.
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Figure 11-40. X—ray structure of H,PS2 ligand.

Table 11-2. Selective Crystallographic Data for PS2.

Bond Distances (A)

Bond Angles (°)

P(1)-C(2) | 1.8292(17) | C(2)—P(1)-C(13) | 103.00(7)
P(1)-C(8) | 1.8339(16) | C(2)—P(1)-C(8) | 102.41(7)
P(1) - C(13) | 1.8330(16) | C(8)—P(1)-C(13) | 101.67(7)
C(1)-S() | 1.7700(18) | C(2)-C(1)-S(1) | 118.75(13)
C(7)-S(2) | 1.7725(18) | C(8)-C(7)-S(2) | 118.65(15)
S(1) — H(1) 1.29(4) C(1) - S(1) - H(1) 99.7(17)

S(2) — H(2) 1.25(3) C(7)-S(2) — H(Q) 95.6(15)
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Figure 11-41. X—ray structure of H,PS2' ligand.

Table 11-3. Selective Crystallographic Data for PS2".

Bond Distances (A)

Bond Angles (°)

P(1)-C(2) | 1.8391(16) | C(2)—P(1)-C(15) | 101.96(7)
P(1)-C(9) | 1.8255(17) | C(2)-P(1)-C(9) 101.94(7)
P(1) - C(15) | 1.8311(16) | C(9)—P(1)—C(15) | 105.44(7)
C(l)-S(1) | 1.7765(18) | C@2)-C(1)—S(1) | 118.91(13)
C(7)-S(2) | 1.7808(17) | C(9)-C(8)-S(2) | 122.96(13)
S(1) — H(L) 1.29(4) C(1) - S(1) - H(1) 98.4(15)

S(2)— H(2) 1.17(3) C(8) - S(2) - H(Q2) 98.9(17)
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Figure 11-42: Unit cell packing diagram of H,PS2 ligand.
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Figure 11-43. X-ray structure of NBr2' compound.

Table 11-4. Selective Crystallographic Data for NBr2'.

Bond Distances (A)

Bond Angles (°)

N(1) - C(1) | 1.480(12) N(1) - C(1) - C(2) 108.9(8)
N(1) - C(8) | 1.461(12) N(L) — C(8) — C(9) 111.3(7)
N(1) - C(15) | 1.496(13) | N(1)—C(15)-C(16) | 110.5(8)
C(1)-C(2) | 1.494(13) C(1) - N(1) - C(8) 111.3(7)
C(8)-C(Q) | 1.512(13) | C(1) - N(1) - C(15) 111.0(7)
C(15) - C(16) | 1.506(13) | C(8)— N(1) - C(15) 111.2(7)
C(3)-Br(l) | 1.904(9) C(2) - C(3) - Br(1) 120.0(10)
C(10)— Br(2) | 1.903(10) | C(9)- C(10) - Br(2) 120.6(8)
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Figure 11-44. X—ray structure of NBr3 compound.

Table 11-5. Selective Crystallographic Data for NBr3.

Bond Distances (A)

Bond Angles (°)

N(1)-C(1) | 1.468(3) N(1) - C(1) - C(2) 110.90(18)
N(1)—C(8) | 1.462(3) N(1) — C(8) — C(9) 110.95(18)
N(1) - C(15) | 1.471(3) | N(1)-C(15)—C(16) | 111.07(19)
C(1)-C(2) | 1.5083) | C(8)— N(1) - C(15) 111.24(18)
C(8)-C(9) | 1.507(3) C(1) - N(1) - C(8) 111.13(18)
C(15)- C(16) | 1.505(3) | C(1)— N(1) - C(15) 111.01(19)
C(3)-Br(l) | 1.916(2) C(2) - C(3) - Br(1) 120.68(17)
C(10)—Br(2) | 1.909(2) | C(9)-C(10)—Br(2) | 120.60(17)
C(17)-Br(3) | 1.906(2) | C(16)—C(17)—Br(3) | 121.20(18)
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2.4 Conclusions

In conclusion, various [PS] and [NS] ligands can be synthesized using substituted
benzenethiols and primary amines, respectively. It was shown that the acidification, pH ~5, for
the [PS] ligands was critical step for successful completion of the ligand. Studies have shown
that acidifying below pH ~5 resulted in minimum to no product formed. Yields were maximized
by varying the recrystallization solvent from methanol to 2—propanol, 60% to 80%, with the
exception of H,POS2.

Ligands were characterized by NMR (*H, *C and *P) while some by X-ray
crystallography. The H,PS2 X-ray structure showed one —SH proton pointed toward the adjacent
H,PS2’s phosphorous atom, which suggests weak intermolecular interactions that forms a zigzag
chain along the b axis within the unit cell. The H,PS2' X-ray structure showed one —SH proton

pointed toward the phosphorous lone pair, which suggests a weak intramolecular interaction.
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CHAPTER 3. Synthesis and Characterization of Ruthenium(lll) and
Osmium(l11) Complexes using Phosphine-Thiolate and Amine-Thiolate

Ligands

3.1 Introduction

There has been considerable interest in the coordination chemistry of thiolate ligands;
however, very little research has been directed toward the platinum group metals.' The
chemistry of iron with thiolate ligands has received particular attention due to its known
involvement in hydrogenase (Figure Il11-1a) and in iron—sulfur species in the FeMo—Co cluster

of nitrogenase (Figure 111-1b) and ferredoxins (Figure 111-1c).

| { homocitrate

Protein
Backbone

lis 442

' S-..
< & /S /Fe/ 2-

co ® e l S

S~Fe— 73
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\
;rot:ti)n S """"
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Figure 111-1. (a) [NiFe] hydrogenase®, (b) FeMo—Co cluster® and (c) Fe-S cluster.®

The chemistry of ruthenium with polydentate ligands with thiolate and sulfide donors
have been explored® **; however, only a few of these complexes involved tertiary phosphine
ligands. The purpose of the phosphine co-ligands is to provide a binding site as well as
stabilization of the complex. There have been reports of complexes using
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phosphinoalkanethiolates (e.g. HSCH,CH,PPh;) and phosphinophenylthiolates (See Chapter 2);
however reports of these types of complexes are limited.**™® These reports used transition metal
complexes such as ruthenium, osmium, tungsten etc, which are believed to be monomeric with
an octahedral geometry.

Due to the paramagnetic nature of most of these complexes as well as the absence of
carbonyl (CO) and cyanide (CN") ligands, analysis using NMR and infrared spectroscopy are not
used. Most researchers have claimed the formation of these complexes by using elemental
analysis. A limited amount of complexes have been structurally characterized, one example
being Re¥'(PS2), (Figure 111-2).*

Figure 111-2. X—ray structure of Re"'(PS2),."

The [PS2] ligand system has been extensively investigated by the Millar group for first
row transition metals.”** Among the compounds investigated were a series of octahedral
complexes [M(PS2),]°* for Fe, Co and Ni. All the structures had the PS2 ligands coordinating
in a tridentate fashion to octahedral faces. With one exception, all the structures were observed to
have the geometry with the phosphorous donors in a cis arrangement. The one exception,
[Fe(PS2),] , had a structure observed with the phosphorous donors having a trans arrangement.
The complex was only obtained as a side product from the reaction of Li,PS2 with
[Fe,S,Cl,]°. 2 Attempts to reproduce this synthesis were unsuccessful; attempts to directly

prepare the trans structure only led to the cis isomer. The crystal structures of [M(PS2),]* (M =
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Fe, Co and Ni) complexes with different cations were obtained but in all these cases, only the cis
isomer was structurally characterized. An examination of the cis and trans structures provides no
structural explanation for the greater stability of the cis isomer. In fact, the reduced interligand
steric interaction between the phenyl groups in the trans isomer suggests that the trans isomer
might be more stable. The lack of reproducible synthetic access to a trans isomer, limited
evaluation of their relative stabilities.

Assuming a facial coordination of the [PS2] ligand there are only one possible structure
for each of the cis and trans isomers. The cis isomer has C, point group symmetry and is thus
chiral. The trans isomer has C,, symmetry and is thus centrosymmetric. If the [PS2] ligand
coordinates in a meridional, tridentate fashion, a second trans structure is possible. There are
two diastereomers with this trans structure depending on the relative arrangement of the phenyl
groups. The [PS2] ligand has been observed to coordinate in a tridentate, distorted planar mode
in square planar [Ni"(PS2)L] complexes. However, it was not surprising that this structure type
was not observed since this structure should be energetically unfavorable. Previous attempts to
extend the studies of [M"(PS2),]™* to first row transition metal complexes with the NS2 ligand
series were uniformly unsuccessful. Extension of these studies to second and third row Ru and
Os complexes was initiated. The increase in size of the metal atoms and the possible reduced
lability of these metal ions suggested the possibility of isolating both cis and trans isomers of
these complexe.

The purpose of this research is to synthesis and characterized ruthenium and osmium
complexes containing phosphine—thiolate (PS2) and amine-thiolate ligands (NS2). In the
introduction of Chapter 2, the purpose of designing and reason for using these ligands was
explained. It should be noted that complexes of the same type as Re''(PS2), containing
ruthenium and osmium are limited. Previous reports using Li;NS2 ligand with transition metals
produced dimeric complexes.?® Complexes of the general formula, [M"(NS2),]"*, have not
been previously synthesized using any transition metal. One of the primary goals of this research
is to expand using transition metals that are not traditionally found in biological systems. The
other goal is the characterization of these transition metal compounds in the hopes that these
compounds can be used as catalysts to generate hydrogen, e.g. hydrogenases, or electron transfer
species, e.g. ferredoxins. These complexes could provide an alternative view on designing a

model for these metalloenzymes.
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3.2 Experimental

Synthesis of cis—[Ru''(DMSO0),Cl.]

The product was prepared similar to a literature procedure.?® In a 100 mL Schlenk flask,
“RuCl3*3H,0” (2.0 g, 7.65 mmol) was dissolved in 20 mL of DMSO and refluxed for four
hours. The solution was cooled to room temperature. Acetone (30 mL) was added to the solution
and stirred for one hour, which yielded a yellow precipitate. The yellow product was filtered and
washed with acetone followed by diethyl ether. Yield: 2.6 g, 70.2%

Synthesis of [Et;N][Ru'"'Cl4(CH3CN),]

The product was prepared by a literature procedure.?! “RuCls*3H,0” (1.0 g, 3.82 mmol)
and Et;NCI (0.63 g, 3.82 mmol) were placed in a 250 mL Schlenk flask. A mixture of CH3CN
(30 mL) and MeOH (70 mL) was transferred to the flask via cannula. The solution was refluxed
for four hours. As the solution was being heated the color changes from a dark opaque red to a
bright clear red. After refluxing, the solution was cooled to room temperature. The solution was
concentrated, under vacuum, to approximately half the original volume. Diethyl ether (60 mL)
was added to the solution and stirred for one hour. An orange-yellow precipitate was observed
and was filtered using an open medium frit. The solid was washed with diethyl ether and dried
under vacuum. Yield: 1.1 g, 63.2%.

Synthesis of trans—[n—-Pr,N][Ru""(PS2)]
Synthesis of this compound can be performed by four different methods.
Method A

The product was prepared similar to a literature procedure.'® In a 100 mL Schlenk flask,
cis—[Ru"(DMS0)4Cl,] (0.15 g, 0.310 mmol) was dissolved in 20 mL of MeOH. In a separate 100
mL Schlenk flask, H,PS2 (0.405 g, 1.24 mmol) and lithium wire (0.018 g, 2.59 mmol) were
dissolved in 20 mL of MeOH. The solution was stirred, at room temperature, until all reagents
were dissolved. The ruthenium solution was added, via cannula, to the Li,PS2 solution and the
mixture was refluxed for three hours. The mixture was cooled to room temperature and a
concentrated methanol solution of [n—Pr;N]Br (0.083 g, 0.312 mmol) was layered to produce
yellow—green plate crystals. Crystals were filtered using a closed frit, washed with diethyl ether
and dried in vacuo. Yield: 0.215 g, 74.2%.
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Method B

In a 100 mL Schlenk flask, [EtsN][Ru"'Cl4(CHsCN),] (0.15 g, 0.573 mmol) was
dissolved in 20 mL of MeOH. In a separate 100 mL Schlenk flask, H,PS2 (0.75 g, 2.30 mmol)
and lithium wire (0.032 g, 4.61 mmol) were dissolved in 20 mL of MeOH. The solution was
stirred, at room temperature, until all reagents were dissolved. The ruthenium solution was
added, via cannula, to the Li,PS2 solution and the mixture was refluxed for three hours. The
mixture was cooled to room temperature. The dark red—orange solution was allowed to stand for
three days until yellow—brown plate crystals formed. The crystals were filtered using a closed
frit, washed with diethyl ether and dried in vacuo. Yield: 0.32 g, 63.4%.
Method C

In a 100 mL Schlenk flask, cis—[Ru"(DMS0)4Cl,] (0.15 g, 0.310 mmol) was dissolved in
30 mL of CH3CN. In a separate 100 mL Schlenk flask, H,PS2 (0.405 g, 1.24 mmol) and lithium
wire (0.018 g, 2.59 mmol) were dissolved in 20 mL of MeOH. The solution was stirred, at room
temperature, until all reagents were dissolved. The methanol was removed in vacuo, which
resulted in a white powder (Li,PS2). Approximately 30 mL of CH3CN was added to dissolve the
Li,PS2 solid. The ruthenium solution was added, via cannula, to the Li,PS2 solution and the
mixture was refluxed for three hours. The red mixture was cooled to room temperature and
filtered through celite. A concentrated acetonitrile solution of [n—Prs;N]Br (0.083 g, 0.312 mmol)
was layered to produce yellow—brown plate crystals. Crystals were filtered using a closed frit,
washed with diethyl ether and dried in vacuo. Yield: 0.195 g, 68.9%.
Method D

In a 100 mL Schlenk flask, [EtsN]J[Ru"'Cl4(CHsCN),] (0.15 g, 0.573 mmol) was
dissolved in 20 mL of CH3CN. In a separate 100 mL Schlenk flask, H,PS2 (0.75 g, 2.30 mmol)
and lithium wire (0.032 g, 4.61 mmol) were dissolved in 20 mL of MeOH. The solution was
stirred, at room temperature, until all reagents were dissolved. The methanol was removed in
vacuo and the resulting in a white powder (Li,PS2). Approximately 30 mL of CH3CN was added
to dissolve the Li,PS2. The ruthenium solution was added, via cannula, to the Li,PS2 solution
and the mixture was refluxed for three hours. The mixture was cooled to room temperature and
filtered through celite. The dark red—orange solution was allowed to stand for six days which
resulted in two types of crystals being formed. The light orange plate crystals were structurally

characterized as trans—[Ru"Cl,(CHsCN),]. The vellow plate crystals were structurally
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characterized as [EtsN][Ru"'(PS2),]. Yield and separation could not be determined due to the co—
crystallization of the two products.
UV-Vis: Amax, nm (em, M cm™) = 276 (49000), 315 (33300).
Electrochemistry: Es, (AEp) = 555 mV (58 mV); 1.0 mM in DMF vs. Ag/AgCl, oxidation.
Unit cell: [n—PrsN][Ru"(PS2),]: Monoclinic, P2/n, a = 9.39420(10)A, b = 23.2295(4)A, ¢ =
20.5371(3)A, 0.=90° B =101.551(2)°, y = 90°, V = 4390.89(11)A3.
Unit cell: [PPN]J[Ru"'(PS2),]: Triclinic, P-1, a = 11.186(5)A, b = 12.750(5)A, ¢ = 12.761(5)A, a
= 71.422(5)°, B = 78.101(5)°, y = 78.245(5)°, V = 1669.3(12) A%,

A vyellow—green plate crystal measuring 0.25 x 0.15 x 0.15 mm?® was mounted using a
nylon loop and centered on the X-ray beam at 100 K. Crystals were grown by layering a
concentrated methanol solution of [n—PrsN]Br onto a methanolic solution of Li[Ru"'(PS2),].
Crystals were grown within one day. The accurate unit cell was obtained using reflection with 20
=3.16 — 28.47% a=9.394(1) A, b =23.229(4) A, ¢ =20.537(3) A, a =y =90° B =101.551(2)°,
V = 4390.62(4) A®. The structure was solved under a primitive monoclinic crystal system (space
group P2i/n) using 10184 reflections. The asymmetric unit consists of one molecule of the
ruthenium complex and one cation. The data reduction was done using CryAlisPro and the
structure refinement was done with SHELXL-97 (Sheldrick). All the non-hydrogen atoms were
located by Direct Methods and were refined anisotopically by a full-matrix least-squares
method. The positions of the remaining hydrogen atoms were calculated. The crystallographic
parameters and atomic coordinates for this compound are located in Table A-5.
Synthesis of trans—[Et:N][Ru'"'(PS2"),]
Synthesis of this compound can be made by four different methods.
Method A

In a 100 mL Schlenk flask, cis—[Ru"(DMS0)4Cl,] (0.15 g, 0.310 mmol) was dissolved in
20 mL of MeOH. In a separate 100 mL Schlenk flask, H,PS2' (0.440 g, 1.24 mmol) and lithium
wire (0.018 g, 2.59 mmol) were dissolved in 20 mL of MeOH. The solution was stirred, at room
temperature, until all reagents were dissolved. The ruthenium solution was added, via cannula, to
the Li,PS2' solution and the mixture was refluxed for three hours. The mixture was cooled to
room temperature and a concentrated methanol solution of [Et;N]Br (0.065 g, 0.310 mmol) was
layered to produce red-brown microcrystals. These microcrystals were filtered using closed frit,
washed with diethyl ether, and dried in vacuo. Yield: 0.195 g, 67.3%.
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Method B

In a 100 mL Schlenk flask, [EtsN][Ru"'Cl4(CHsCN),] (0.15 g, 0.573 mmol) was
dissolved in 20 mL of MeOH. In a separate 100 mL Schlenk flask, H,PS2' (0.82 g, 2.31 mmol)
and lithium wire (0.032 g, 4.63 mmol) were dissolved in 20 mL of MeOH. The solution was
stirred, at room temperature, until all reagents were dissolved. The ruthenium solution was
added, via cannula, to the Li,PS2 solution and the mixture was refluxed for three hours. The
mixture was cooled to room temperature and filtered through celite. The dark red—orange
solution was allowed to stand for three days until red—orange needle crystals formed. The
crystals were filtered using a closed frit, washed with diethyl ether and dried in vacuo. Yield:
0.28 g, 52.1%.
Method C

In a 100 mL Schlenk flask, cis—[Ru"(DMS0)4Cl,] (0.15 g, 0.310 mmol) was dissolved in
30 mL of CH3CN. In a separate 100 mL Schlenk flask, H,PS2' (0.405 g, 1.24 mmol) and lithium
wire (0.018 g, 2.59 mmol) were dissolved in 20 mL of MeOH. The solution was stirred, at room
temperature, until all reagents were dissolved. The methanol was removed in vacuo which
resulted in a white powder (Li,PS2"). Approximately 30 mL of CH3;CN was added to dissolve the
Li,PS2'. The ruthenium solution was added, via cannula, to the Li,PS2' solution and the mixture
was refluxed for three hours. The mixture was cooled to room temperature and a concentrated
acetonitrile solution of [Et;N]Br (0.065 g, 0.310 mmol) was layered to produce red—brown
needle crystals. Crystals were filtered using closed frit, washed with diethyl ether and dried in
vacuo. Yield: 0.175 g, 61.8%.
Method D

In a 100 mL Schlenk flask, [EtsN]J[Ru"'Cl4(CHsCN),] (0.15 g, 0.573 mmol) was
dissolved in 20 mL of MeOH. In a separate 100 mL Schlenk flask, H,PS2' (0.82 g, 2.31 mmol)
and lithium wire (0.032 g, 4.63 mmol) were dissolved in 20 mL of MeOH. The solution was
stirred, at room temperature, until all reagents were dissolved. The methanol was removed in
vacuo and the resulting in a white powder (Li,PS2). Approximately 30 mL of CH3CN was added
to dissolve the Li,PS2. The ruthenium solution was added, via cannula, to the Li,PS2 solution
and the mixture was refluxed for three hours. The mixture was cooled to room temperature and
was filtered through celite. The dark red—orange solution was allowed to stand for four days

which resulted in two types of crystals being formed. The orange plate crystals were structurally
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characterized as trans—RuCl,(CH3CN)4. The dark red—orange needle crystals were structurally
characterized as [EtsN][Ru"'(PS2"),]. Yield and separation could not be determined due to the
co—crystallization of the two products.
UV-Vis: Amax, nm (em, M cm™) = 277 (53200), 318 (38400).
Electrochemistry: E;, (AEp) =510 mV (77 mV); 1.0 mM in DMF vs. Ag/AgCl, oxidation
Unit cell: Triclinic, P-1, a = 9.2808(2)A, b = 13.8541(4)A, ¢ = 19.3704(6)A, o = 78.968(3)°, B =
88.488(2)°, y = 80.802°, V = 2350.19(11)A3,

A red-brown needle crystal measuring 0.35 x 0.15 x 0.15 mm?® was mounted using a
nylon loop and centered on the X-ray beam at 100 K. Crystals were grown by layering a
concentrated methanol solution of [Et;N]Br onto a methanolic solution of Li[Ru"(PS2")].
Crystals were grown within two days. The accurate unit cell was obtained using reflection with
20 =3.12 — 29.53% a = 9.2808(2) A, b = 13.8541(4) A, ¢ = 19.3704(3) A, a = 72.968(3)°, B =
88.488(2)°, v = 80.802(2)°, V = 2350.19(11) A% The structure was solved under a primitive
triclinic crystal system (space group P-1) using 40425 reflections. The asymmetric unit consists
of two molecules of the ruthenium complex, which contain an inversion center, and one cation.
The data reduction was done using CryAlisPro and the structure refinement was done with
SHELXL-97 (Sheldrick). All the non-hydrogen atoms were located by Direct Methods and were
refined anisotopically by a full-matrix least-squares method. The positions of the remaining
hydrogen atoms were calculated. The crystallographic parameters and atomic coordinates for this
compound are located in Table A-6.
Synthesis of cis—[Et;N][Ru' (PS3")(HPS3")](“S—S” disulfide)

In a 100 mL Schlenk flask, cis—[Ru"(DMS0),Cl] (0.15 g, 0.310 mmol) was dissolved in
20 mL of MeOH. In a separate 100 mL Schlenk flask, H3PS3' (0.496 g, 1.24 mmol) and lithium
wire (0.017 g, 2.45 mmol) were dissolved in 20 mL of MeOH. The solution was stirred, at room
temperature, until all reagents were dissolved. The ruthenium solution was added, via cannula, to
the Li,HPS3' solution and the mixture was refluxed for three hours. The mixture was cooled to
room temperature and exposed to air followed by the addition of a concentrated methanol
solution of [Et4N]Br (0.065 g, 0.309 mmol) which was layered to produce red—brown plate
crystals. Crystals were filtered using a closed frit, washed with diethyl ether and dried in vacuo.
Yield: 0.157 g, 49.4%.
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Unit cell: Monoclinic, P2i/c, a = 15.094(5)A, b= 17.482(5)A, ¢ = 18.799(5)A, a. =y =90° B =
93.140(5)°, V = 4953.11(3)A°.

A red-brown prism crystal measuring 0.30 x 0.30 x 0.20 mm® was mounted using a
nylon loop and centered on the X-ray beam at 100 K. Crystals were grown by layering a
concentrated methanol solution of [Et4N]Br onto a methanolic solution of
Li[Ru"(PS3")(HPS3")]-(“S-S” disulfide). Crystals were grown within one day. The accurate unit
cell was obtained using reflection with 20 = 3.18 — 27.12% a = 15.094(5) A, b = 17.482(5) A, c =
18.799(5) A, o=y = 90°, B = 93.140(5)°, V = 4953.11(3) A%, The structure was solved under a
primitive monoclinic crystal system (space group P2;/c) using 9493 reflections. The asymmetric
unit consists of one molecule of the ruthenium complex and one cation. The data reduction was
done using CryAlisPro and the structure refinement was done with SHELXL-97 (Sheldrick). All
the non-hydrogen atoms were located by Direct Methods and were refined anisotopically by a
full-matrix least-squares method. The thiol proton was located using Fourier difference maps.
The positions of the remaining hydrogen atoms were calculated. The crystallographic parameters
and atomic coordinates for this compound are located in Table A-7.
Synthesis of trans—[n—Pr;N][Ru'"'(NS2),]

In a 100 mL Schlenk flask, cis—[Ru"(DMS0),Cl] (0.15 g, 0.310 mmol) was dissolved in
20 mL of MeOH. In a separate 100 mL Schlenk flask, Li,NS2 (0.450 g, 1.24 mmol) was
dissolved in 20 mL of MeOH. The solution was stirred, at room temperature, until all reagents
were dissolved. The ruthenium solution was added to the Li,NS2 solution and the dark green
mixture was refluxed for three hours. The mixture was cooled to room temperature and a
concentrated methanol solution of [n—-PryN]Br (0.082 g, 0.312 mmol) was layered to produce
emerald green microcrystals. The microcrystals were filtered via closed frit, washed with diethyl
ether, and dried in vacuo. Yield: 0.275 g, 90.0%.
UV-Vis: Amax, nm (em, M cm™) = 283 (35100), 312 (30000).
Electrochemistry: E., (AEp) = 395 mV (55 mV); 1.0 mM in DMF vs. Ag/AgCl, oxidation.
Unit cell: Monoclinic, P2:/n, a = 11.4340(3)A, b = 23.6791(6)A, ¢ = 18.3050(4)A, a =y = 90°,
B=96.415(2)°, V = 4925.0(2)A3.

An emerald green plate crystal measuring 0.30 x 0.20 x 0.10 mm® was mounted using a
nylon loop and centered on the X-ray beam at 100 K. Crystals were grown by layering a

concentrated methanol solution of [n-Pr;N]Br onto a methanolic solution of Li[Ru'"'(NS2),].
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Crystals were grown within two days. The accurate unit cell was obtained using reflection with
20 = 3.14 — 29.57% a = 11.4340(3) A, b = 23.6791(6) A, ¢ = 18.3050(4) A, a. =y = 90°, B =
96.415(2)°, V = 4925.0(2) A®. The structure was solved under a primitive monoclinic crystal
system (space group P2;/n) using 11700 reflections. The asymmetric unit consists of one
molecule of the ruthenium complex and one cation. The data reduction was done using
CryAlisPro and the structure refinement was done with SHELXL-97 (Sheldrick). All the non-
hydrogen atoms were located by Direct Methods and were refined anisotopically by a full-
matrix least-squares method. The positions of the remaining hydrogen atoms were calculated.
The crystallographic parameters and atomic coordinates for this compound are located in Table
A-8.
Synthesis of trans—[n—Pr,N][Ru'"'(NS2"),]

In a 100 mL Schlenk flask, cis—[Ru"(DMS0)4Cl,] (0.15 g, 0.310 mmol) was dissolved in
MeOH (20 mL). In a separate 100 mL Schlenk flask, Li,NS2' (0.470 g, 1.25 mmol) was
dissolved in MeOH (20 mL). The solution was stirred, at room temperature, until all reagents
were dissolved. The ruthenium solution was added to the LiNS2' solution and the dark green
mixture was refluxed for three hours. The mixture was cooled to room temperature and a
concentrated methanol solution of [Pr;N]Br (0.083 g, 0.312 mmol) was layered to produce
emerald green microcrystals. The microcrystals were filtered via closed frit, washed with diethyl
ether, and dried in vacuo. Yield: 0.245 g, 78.0%.
UV-Vis: Amax, nm (em, M cm™) = 281 (31000), 313 (26400).
Electrochemistry: Ey, (AEp) =393 mV (55 mV); 1.0 mM in DMF vs. Ag/AgCI.
Unit cell: Monoclinic, P2:/n, a = 11.417(5)A, b = 24.770(5)A, ¢ = 18.287(5)A, a =y =90°% B =
95.739(5)°, V = 5145.63(4)A°.

An emerald green plate crystal measuring 0.25 x 0.20 x 0.10 mm® was mounted using a
nylon loop and centered on the X-ray beam at 100 K. Crystals were grown by layering a
concentrated methanol solution of [n—PrsN]Br to a methanolic solution of Li[Ru"'(NS2"),].
Crystals were grown within two days. The accurate unit cell was obtained using reflection with
20 = 3.19 — 29.44% a = 11.417(5) A, b = 24.770(5) A, ¢ = 18.287(5) A, a =y = 90°, B =
95.739(5)°, V = 5145.63(4) A*. The structure was solved under a primitive monoclinic crystal
system (space group P2:/n) using 10576 reflections. The asymmetric unit consists of one

molecule of the ruthenium complex and one cation. The data reduction was done using
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CryAlisPro and the structure refinement was done with SHELXL-97 (Sheldrick). All the non-
hydrogen atoms were located by Direct Methods and were refined anisotopically by a full-
matrix least—squares method. The positions of the remaining hydrogen atoms were calculated.
The crystallographic parameters and atomic coordinates for this compound are located in Table
A-9.

Synthesis of [EtsN],[Os'VCle]

Synthesis of desired product was prepared by a literature procedure.®* All manipulations
were performed in air. Osmium tetroxide (2 g, 7.87 mmol) was added to a solution of
[EtsN]CI*H,O (4 g, 24 mmol) in 30 mL of concentrated HCI. The solution was refluxed for
nineteen hours and cooled to room temperature. Ethanol (30 mL) and diethyl ether (15 mL) was
added to the acid solution. The flask was kept at —20°C for three hours. An orange solid
precipitated and was filtered. The orange solid was washed with minimum amount of ethanol (4
x 10 mL) and dried for one hour at 100°C. Yield: 4.95 g, 94.8%.

Synthesis of trans—[Os' Cl,(PPhs)s]

The synthesis of desired product was prepared by using a modified literature procedure.?
A solution of tert-butyl alcohol (300 mL) and distilled water (120 mL) was degassed for thirty
minutes under a dinitrogen atmosphere. Tetraethylammonium hexachloroosmate(1V) (2.00 g,
3.01 mmol) and triphenylphosphine (5.54 g, 21.12 mmol) were added to the solution and was
heated to reflux for three hours. The solution changed from yellow to dark green. The mixture
was filtered using an open medium porous frit while the solution was hot. The resulting dark
solid was washed with absolute ethanol (3 x 20 mL) and diethyl ether (4 x 30 mL) and dried
under vacuum. Yield: 1.45 g, 45.9%

Synthesis of trans—[MesNBz][Os'""'(PS2),]

The product was prepared by a similar literature procedure.'® In a 100 mL Schlenk flask,
trans—[Os"Cl»(PPhs)s] (0.15 g, 0.143 mmol) was dissolved in MeOH (20 mL). In a separate 100
mL Schlenk flask, H,PS2 (0.190 g, 0.582 mmol) and lithium wire (0.009 g, 1.29 mmol) were
dissolved in MeOH (20 mL). The solution was stirred, at room temperature, until all reagents
were dissolved. The osmium solution was added, via cannula, to the Li,PS2 solution and the dark
green mixture was refluxed for three hours. The mixture was cooled to room temperature and a

concentrated methanol solution of [Me3sNBz]Cl (0.027 g, 0.145 mmol) was layered to produce
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emerald green needle crystals. Crystals were filtered via closed frit, washed with diethyl ether,
and dried in vacuo. Yield: 0.067 g, 47.1%.

UV-Vis: Amax, nm (gm, M cm™) = 275 (31000).

Electrochemistry: Es, (AEp) = 127 mV (67 mV); 1.0 mM in DMF vs. Ag/AgCl, oxidation.

Unit cell: Triclinic, P-1, a = 9.309(3)A, b = 12.829(4)A, ¢ = 18.442(5)A, a = 83.487(3)°, p =
77.074(3)°, y = 71.731(3)°, V = 2036.20(6)A°.

A green needle crystal measuring 0.35 x 0.15 x 0.10 mm?® was mounted using a nylon
loop and centered on the X-ray beam at 100 K. Crystals were grown by layering a concentrated
methanol solution of [MesNBz]Cl onto a methanolic solution of Li[Os"'(PS2),]. Crystals were
grown within three days. The accurate unit cell was obtained using reflection with 26 = 3.27 —
29.69% a = 9.309(3) A, b = 12.829(4) A, ¢ = 18.442(5) A, o = 83.487(2)°, B = 77.074(3)°, y =
71.731(3)°, V = 2036.20(6) A% The structure was solved under a primitive triclinic crystal
system (space group P-1) using 10607 reflections. The asymmetric unit consists of two
molecules of the osmium complex, which contain an inversion center, and one cation. The data
reduction was done using CryAlisPro and the structure refinement was done with SHELXL-97
(Sheldrick). All the non—hydrogen atoms were located by Direct Methods and were refined
anisotopically by a full-matrix least-squares method. The positions of the remaining hydrogen
atoms were calculated. The crystallographic parameters and atomic coordinates for this
compound are located in Table A-10.

Synthesis of cis—-[MesNBz][Os'"'(PS2"),]

In a 100 mL Schlenk flask, trans—[Os"Cl,(PPhs)s] (0.15 g, mmol) was dissolved in
MeOH (20 mL). In a separate 100 mL Schlenk flask, H,PS2' (0.205 g, 0.578 mmol) and lithium
wire (0.009 g, 1.30 mmol) were dissolved in MeOH (20 mL). The solution was stirred, at room
temperature, until all reagents were dissolved. The osmium solution was added, via cannula, to
the Li,PS2' solution and the dark green mixture was refluxed for three hours. The mixture was
cooled to room temperature and a concentrated methanol solution of [MesNBz]Cl (0.027 g,
0.145 mmol) was layered to produce green microcrystals. These microcrystals were filtered via
closed frit, washed with diethyl ether, and dried in vacuo. Yield: 0.060 g, 40.1%.

UV-Vis: Amax, nm (gm, M* cm™) = 282 (15000).
Electrochemistry: Ey, (AE,) = 457 mV (64 mV), 292 mV (79 mV); 1.0 mM in DMF vs.
Ag/AgCl, oxidation.
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Unit cell: Triclinic, P-1, a=9.0659(3)A, b = 15.3938(5)A, ¢ = 16.6074(5)A, o.= 78.314(3)°, B =
88.340(2)°, y = 86.192(2)°, V = 2264.37(2)A°.

A light green needle crystal measuring 0.35 x 0.15 x 0.05 mm® was mounted using a
nylon loop and centered on the X-ray beam at 100 K. Crystals were grown by layering a
concentrated methanol solution of [MesNBz]Cl onto a methanolic solution of Li[Os"(PS2'),].
Crystals were grown within two days. The accurate unit cell was obtained using reflection with
20 = 3.20 — 28.40% a = 9.0659(3) A, b = 15.3938(5) A, ¢ = 16.6074(5) A, a = 78.314(3)°, B =
88.340(2)°, v = 86.192(2)°, V = 2264.37(2) A®. The structure was solved under a primitive
triclinic crystal system (space group P-1) using 9484 reflections. The asymmetric unit consists
of one molecule of the osmium complex and one cation. The data reduction was done using
CryAlisPro and the structure refinement was done with SHELXL-97 (Sheldrick). All the non—
hydrogen atoms were located by Direct Methods and were refined anisotopically by a full-
matrix least-squares method. The positions of the remaining hydrogen atoms were calculated.
The crystallographic parameters and atomic coordinates for this compound are located in Table
A-11.

3.3 Results and Discussion

A series of high-valent thiolate monomers of the general formula [M"'(PS2®),]" and
[M"(NS2"),]” (M = Ru and Os) have been synthesized and characterized. The notation [PS2"]
symbolizes complexes using either [PS2] or [PS27]. Similar notation, [NS2"], is used for [NS2]
and [NS27. These six compounds have octahedral geometries about the metal center. All M"
complexes were prepared from their respective M" compounds. Presumably, the electron lost
from the metal center was used to reduce protons to hydrogen. Further studies need to be

performed to confirm this hypothesis.

3.3.1 Synthesis of [R;N][Ru'"'(PS2™),] (Where R = n—Pr (PS2) and Et (PS2'))

The synthesis of trans—[n—Pr;N]J[Ru"'(PS2),] and trans—[Et:N][Ru"'(PS2"),] were
performed by four different synthetic routes. Method A was based on a modified literature
procedure. The reported literature procedure used trans—[Ru''Cly(PPhs)s] as the ruthenium
starting material whereas the new synthetic route used cis—[Ru'(DMSO),Cl.].
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Under dinitrogen atmosphere, cis—[Ru"(DMS0),Cl,] was dissolved in methanol upon
gentle heating. Four molar equivalents of H,PS2 and two molar equivalents of lithium wire were
dissolved in methanol until complete dissolution. The ruthenium solution was transferred via
cannula to the Li,PS2 solution and refluxed. Excess ligand was used to prevent any dimers from
forming as side or main products. As the solution was refluxing, the color changed from yellow—
red to red—brown. The solution was cooled to room temperature and a concentrated methanol
solution of 1.1 molar equivalents of [n—Pr,N]Br was transferred via cannula and layered onto the
solution in the reaction flask. The flask was left undisturbed to form yellow—green plate crystals
which were suitable for x—ray crystallography in 74% vyield. The desired product was, also,
formed by adding the ruthenium starting material with four molar equivalents of Li,PS2 and
allowing the solution to stir overnight at room temperature under a dinitrogen atmosphere which
produced 55% yield.

This procedure can be performed similarly using Li,PS2' and using [Et;N]Br as the
counter cation source which produced red-brown plate crystals. Comparative yields are 67% for
refluxing and 45% for stirring. The overall reaction scheme is shown below (Figure 111-3).

Methods B, C and D were designed to find synthetic routes to synthesize the cis—isomer.
These routes were formulated by following synthetic routes that were known to produce the iron
analogues.”*%* It was shown that reacting [EtsN]2[Fe,"'S>Cls] with two equivalents of Li,PS2 in

"(PS2),] compound.?® However, when two

acetonitrile can produce the trans—[Et;N][Fe
equivalents of Li,PS2 was reacted with Fe"'Cl,*4H,0 the cis—isomer can be synthesized.?* The
different synthetic routes proved to be unsuccessful for synthesizing the cis—-isomer of the
[Ru™(PS2),] or [Ru"'(PS2"),]” complexes.

Despite the lack of energetic studies of these compounds, it was thought that the trans—
[Ru"(PS2),]” was the thermodynamically favored product while the cis—[Ru"'(PS2),]” was
kinetically favored.

A series of experiments were performed to understand and/or prove this hypothesis.
Since kinetically favored products are the first to be synthesized in a chemical reaction, various
techniques can be used to isolate this product. One technique that was used was cooling the

reaction to various temperatures.
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Figure 111-3. Overall synthesis of cis-[Ru" (DMS0),Cl.], trans—[Ru'"'(PS2"]" and
cis—[Ru'(PS3")(HPS3")]~ complexes.

The temperature range over which this study was performed was 0 °C to —20 °C. It was
shown by carrying out the reaction as described in the experimental section, that cold conditions
does not produce the desired cis—[Ru"(PS2),]” or cis—[Ru"(PS2),]" complexes. Yields were
consistent with varying cold temperatures. Further studies need to be performed in order to
understand this mechanism as well as to isolate the cis—isomer. Methods A to D and temperature
studies are summarized in Table 111-1.
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Table 111-1. Method and Temperature Studies of Synthesizing [Ru'"'(PS2®"),] .
Temperature |somer

Experiment Reagent Solvent ?‘)C) Obtained

(PS2/PS2")

1 cis-[Ru"(DMS0),Cl,] | MeOH 65 trans/trans

2 cis—-[Ru"(DMSO),Cl,] | CHsCN 82 trans/trans

3 cis-[Ru"(DMS0),Cl,] | MeOH 0 trans/trans

4 cis-[Ru'(DMS0),Cl,] | CHsCN 0 trans/trans

5 cis-[Ru'(DMS0),Cl,] | MeOH —20 trans/trans

6 cis-[Ru'(DMS0),Cl,] | CHsCN —20 trans/trans

7 [Et:N][Ru"'Cl4(CHsCN),] | MeOH 65 trans/trans

8 [EtsN][Ru"'CI4(CH3CN),] | CHsCN 82 trans/trans

9 [EtsN][Ru"'CI4(CH3CN),] | MeOH 0 trans/trans

10 [EtzN][Ru""Cl4(CH3CN),] | CHsCN 0 trans/trans

11 [EtsN][Ru"'CI4(CH3CN),] | MeOH —20 trans/trans

12 [EtzN][Ru""Cl4(CH3CN),] | CHsCN —20 trans/trans

The synthesis cis—[EtsN][Ru"(PS3")(HPS3")] was performed under reaction conditions
similar to those of the [Ru"'(PS2),]” complexes, except replacing Li,PS2' with Li,HPS3'". The
H3PS3' was placed in a methanolic solution with two equivalence of lithium to produce the
desired reactant, Li,HPS3'. The main objective was to synthesize a ruthenium complex with two
free thiol groups (=SH), where the general formula is [Ru™ (PS2SH),]™* (Figure 111-4). This

type of complex is also known as the “pendant” complex.

Figure 111-4. Ruthenium-PS3 “pendant” complex.
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Reacting this complex (Figure 111-4) with various transition metal chloride compounds,
M"Cl, or M"'Cl; (where M = transition metal), could produce dimers of the general formula
[M™RuU™(PS3)2]™" 9, In the past, these complexes have been synthesized using only first row
transition metals.?> However, the isolation of the ruthenium pendant complex was not successful
after multiple attempts. While the reaction was processing, air was introduced causing the
oxidation of one free thiol which created a disulfide bond from the free thiol of one PS3' ligand
to the bound sulfide of the adjacent [PS3']. This disulfide bond was verified by the X—ray crystal
structure. This disulfide bond formation was also seen under the same reaction conditions when
iron replaced ruthenium.? In the case of the iron complex the disulfide bond was made using the
free thiolate of both [PS3] ligands (Figure 111-5).

Figure 111-5. [Fe'"(PS3),]” (“S-S” disulfide).

3.3.2 Synthesis of [MesNBz][Os(PS2")),]

"(PS2)]” was carried out according to a literature procedure.™

The synthesis of [Os
However, characterizations of this compound were not reported in the literature with the
exception of elemental analysis. Reaction conditions were similar to those of the ruthenium
analog. While the reaction was heated, the solution changed from light green to dark green. The
solution was cooled to room temperature and a concentrated methanol solution of 1.1 molar
equivalents of [Me3sNBz]Cl was transferred, via cannula, and layered into the reaction flask. The
flask was left undisturbed for several days to form emerald green needle crystals which were
suitable for X-ray crystallography in 45% yield. The desired product was, also, formed by
adding the osmium starting material to four molar equivalents of Li,PS2 and allowing the

solution to stir overnight at room temperature under a dinitrogen atmosphere; yield 30%.
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This procedure was performed in a similar manner using Li,PS2' and the same
countercation which produced emerald green needle crystals. Comparative yields are 40% for

refluxing and 35% for stirring. The overall reaction scheme is shown below (Figure 111-6).

2 N
0 cl Cl
H VI [Et4N]Cl Cl -"'..".-';.a.. | y\v‘C] PP113 | E\\PPhg
0s /05{‘ — s PhP—Os
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Figure 111-6. Overall synthesis of trans—[Os"' Cl,(PPhs)s] and [Os""(PS2"),]” complexes.

Li,PS2 = Li,PS2' =

Temperature studies were done with the osmium analogues similar to those described for
ruthenium. Isolation of the cis—[0s"(PS2),]” and trans—[Os"'(PS2"),]” complexes was
unsuccessful. Further studies need to be performed to understand the mechanism as well as the
isolation of the other isomers. The temperature studies for synthesizing [Os"'(PS2"),]

complexes are summarized in Table 111-2.
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Table 111-2. Method and Temperature Studies of Synthesizing [Os""'(PS2™"),]".
Experiment Reagent Solvent | Temperature (°C) Isor(rllesrzfl)abst;i)ned
1 trans—[Os"'Cl,(PPhs)s] | MeOH 65 trans/cis
2 trans—[Os"Cl,(PPhs)s] | CHsCN 82 trans/cis
3 trans—[Os"Cl,(PPhs)s] | MeOH 0 trans/cis
4 trans—[Os"Cl,(PPhs)s] | CHsCN 0 trans/cis
5 trans—[Os"Cl,(PPhs)s] | MeOH —20 trans/cis
6 trans—[Os"Cl,(PPhs)s] | CHsCN —20 trans/cis

3.3.3 Synthesis of [n-PrsN][Ru'"'(NS2®")),]

Under dinitrogen atmosphere, Ru"(DMSO),Cl, was dissolved in methanol upon gentle
heating. Four molar equivalents of Li,NS2 were dissolved in methanol until complete dissolution
occurred. The ruthenium solution was transferred via cannula to the Li,NS2 solution and
refluxed. Excess ligand was used to prevent any dimers from forming as side or main products.
As the solution was refluxing, the color changed from yellow-red to dark green. The solution
was cooled to room temperature and a concentrated methanol solution of 1.1 molar equivalents
of [PrsN]Br was transferred via cannula and layered into the reaction flask. The flask was left
undisturbed, overnight, to form emerald green prism crystals which were suitable for x-ray
crystallography in 90% vyield. The desired product was, also, formed by adding the ruthenium
starting material with four molar equivalents of Li,NS2 and allowing the solution to stir
overnight at room temperature under a dinitrogen atmosphere which produced 80% vyield.

This procedure was also performed using Li;NS2' and the same countercation which
produced emerald green prism crystals of [n-Pry,N]J[Ru"'(NS2"),]. Comparative yields are 64%

for refluxing and 59% for stirring. The overall reaction scheme is shown below (Figure 111-7).
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Figure 111-7. Overall reaction of cis-[Ru" (DMS0),Cl,] and [Ru""(NS2(")]

compounds.
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3.3.4 X-ray Structures of Ruthenium and Osmium Complexes with Phosphine-Thiolate
and Amine-Thiolate Ligands

The X-ray structure of trans—[M"'(PS2),]", where M = Fe®, Ru and Os, confirmed an
octahedral structure consisting of two [PS2] ligands and the corresponding cation. The X-ray
structure shows the PS2 ligands to be in a trans orientation for all transition metal compounds. In
all three X—ray structures, the [PS2] ligands are coordinated to the transition metal in a facial
arrangement. The trans—[Fe"'(PS2),]” was synthesized by John Franolic®® while the cis—
[Fe"'(PS2),]™ isomer was synthesized by Susan Beatty?*. The X-ray structures of these complex

anions are isostructural.
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The X-ray structure of the trans—[Fe"(PS2),] contains a crystallographic C, axis which

bisects the anion across of the equatorial S—Fe—S bond angles as well as the [Et4N]" cation. The

"(PS2),] contains no crystallographic symmetry; therefore, the

X-ray structure of the trans—[Ru
complex anion and cation are located in a general position. The X-ray structure of the trans—
[0s"(PS2),] contains a crystallographic inversion center which is located across the osmium
and one [PS2] ligand. The general structure for the iron anion can be found in John Franolic’s
PhD dissertation, while the general structure for the ruthenium and osmium anions are illustrated
in Figure 111-8 and Figure 111-9 respectively. Selective bond distances and angles for the Fe?*,
Ru and Os structures are summarized in Table 111-3, Table 111-4 and Table 111-5 respectively.
The Fe—Savg, RU-Sayg and Os-Sayq bond distances are 2.298(2) A, 2.3686(6) A and 2.3655(16) A
respectively. The bond Fe—P and Os—P distances are 2.199(2) A and 2.2822(15) A respectively,
while the Ru-Pqq bond distance was 2.2831(6) A. The bond distance from iron to ruthenium
increases due to the change in atomic radii of the transition metal center; however, the bond
distances for ruthenium and osmium do not exhibit a significant change due to the lanthanide

contraction.
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Figure 111-8. X—ray structure of trans-[n-Pr,;N][Ru""(PS2),] (hydrogens and cation were
removed for clarity).
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Figure 111-9. X—ray structure of trans—[MesNBz][Os""'(PS2),] (hydrogens and cation were

removed for clarity).

Table 111-3. Selective Crystallographic Data for trans—[Et4N][Fe'"'(PS2),].
Bond Distances (A) Bond Angles (°)
Fe(1)— S(1) 2.284(2) S(1)— Fe(1) - S(2) 87.47(7)
Fe(1)— S(2) 2.311(2) S(1)— Fe(1) - S(2)* 92.53(7)
Fe(1)— P(1) 2.199(1) S(1)— Fe(1) - P(D) 92.08(4)
S(1) - Fe(1) — P(1)* 87.92(4)
S(2) - Fe(1) - P(1) 96.52(3)
S(2) - Fe(1) - P(1)* 83.48(3)
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Table 111-4. Selective Crystallographic Data for trans—[n-PrsN][Ru'"(PS2),].
Bond Distances (A) Bond Angles (°)
Ru(1)—S(1) | 2.3666(6) S(1)—Ru(1)=S(2) 179.33(2)
Ru(1)-S(2) | 2.3738(5) S(1)— Ru(1) - S(3) 90.71(2)
Ru(1)-S(3) | 2.3498(5) S(1)— Ru(1) — S(4) 87.312(19)
Ru(1)-S(4) | 2.3841(5) S(2)— Ru(1)—S(3) 89.37(2)
Ru()—P(1) | 2.2784(6) S(2)—Ru(1) = S(4) 92.61(2)
Ru()—P(2) | 2.2878(6) S(3)—Ru(1) - S(4) 178.01(2)
P(1) — Ru(1) = S(1) 86.37(2)
P(1) — Ru(1)=S(2) 92.98(2)
P(1) - Ru(1) - S(3) 84.57(2)
P(1) — Ru(1) - S(4) 95.576(19)
P(2) — Ru(1) - S(1) 94.34(2)
P(2)— Ru(1) - S(2) 86.32(2)
P(2) — Ru(1) - S(3) 95.70(2)
P(2) — Ru(1) - S(4) 84.183(19)
P(1)— Ru(1) - P(2) 179.24(2)
Table I11-5. Selective Crystallographic Data for trans—[MesNBz][Os"!(PS2),].
Bond Distances (A) Bond Angles (°)
Os(1)—S(1) | 2.3703(15) S(1) - 0s(1)— S(2) 92.59(6)
Os()-S(2) | 2.3628(17) S(1) — Os(1) - S(2)* 87.41(6)
Os()—P(1) | 2.2822(15) S(1) - Os(1) - P(1) 85.60(5)
S(1)— 0s(1) — P(1)* 94.40(5)
S(2)— 0s(1) - P(1) 85.23(6)
S(2) — 0s(1) — P(1)* 94.77(6)

The X-ray structure of [M"'(PS2"),]", where M = Ru and Os, confirmed an octahedral
structure consisting of two [PS2'] ligands and the corresponding cation. The x—ray structure
shows the PS2 ligands to be in a trans orientation for the ruthenium compound; however, for the
osmium compound the [PS2'] ligands are in a cis orientation. In both X—ray structures, the [PS2]
ligands are coordinated to the transition metal in a facial arrangement. The ruthenium complex
ion has a crystallographic inversion center on the metal center, while the [Et4;N]" cation is located
on a general position. This implies that the ratio of the ruthenium complex ion and the cation is

1:1. The general structure of the ruthenium complex anion is shown in Figure 111-10. Selective
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bond distances and angles for trans—[Ru""'(PS2"),]” are summarized in Table 111-6. The RU-Sayg
bond distance is 2.3765(5) A and the Ru-P bond distance was 2.2935(6) A. The osmium
complex anion and the [MesNBz]" are located on general positions. Crystals were grown directly
from the reaction mixture upon slow addition of the corresponding countercation. The general
structure of the osmium complex anion is shown in Figure 111-11. The osmium X-ray structure
shows a distorted octahedral geometry of the [OsP,S,4] center caused by the [PS2'] ligands being
in the cis arrangement. Selective bond distances and angles for cis—[Os"(PS2"),]" are
summarized in Table 111-7. The Os-Sa,q bond distance was 2.3794(14) A and the Os—P,yq bond
distance was 2.2879(14) A.

The two ruthenium complexes, trans—[Ru'"(PS2),]” and trans—[Ru"'(PS2),]", are
structurally similar except that the [PS2'] ligands contain a methyl group para to the binding
thiolate. Due to the similarity of the two complexes, the bond distances should not be affected in
any significant way. The Ru-S,,q bond distance for the trans—[Ru"'(PS2),]” was 2.3686(6) A
while for the trans—[Ru'"'(PS2"),]" the average bond distance was 2.3765(5) A. The Ru—P4y, bond
distance for trans—[Ru"'(PS2),]” was 2.2831(6) A while the Ru—P bond distance for trans—
[Ru"(PS2),] was 2.2935(6) A. The Ru-L bond distances for the trans—[Ru"'(PS2"),]~ complex
are longer than trans—[Ru''(PS2),] complex. The extra methyl groups on the [PS2] are
positioned so that they should not contribute structurally to the Ru-L bond distances. Electron
donating groups, e.g. methyl groups, affect the structure by adding electron density thus
decreasing the Ru—L bond distances. However, the longer bond distances for the [PS2'] complex
are consistent with the observation that [PS2'] is a bulkier ligand. The bond angles for both
complexes are not appreciably different. The extra methyl group has little effect on the cone
angle of the ligand. There would have been a noticeable difference had the methyl groups been

ortho to the thiolate functional group.
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Figure 111-10. X—ray structure of trans—[Et;N][Ru'"'(PS2"),] (hydrogens and cation were

removed for clarity).

110



Table 111-6 Selective Crystallographic Data for trans—[Et;N][Ru""'(PS2"),].

Bond Distances (A) Bond Angles (°)

Ru(1) — S(1) 2.3661(6) S(1) = Ru(1) — S(1)* 180.00(3)

Ru(1) - S(2) 2.3870(6) S(1) — Ru(1) - S(2) 91.79(2)

Ru(l) - P(1) 2.2935(6) S(1) - Ru(1) - S(2)* 88.21(2)
S(2)—Ru(l)—S(2)* | 180.000(11)
P(1) - Ru(1) - S(1) 93.82(2)
P(1) - Ru(1) - S(1)* 86.18(2)
P(1)— Ru(1) - S(2) 96.13(2)
P(1)— Ru(1) - S(2)* 83.87(2)
P(1) - Ru(l) - P(L)* 180.00(3)

Table I11-7. Selective Crystallographic Data for cis-[MesNBz][Os''(PS2"),].

Bond Distances (A) Bond Angles (°)
0s(1) - S(1) 2.4151(15) S(1) — Os(1) - S(2) 97.62(5)
Os(1) - S(2) 2.3427(13) S(1) - Os(1) — S@3) 88.30(5)
Os(1) — S(3) 2.3784(13) S(1) - Os(1) — S(4) 86.27(5)
Os(1) — S(4) 2.3814(13) S(2) — Os(1) - S(3) 91.28(5)
Os(1) — P(1) 2.2978(14) S(2) — Os(1) — S(4) 170.46(5)
Os(1) - P(2) 2.2781(14) S(3) — Os(L) — S(4) 97.56(5)
P(1) — Os(1) - S(1) 82.63(5)
P(1)— Os(1) - S(2) 85.08(5)
P(1) — Os(1) — S(3) 169.68(5)
P(1) — Os(1) — S(4) 86.80(5)
P(2) - Os(1) — S(1) 167.41(5)
P(2) — Os(1) - S(2) 93.15(5)
P(2) — Os(1) — S(3) 84.96(5)
P(2) — Os(1) — S(4) 84.09(5)
P(1)— Os(1) - P(2) 104.85(5)
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Figure 111-11. X-ray structure of cis-[MesNBz][Os"'(PS2"),] (hydrogens and cation were

removed for clarity).

The X-ray structure of the [Ru"'(NS2"),]” confirmed an octahedral structure consisting
of two [NS2] or [NS21] ligands and [n—PrsN]" cation. The X-ray structure shows the [NS2] and
[NS27 ligands to be in a trans orientation. In both X-ray structures the [NS2] and [NS2'] ligands
are coordinated in a mer arrangement. Crystals were grown directly from the reaction mixture
upon slow addition of the [n—Pr;N]* cation. In both structures, the ruthenium complex anion and
the counteraction are located in general positions. The compounds are shown to be isomorphous

and the structures were solved under a monoclinic crystal system P2:i/n. The general structures
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for trans—[Ru"'(NS2),]” in Figure 111-12 and trans—[Ru'"'(NS2),]" in Figure 111-13. The only
structural difference between trans—[Ru"'(NS2),]” and trans-[Ru"'(NS2"),]” is the non-—
coordinated benzyl has a methyl group located in the para position. Selective bond distances and
angles for trans—[Ru"'(NS2),]” are summarized in Table 111-8 and for trans—[Ru"'(NS2'),] in
Table 111-9. For the [Ru""'(NS2),], the Ru-Sayq bond distance was 2.3697(7) A and the Ru—Nayq
bond distance was 2.225(2) A. For the [Ru"'(NS2"),]", the Ru-Say, bond distance was 2.3668(11)
A and the Ru—Nayg bond distance was 2.221(3) A. The bond distances are slightly shorter for the
[Ru"(NS2,]" complex than [Ru"'(NS2),]” complex. This observation is due to the presence of
the extra methyl group on each of the [NS2] ligand. Methyl groups act as an electron donating
group which causes the binding atoms, sulfur and nitrogen, to be more electron—rich and results
in stronger binding to the ruthenium. The bond angles are similar for the two complexes. This is
because the [NS2] ligand and [NS2' ligand are nearly identical. Since the [NS2'] ligand has a
methyl group para to the free benzyl group, this has very little effect on the bond angles. If the
methyl group had been ortho, then there would have been a noticeable change in the bond

angles. The methyl group adds no steric hindrance to the complex.

Table 111-8. Selective Crystallographic Data for trans—[n-PrsN][Ru'"'(NS2),].
Bond Distances (A) Bond Angles (°)

Ru(1) - S(1) 2.3562(6) S(1)— Ru(1) - S(2) 175.24(3)
Ru(1) - S(2) 2.3867(7) S(1)— Ru(1) - S(3) 96.94(2)
Ru(1) - S(3) 2.3490(7) S(1)— Ru(1) — S(4) 88.88(2)
Ru(1) - S(4) 2.3869(7) S(2)— Ru(1) - S(3) 87.77(2)
Ru(1) - N(1) 2.234(2) S(2) — Ru(1) — S(4) 86.41(2)
Ru(1) - N(2) 2.215(2) S(3)— Ru(1) — S(4) 174.15(3)
N(1) — Ru(1) — S(1) 85.33(5)
N(1) — Ru(1) - S(2) 94.03(2)
N(1) — Ru() — S(3) 89.96(5)
N(1) — Ru() — S(4) 89.92(6)
N(2) — Ru(1) — S(1) 90.16(5)
N(2) — Ru(1) - S(2) 90.82(5)
N(2) - Ru(1) - S(3) 86.44(5)
N(2) — Ru(1) — S(4) 94.17(6)
N(L) — Ru(1) - N(2) 173.85(8)
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Table 111-9. Selective Crystallographic Data for
trans—[n—Pr;N][Ru'"'(NS2"),].

Bond Distances (A)

Bond Angles (°)

Ru(l)-S(1) | 2.3817(11) S(1) - Ru(1) - S(2) 176.55(3)
Ru(l)-S(2) | 2.3509(11) S(1) - Ru(1) - S(3) 87.11(4)
Ru(l)-S(3) | 2.3555(11) S(1) - Ru(1) — S(4) 87.22(4)
Ru(l)—S(4) | 2.3891(11) S(2)— Ru(1) - S(3) 96.33(4)
Ru(1) — N(1) 2.227(3) S(2) — Ru(1) — S(4) 89.34(4)
Ru(1) — N(2) 2.214(3) S(3) — Ru(1) — S(4) 174.25(4)
N(1) — Ru(1) — S(1) 94.24(8)
N(1) — Ru(1) - S(2) 85.47(8)
N(1) - Ru(1) - S(3) 90.98(7)
N(1) — Ru(L) — S(4) 88.50(7)
N(2) — Ru(L) — S(1) 90.70(8)
N(2) — Ru(L) - S(2) 89.77(8)
N(2) — Ru(1) - S(3) 86.31(7)
N(2) — Ru(L) — S(4) 94.69(7)
N(1) — Ru(L) — N(2) 174.24(11)
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Figure 111-12. X-ray structure of trans—[n-Pr4N][Ru'"'(NS2),] (hydrogens and cation were

removed for clarity).
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Figure 111-13. X-ray structure of trans—[n—Pr,N][Ru'"'(NS2"),] (hydrogens and cation were
removed for clarity).

The X-ray structure of the cis—[Ru"(PS3")(HPS3)] (“S-S” disulfide) confirmed a
distorted octahedral structure consisting of two [PS3] ligands, where two thiolate are bridged and
one thiol is free, and there is one [Et4N]" cation. The [PS31] ligands are coordinated to the
transition metal in a facial arrangement while at the same time the phosphorous atoms are cis
each other. The ruthenium complex anion and the [Et;N]" cation are located on general positions.
The general structure of the ruthenium complex anion is shown in Figure 111-14. Selective bond
distances and angles for cis—[Ru"(PS3")(HPS3)] (“S—S” disulfide) are summarized in Table I11-
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10. The Ru-Sayq bond distance is 2.3835(14) A and the Ru-P,yy bond distance was 2.2401(14) A.
The structure shows that the free thiol has strong hydrogen bonding to the thiolate of the adjacent
[PS3] ligand. The hydrogen bond distance between S(6) — H(1) was 2.205(5) A. The S-S bond
distance was 2.1113(18) A.

Figure 111-14. X-ray structure of cis—[Et;N][Ru" (PS3")(HPS3")](“S-S” disulfide)

(hydrogens and cation were removed for clarity).
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Table 111-10. Selective Crystallographic Data for
cis—-[Et;N]J[Ru" (PS3")(HPS3")|(“S-S” disulfide).
Bond Distances (A) Bond Angles (°)
Ru(1) — S(2) 2.4287(15) P(1) - Ru(1) - P(2) 104.45(5)
Ru(1) - S(3) 2.2835(13) P(1) - Ru(1) - S(2) 83.70(5)
Ru(1) — S(5) 2.4440(15) P(1) — Ru(1) — S(3) 87.04(5)
Ru(1) — S(6) 2.3778(14) P(1) — Ru(1) — S(5) 170.69(5)
S(3) - S(4) 2.1113(18) P(1) — Ru(1) — S(6) 91.98(5)
Ru(1) — P(2) 2.2553(14) S(2) — Ru(1) — S(3) 89.55(5)
Ru(1) - P(2) 2.2247(14) S(2) — Ru(1) — S(5) 88.88(5)
H(1) — S(6) 2.205(5) S(2) — Ru(1) — S(6) 89.91(5)
S(3) — Ru(1) — S(5) 87.28(5)
S(3) — Ru(1) — S(6) 178.93(5)
S(5) — Ru(1) — S(6) 93.63(5)
P(2) — Ru(1) — S(2) 171.02(5)
P(2) — Ru(1) — S(3) 94.56(5)
P(2) — Ru(1) — S(5) 83.36(5)
Ru(1) — S(3) — S(4) 112.80(6)

3.3.5 Electrochemistry

The cyclic voltammetry of trans-[M"'(PS2),]” (where M = Ru and Os) in N,N-
dimethylformamide shows a quasi—reversible oxidation at E., = 0.555 V for Ru (Figure 111-15)
and a reversible oxidation at 0.127 V for Os vs Ag/AgClI (Figure 111-16). It is easier to oxidize
the osmium compound than the ruthenium. This follows a general trend of the periodic table, as

one goes down the periodic table the elements are easier to get oxidized.
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E, =0.555V

Current

0.85 0.75 0.65 0.55 0.45 0.35
Potential (V)

Figure 111-15. Cyclic Voltammogram of trans—[n—Pr;N][Ru""'(PS2),] in DMF.

El/2 =0.127V

Current

0.40 0.20 0.00 -0.20
Potential (V)

Figure 111-16. Cyclic Voltammogram of trans—[MesNBz][Os""'(PS2),] in DMF.
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The cyclic voltammetry of trans—[Ru"'(PS2),]" in N,N-dimethylformamide shows a
quasi—reversible oxidation at E., = 0.510 V vs Ag/AgCI (Figure 111-17). Electrochemically, the
trans—[Ru""'(PS2"),]" is similar to trans—[Ru""'(PS2),]” with the exception of the methyl groups on
the [PS21] ligand. Both complexes show a quasi-reversible one electron oxidation to a Ru'
species. Comparison of the E., for both complexes, 0.555 V for [PS2] complex and 0.510 V for
the [PS2'] complex, showed that the trans—[Ru"'(PS2),]” was easier to oxidize than the trans—
[Ru"(PS2),]". This is due to the presence of the methyl groups and the fact that methyl groups
are electron donors. This extra electron donation serves to stabilize the Ru' complex.

El/2 =0.510V

0.80 0.60 0.40 0.20
Potential (V)

Figure 111-17. Cyclic Voltammogram of trans—[Et,N][Ru""'(PS2"),] in DMF.

The cyclic voltammetry of cis—[0s"'(PS2),]” in N,N-dimethylformamide shows two
reversible oxidations at E., = 0.457 V and 0.292 V vs Ag/AgClI (Figure 111-18). There are two
theories on the identification of the two reversible oxidation peaks. The first theory is that the
first reversible oxidation peak corresponds to the Os' species and the second reversible
oxidation peak corresponds to the Os" species. The second theory is that the first reversible
oxidation peak still belongs to the Os'" species; however, the second reversible oxidation peak

belong to the oxidation of trans—[Os"'(PS2'),] . Isolation and characterization of the trans—
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[0s"(PS2),]" must be performed to prove this theory. As stated before, various attempted

synthetic schemes have been performed to isolate the trans isomer with no success to date.

E,=0.292V

E,=0457V

0.80 0.60 0.40 0.20 0.00

Figure 111-18. Cyclic Voltammogram of cis-[MesNBz][Os''(PS2"),] in DMF.

The cyclic voltammetry of trans—[Ru"(NS2),] and trans—[Ru"'(NS2),]" in N,N—
dimethylformamide shows a reversible oxidation at E., = 0.395 V for [NS2] (Figure 111-20) and
a reversible oxidation at 0.393 V for [NS2'] vs Ag/AgCl (Figure 111-21). Electrochemically, the
trans—[Ru"'(NS2'),] is similar to trans—[Ru'"'(NS2),]~ with the exception of the methyl groups
on the [NS2] ligand. Both complexes show a reversible one electron oxidation to a Ru'" species.
Upon comparison of the Ey, for both complexes shows that the trans—[Ru'"'(NS2"),]~ was slightly
easier to oxidized than the trans—[Ru"'(NS2),]". This is due to the electron donating properties of
the methyl groups, as previously stated for the [PS2] and [PS2'] complexes.

Comparison of the [PS2] and [NS2] complexes shows an extreme difference in
electrochemical potentials. The structures of the two ligands have two major differences. The
first major difference is the phosphorous for the [PS2] ligand while the nitrogen for the [NS2]
ligand and the second major difference are the methylene groups on the [NS2] ligand (Figure
111-19).
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QO O~

Figure 111-19. [PS2] ligand versus [NS2] ligand.

Previous results have shown that moving down the periodic table would make it easier to
oxidize.**® This would suggest that the [PS2] complex would be easier to oxidize due to the
presence of phosphorous; however, this is not the case. The methylene groups act as electron
donating groups as do the methyl groups making it harder to oxidize the [PS2] complex. The
same is true for the [PS2'] complex compared to the [NS2'] complex.

E,=0.395V

Current

0.75 0.55 0.35 0.15
Potential (V)

Figure 111-20. Cyclic Voltammogram of trans—[n—-Pr,N][Ru'"'(NS2),] in DMF.
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E,, =0.393V

Current

0.70 0.50 0.30 0.10
Potential (V)

Figure 111-21. Cyclic Voltammogram of trans—[n-PrsN]J[Ru'"'(NS2");] in DMF.

3.4 Conclusions

In conclusion, [M"(PS2"),]” (where M = Ru and Os) and [Ru"(NS2"),]~ were
synthesized and characterized by X-ray crystallography, UV-Vis and electrochemistry. The X—
ray structures confirmed that all the transition metal complexes were the trans isomers with the
exception of cis—[0s"(PS2"),] .

Temperature studies and alternating the ruthenium/osmium starting materials was
performed to isolate the other geometric isomer with no success. Mechanistic studies are still on
going to determine the isolation of both geometric isomers. The syntheses of [Ru'"'(NS2),]" are
the first monomeric transition metal complexes using [NS] ligands. The X-ray structures showed
the [NS] ligands in the meridial arrangement while the [PS] ligands were facial. The X-ray
structure comparison of the [M"'(PS2),]", where M = Fe, Ru and Os, illustrated one of the basic
periodic trends where the M—L bond distances increased due to the increasing change of atomic
radii.
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Electrochemical studies showed oxidation potentials decreased from [Ru"'(PS2),] to

[Ru"'(PS2),]” due to the electron donating effects of the methyl groups on the [PS2'] ligand. The

same observation was seen with [Ru"'(NS2),]” and [Ru"'(NS2'),]" due to the methylene groups

on the [NS] ligands when compared to the Ru—[PS] complexes.
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CHAPTER 4. Synthesis and Characterization of Ruthenium(ll) and

Osmium(11) Carbonyl-Cyanide Complexes

4.1 Introduction

Until the discovery of [NiFe] and [FeFe] hydrogenases, cyanide (CN) was an unheard
native biological ligand. Cyanide was publicly known as a deadly poison, since cyanide is the
active ingredient in “suicide pill.” Considering how fatal cyanide can be, why did nature go
through the trouble of using this type of ligand in a biological system? This question and several
others has prompted researchers to investigate complexes containing the [Fe'(CN)] moiety.

Looking back, about 300 years ago, the study of [Fe(CN)xLs «x] has captured the interest
of chemist. The chemistry of iron-cyanide complexes are one of the oldest in coordination
chemistry. These complexes have been the basis of many chemical reactions as well as industrial
and mining processes.* 2

For example Prussian blue, [(Fe"")4(Fe"(CN)g)s*xH,0], was initially utilized as a pigment
in painting. One painting where Prussian blue was used as a pigment was Vincent van Gogh’s
“Starry Night” (Figure 1V-1).

LU

Figure IV-1. “Starry Night” by Vincent VanGogh painted in 1889.°

Currently, Prussian blue is used to treat thallium and radioactive cesium poisoning.* This
compound can also be used to prevent hydration, an anti—caking agent called yellow prussiate of
soda, is used in some commercial and cooking salt.”

Prussian blue is an example of the first class of mixed valent compounds. The crystal

structure (Figure 1VV-2) shows cyano ligands that are bridging Fe" and Fe'" ions.® The deep blue

color comes from inter—valent change transfer, ICT, from the Fe'" to Fe"" through the cyanide
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ligands. However, when a voltage is applied to the solution the color changes from deep blue to
white because oxidation of Fe' to Fe""" eliminates the ICT interaction. When exposed to visible
light the compound undergoes spin—crossover behavior. This behavior converts the system from
low spin to high spin, which makes this compound one of the few materials that contains a

magnetic response to light.

Fe3*(NC)Fe?-
$=5/2 =0

Figure 1V=2. X—ray Structure of Prussian blue.

For over a hundred years, compounds with the basic structure of [Fe(CN)sL]" (where L
= monodentate ligand) have been known. However, while many of these compounds have been
chemically or spectroscopically characterized but very few have been structurally characterized.
The first examples of [Fe""(CN)4(L-L)]" (where L-L = 2,2-bipyridine and 1,10—
phenanthroline) complexes with bidentate ligands were reported approximately 70 years ago.’

In the past, syntheses of pentacyano and tetracyano iron complexes (Scheme 1V-1) were
generated under extremely harsh conditions (e.g. high temperature, high pressure and long
reaction times).?

[Fe'(CN)el* + L — [Fe'(CN)s(L)]™

[Fe'(CN)s]* + L-L — [Fe"(CN)s(L-L)]™
Scheme IV-1. Iron cyanide complexes reacting with mono- and bi— dentate ligands.

The oldest iron complex containing exclusively CO and CN° ligands is
[Fe''(CN)s(CO)]*". Despite the fact that this complex is over one hundred years old, it was only
periodically studied in the 20" century.>™® In 1887, was the first reported synthesis of
[Fe''(CN)s(CO)]* appeared in the literature.®® In 1912, it was found that the complex,
[Fe'(CN)s(CO)]*, could be synthesized by a ligand displacement reaction using
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[Fe'(CN)s(NH3)]* under CO atmosphere.™ ™ It was not until 1959, that Cotton et al. found that
[Fe''(CN)s(CO)J* can be synthesized using [Fe"(CN)e]* under a CO atmosphere. However, the
procedure requires the reaction to be carried out under extremely high temperature and pressure.®
In 2001, Jiang et al. synthesized two geometric isomers of [Fe'(CN)4(CO),]* (Figure 1V-3)
using simple reaction conditions.’® Normally synthesis of these complexes came from the
[Fe''(CN)s]* starting material; however, Jiang et al. started with Fe''Cl,*4H,0 reacting with a

calculated amount of cyanide while under CO atmosphere.

Figure I1VV-3. X-ray structure of trans and cis—[Fe''(CN)4(CO),]*".

In 2006, Chiarella et. al. used this concept and expended it using other monodentate
ligands, e.g. DMSO and pyridine (Scheme 1V—2).}" These complexes were both characterized

spectroscopically as well as structurally (Figure 1V-4).

DMSO or pyridine  [Fe''(CN)4(DMSO0),]*
FellCl, + 4 XCN > or
[Fe' (CN)4(py),]*
Scheme 1V-2. Ferrous chloride reaction with cyanide (where X = [Et;N]" for pyridine and

Na* for DMSO)
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Figure 1V—4. X-ray structures of [Fe''(CN)4(L).]*" (where L = DMSO and pyridine).

In this chapter, the goal was to extend the research done by Jiang and Chiarella by
synthesizing and characterizing ruthenium and osmium analogs and comparing them to the
original iron complexes. Analogs containing these two transition metals were, so far, non—

existent.

4.2 Experimental

Synthesis of [PPN]s[Ru"'(CN)e]

The product was prepared by a literature procedure.’® In a 250 mL Schlenk flask,
[PPN]CI (1.40 g, 2.44 mmol) was dissolved in 50 mL of hot degassed water. In a separate 50
mL Schlenk flask, K4[Ru"(CN)s] (0.500 g, 1.21 mmol) was dissolved in 10 mL of degassed
water. The metal solution was added to the hot [PPN]CI solution dropwise. A white solid was
observed which was filtered off using a closed frit and washed with warm degassed water. While
the solid was dried in vacuo the color changed from white to yellow to brown. The brown
product was kept in the dry box (Yield: 1.57 g, 53.8%).

'H-NMR (400 MHz, CD;0OD) [ppm]: 7.72 — 7.48 (aromatic, 30H, PPN"*).

B¥C-NMR (100 MHz, CD;0D) [ppm]: 165.15 (C=N"); 135.08, 133.67, 133.63, 133.58, 133.52,
133.49, 130.85, 130.83, 130.76, 130.69, 130.67, 129.29, 129.27, 128.21, 128.20 (PPN™).
Electrochemistry: Ey, (AEp) = 139 mV (159 mV) 1.0 mM in CH3CN vs. Ag/AgCl, oxidation.
Infrared (CHsOH): ven = 2043 cm
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UV-Vis: Amax, nm (em, M cm™) = 266 (21600), 273 (17800), 295 (1800), 328 (1700), 356
(1300).
Synthesis of [PPN]s[Ru'"'(CN)g]

In a 100 mL Schlenk flask, [PPN]4[Ru"(CN)g] (0.25 g, 0.104 mmol) was dissolved in 50
mL of CH,Cl,. The solution was stirred for 24 hours at room temperature. The reaction was
monitored by IR. Crystals were grown by vapor diffusion of methylene chloride and diethyl
ether (Yield: 0.087 g, 44.8%)

Unit Cell: Orthorhombic, Pbcn, a = 24.009(3) A, b = 20.583(2) A, ¢ = 19.4679(19) A, o = B =
y=90° V = 9620.6(17) A>.

A yellow needle crystal measuring 0.60 X 0.30 X 0.10 mm?® was mounted using a nylon
loop and centered on the X—ray beam at 298 K. Crystals were grown by vapor diffusion using
methylene chloride and diethyl ether within one week. The accurate unit cell was obtained using
reflection with 20 = 1.67 — 20.83% a = 24.009(3) A, b = 20.583(2) A, ¢ = 19.4679(19) A, 0. = p =
y =90° V = 9620.6(17) A3. The structure was solved under a primitive orthorhombic crystal
system (space group Pbcn) using 5047 reflections. The asymmetric unit consists of one—half
molecule of the ruthenium complex anion and 1.5 molecules of the PPN™ cation. The data
reduction was done using CryAlisPro and the structure refinement was done with SHELXL-97
(Sheldrick). All the non—-hydrogen atoms were located by Direct Methods and were refined
anisotopically by a full-matrix least-squares method. The positions of the remaining hydrogen
atoms were calculated. The crystallographic parameters and atomic coordinates for this
compound are located in Table A-12.

Infrared (CH-Cl,): ven = 2089 and 2078 cm ™.
Synthesis of [PPN]s[Ru' (CN)s(CO)]

In a 100 mL Schlenk flask, [PPN]4[Ru"(CN)s] (0.500 g, 0.207 mmol) was dissolved in
methanol (50 mL). The solution was placed under a carbon monoxide atmosphere and refluxed
for six hours. The reaction was monitored by IR. The solution was cooled to room temperature
and was placed under dinitrogen atmosphere. The solvent was removed in vacuo, which resulted
in a yellow solid. The yellow solid was purified by adding 20 mL of 1:1 CH,Cl,/H,O mixture.
The organic layer was separated by using a separatory funnel. The organic layer was dried using
anhydrous magnesium sulfate. The solution was filtered and the solvent was removed in vacuo,
which resulted in a yellow solid (Yield: 0.28 g, 74.6%).
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'H-NMR (400 MHz, CDs;OD) [ppm]: 7.72 — 7.48 (aromatic, 30H, PPN™).

BC-NMR (100 MHz, CD;0D) [ppm]: 200.55 (C=0); 151.17, 150.65 (C=N"); 135.06, 133.70,
133.66, 133.61, 133.55, 133.52, 130.86, 130.83, 130.77, 130.70, 130.67, 129.32, 129.30, 128.25,
128.23 (PPN™).

Electrochemistry: E, (AEp) =995 mV (63 mV) 1.0 mM in DMF vs. Ag/AgCl, oxidation.
Infrared (CH3OH): veo = 1983 cm*; ven = 2109(sh), 2086 cm ™.

UV-Vis: Amax, nm (gm, M *cm™) = 265 (9000), 272 (6600).

Synthesis of trans—[PPN],[Ru"'(CN)4(CO),]

In a 100 mL Schlenk flask, [PPN]s[Ru"(CN)s(C0O)] (0.200 g, 0.107 mmol) was dissolved
in CH3CN (50 mL). The solution was placed under CO atmosphere and refluxed for twelve
hours. The reaction was monitored by IR. The solution was cooled to room temperature and the
solution was placed under dinitrogen atmosphere. The solvent was removed in vacuo, which
resulted in a tan solid. The tan solid was purified by adding 20 mL of 1:1 CH,Cl,/H,O mixture.
The organic layer was separated by using a separatory funnel. The organic layer was dried using
anhydrous magnesium sulfate. The solution was filtered and the solvent was removed in vacuo,
which resulted in a tan solid (Yield: 0.101 g, 70.7%).

'H-NMR (400 MHz, CD;0D) [ppm]: 7.74 — 7.26 (aromatic, 30H, PPN™).

B¥C-NMR (100 MHz, CD;0OD) [ppm]: 193.87 (C=0); 134.85 (C=N); 134.15, 132.27, 132.24,
132.18, 132.13, 132.10, 129.88, 129.86, 129.79, 129.72, 129.70, 127.59, 127.58, 126.52, 126.51
(PPN™).

Infrared (CH3sCN): veo = 2007 cm ™ ven = 2107 cm ™.

UV-Vis: Amax, nm (gm, M *cm™) = 267 (9400), 271 (7600).

Unit Cell: Monoclinic, P2:/n, a = 12.9848(2) A, b = 13.21920(10) A, ¢ = 19.8902(3) A, a =
y=90° B = 106.5600(10)°, V = 3272.51(7) A°.

A gold plate crystal measuring 0.45 X 0.25 X 0.10 mm?® was mounted using a nylon loop
and centered on the X-ray beam at 100 K. Crystals were grown by vapor diffusion using
methylene chloride and diethyl ether in three days. The accurate unit cell was obtained using
reflection with 20 = 3.26 — 32.97% a = 12.9848(2) A, b = 13.21920(10) A, ¢ = 19.8902(3) A, a =
y = 90° B = 106.5600(10)°, V = 3272.51(7) A>. The structure was solved under a primitive
monoclinic crystal system (space group P2:/n) using 10534 reflections. The asymmetric unit

consists of one—half molecule of the ruthenium complex anion and one molecule of the PPN*
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cation. The data reduction was done using CryAlisPro and the structure refinement was done
with SHELXL-97 (Sheldrick). All the non—hydrogen atoms were located by Direct Methods and
were refined anisotopically by a full-matrix least-squares method. The positions of the
remaining hydrogen atoms were calculated. The crystallographic parameters and atomic
coordinates for this compound are located in Table A-13.

Synthesis of cis—[PPN],[Ru'/(CN)4(CO),]

In a 100 mL Schlenk flask, Ru'"(CO);CI,THF (0.200 g, 0.61 mmol) was dissolved in
methanol (25 mL). To the stirred solution, solid NaCN (0.12 g, 2.44 mmol) was added, after
which the solution was allowed to stir overnight at room temperature. The solvent was removed
in vacuo, which resulted in a white solid. Approximately 20 mL of degassed distilled water, via
cannula, was added to redissolved the product, Na[Ru"(CN)4(CO),]. In a separate 100 mL
Schlenk flask, [PPN]CI (0.70 g, 1.22 mmol) was dissolved in warm degassed water and
transferred to the aqueous cis—Nay[Ru"(CN)4(CO),] solution, dropwise via cannula. Upon the
addition of the [PPN]CI, a white precipitate was obtained. Solution was stirred for approximately
thirty minutes. The white precipitate was filtered using a closed frit, washed 2 x 20 mL of diethyl
ether and dried in vacuo (Yield: 0.655 g, 80.2%).

Infrared (CH3OH): veo = 2050 and 2006 cm™; veyn = 2123 and 2083 cm ™.

UV-Vis: Amax, nm (em, M"cm™) = 257 (sh, 8600), 265 (9500), 267 (8500).

Unit Cell: Monoclinic, P2/c, a = 25.0458(8) A, b = 13.0964(6) A, ¢ = 20.6277(5) A, o =
y=90° B =107.143(3)°, V = 6465.5(4) A®,

A colorless prism crystal measuring 0.35 x 0.25 x 0.20 mm?® was mounted using a nylon
loop and centered on the X—ray beam at 100 K. Crystals were grown by vapor diffusion using
methylene chloride and diethyl ether in one week. The accurate unit cell was obtained using
reflection with 20 = 3.35 — 28.12% a = 25.0458(8) A, b = 13.0964(6) A, ¢ = 20.6277(5) A, a =1
=90° B = 107.143(3)°, V = 6465.5(4) A3. The structure was solved under a primitive monoclinic
crystal system (space group P2;/c) using 7515 reflections. The asymmetric unit consists of one
molecule of the ruthenium complex anion and two molecules of the PPN" cation. The data
reduction was done using CryAlisPro and the structure refinement was done with SHELXL-97
(Sheldrick). All the non—hydrogen atoms were located by Direct Methods and were refined

anisotopically by a full-matrix least—squares method. The positions of the remaining hydrogen
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atoms were calculated. The crystallographic parameters and atomic coordinates for this
compound are located in Table A-14.
Synthesis of fac-[AsPh4][Ru"(CN)3(CO)s]

In a 100 mL Schlenk flask, Ru"(CO);CI,THF (0.200 g, 0.61 mmol) was dissolved in
methanol (25 mL). To the stirred solution, solid NaCN (0.089 g, 1.83 mmol) was added, after
which the solution was allowed to stir overnight at room temperature. The solvent was removed
in vacuo, which resulted in a white solid. Approximately 20 mL of degassed distilled water, via
cannula, was added to redissolved the product, Na[Ru"(CN)3(CO)s]. In a separate 100 mL
Schlenk flask, [AsPh4]Cl (0.51 g, 1.22 mmol) was dissolved in warm degassed water and
transferred to the aqueous Na[Ru'(CN)s;(CO)s] solution, dropwise via cannula. Upon the
addition of the [AsPh4]Cl, a white precipitate was obtained. Solution was stirred for
approximately thirty minutes. The white precipitate was filtered using a closed frit, washed 2 x
20 mL of diethyl ether and dried in vacuo (Yield: 0.271 g, 68.7%).

'H-NMR (400 MHz, CDCl3) [ppm]: 7.92 — 7.66 (aromatic, 20H, [AsPh,]")

3C-NMR (100 MHz, CDCls) [ppm]: 186.14 (C=0); 123.16 (C=N); 135.05, 133.33, 131.57,
120.78 ([AsPha]").

Infrared (CH3CN): veo = 2118 and 2077 cm™; ven = 2164 and 2145 cm ™.

Synthesis of trans—[PPN],[Ru' (CN)4(CO)(py)]

In a 100 mL Schlenk flask, [PPN]s[Ru"(CN)s(CO)] (0.200 g, 0.107 mmol) was dissolved
in pyridine (30 mL). The solution was refluxed for overnight under a dinitrogen atmosphere. The
reaction is monitored by IR. The solution was cooled to room temperature and the solvent was
removed, in vacuo, which resulted in a tan oil. The oil was purified by adding 20 mL of 1:1
CH.Cl,/H,0 mixture. The organic layer was separated by using a separatory funnel. The organic
layer was dried using anhydrous magnesium sulfate. The solution was filtered and the solvent
was removed in vacuo which resulted in a dark tan solid (Yield: 0.104 g, 70.2%).

'H-NMR (400 MHz, CD;0D) [ppm]: 9.12 — 9.09 (d, 2H, J = 9.11, ortho hydrogens on bound
pyridine), 7.81 —7.75 (t, 1H, J = 7.78, para hydrogen on bound pyridine), 7.34 — 7.29 (t, 2H, J=
7.78, meta hydrogens on bound pyridine), 7.72— 7.48 (aromatic, 60H, PPN™).

3C-NMR (100 MHz, CD;0D) [ppm]: 202.81 (C=0); 156.86 (C=N"); 152.43, 138.33, 125.35
(bound pyridine); 135.04, 133.72, 133.69, 133.63, 133.58, 133.54, 130.86, 130.83, 130.76,
130.70, 130.67, 129.35, 129.33, 128.28, 128.26 (PPN").
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Electrochemistry: Ey, (AEp) =538 mV (71 mV) 1.0 mM in CH3CN vs. Ag/AgCl, oxidation.
UV-Vis: Amax, nm (€m, M*cm™) = 261 (sh, 12100), 267 (13300), 271 (11200), 380 (br, 1800).
Infrared (pyridine): vco = 1950 cm ™ ven = 2089 cm ™.

Unit Cell: Triclinic, P-1, a = 13.7375(4) A, b = 16.1926(5) A, ¢ = 17.1100(5) A, o = 73.931(3)
° B =71.636(2)° v =71.625(3)°, V = 3360.84(17) A°>.

A brown prism crystal measuring 0.45 x 0.30 X 0.15 mm?® was mounted using a nylon
loop and centered on the X—ray beam at 100 K. Crystals were grown by vapor diffusion using
acetonitrile and diethyl ether in four days. The accurate unit cell was obtained using reflection
with 20 = 3.26 — 32.97% a = 13.7375(4) A, b = 16.1926(5) A, ¢ = 17.1100(5) A, a = 73.931(2)° B
= 71.636(2)°, vy = 71.625(3)°, V = 3360.84(17) A3. The structure was solved under a primitive
triclinic crystal system (space group Plbar) using 16991 reflections. The asymmetric unit
consists of one molecule of the ruthenium complex anion and two molecules of the PPN" cation.
The data reduction was done using CryAlisPro and the structure refinement was done with
SHELXL-97 (Sheldrick). All the non-hydrogen atoms were located by Direct Methods and were
refined anisotopically by a full-matrix least-squares method. The positions of the remaining
hydrogen atoms were calculated. The crystallographic parameters and atomic coordinates for this
compound are located in Table A-15.

Attempted Synthesis of trans—[PPN]2[Ru''(CN)4(CO)(CN-dmph)]

In a 100 mL Schlenk flask, [PPN]s[Ru"(CN)s(CO)] (0.200 g, 0.107 mmol) and 2,6—
dimethylphenylisocyanide (0.070 g, 0.533 mmol) were dissolved in acetonitrile (30 mL). The
solution was refluxed overnight. The reaction was monitored by IR. The solution was cooled to
room temperature and the solvent was removed in vacuo, which resulted in a dark yellow oil.
The oil was purified by adding 20 mL of 1:1 CH,Cl,/H,O mixture. The organic layer was
separated by using a separatory funnel. The organic layer was dried using anhydrous magnesium
sulfate. The solution was filtered and the solvent was removed in vacuo, which resulted in a dark
yellow solid (Yield: 0.101 g, 65.7%).

Infrared (CH3CN): vco = 1986 cm ; ven = 2096 cm ™ Ve gmph = 2121 cm .
Synthesis of [EtsN],[Os'VCle]

The product was prepared by a literature procedure.™® All manipulations were performed

in air. Osmium tetroxide (2.0 g, 7.87 mmol) was added to a solution of [Et;N]CI*H,O (4.0 g, 24

mmol) in 30 mL of concentrated HCI. The solution was refluxed for 19 hours and cooled to room
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temperature. Ethanol (30 mL) and diethyl ether (15 mL) were added to the acid solution. The
flask was kept at —20°C for three hours. An orange solid precipitated and was filtered. The
orange solid was washed with minimum amount of ethanol (4 X 10 mL) and dried for one hour
at 100°C. Yield: 4.95 g, 94.8%

Synthesis of [PPN]4[Os' (CN)s]

In a 100 mL Schlenk flask, [EtsN]o[0s"Clg] (0.500 g , 0.754 mmol) was dissolved with
30 mL of degassed water. To this solution, [Et;N]JCN (1.20 g, 7.54 mmol) was added. The
mixture was allowed to reflux for three days and then was allowed to cool to room temperature.
In a separate 100 mL Schlenk flask, [PPN]CI (1.30 g, 2.26 mmol) was dissolved in 25 mL of hot
degassed water. The metal solution was added to the hot [PPN]CI solution dropwise. A white
solid was observed which was filtered off using a closed frit and washed with warm degassed
water. While the solid was dried in vacuo the color changed from white to light green. The light
green product was weighed and kept in the dry box (Yield: 1.02 g, 54.1%).

'H-NMR (400 MHz, CD;0D) [ppm]: 7.74 — 7.46 (aromatic, 30H, PPN™).

B¥C-NMR (100 MHz, CD;0D) [ppm]: 145.58 (C=N"); 145.22, 135.08, 133.65, 133.62, 133.57,
133.51, 133.48, 130.85, 130.83, 130.76, 130.69, 130.66, 129.27, 129.26, 128.20, 128.18 (PPN").

Electrochemistry: Es, (AEp) =—86 mV (irreversible) 1.0 mM in CH3CN vs. Ag/AgCl, oxidation.
Infrared (CH3sCN): ven = 2020 cm ™.

Synthesis of [PPN]5[Os"(CN)]

In a 100 mL Schlenk flask, [PPN]4[Os"(CN)e] (0.200 g, 0.080 mmol) was dissolved in 50
mL of CH,Cl,. The solution was stirred for 24 hours at room temperature. The reaction was
monitored by IR. Crystals were grown by vapor diffusion of methylene chloride and diethyl
ether (Yield: 0.067 g, 42.9%)

Infrared (H;0): 2147 cm™.
Unit Cell: Orthorhombic, Pbcn, a = 23.8163(2) A, b = 20.3376(2) A, ¢ = 19.33450(10) A, a. =
=y =90° V = 9364.98(13) A®,

A light green plate crystal measuring 0.65 X 0.45 X 0.10 mm?® was mounted using a nylon
loop and centered on the X-ray beam at 100 K. Crystals were grown by vapor diffusion using
methylene chloride and diethyl ether within one week. The accurate unit cell was obtained using
reflection with 26 = 3.30 — 32.31% a = 23.8163(2) A, b = 20.3376(2) A, ¢ = 19.33450(10) A, o =
B=1v=090°V = 9364.98(13) A3. The structure was solved under a primitive orthorhombic
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crystal system (space group Pbcn) using 15982 reflections. The asymmetric unit consists of one—
half molecule of the osmium complex anion and 1.5 molecules of the PPN cation. The data
reduction was done using CryAlisPro and the structure refinement was done with SHELXL-97
(Sheldrick). All the non—hydrogen atoms were located by Direct Methods and were refined
anisotopically by a full-matrix least-squares method. The positions of the remaining hydrogen
atoms were calculated. The crystallographic parameters and atomic coordinates for this
compound are located in Table A-16.

Attempted Synthesis of [PPN]5[Os"(CN)s(CO)]

In a 100 mL Schlenk flask, [PPN]4[Os"(CN)e] (0.200 g, 0.080 mmol) was dissolved in
1-propanol (20 mL). The solution was placed under carbon monoxide atmosphere and refluxed
for twelve hours. The reaction was monitored by IR. The solution was cooled to room
temperature and the solution was placed under dinitrogen atmosphere. The solvent was removed
which resulted in a yellow—green solid. The yellow—green solid was purified by adding 20 mL of
1:1 CH.CIy/H,O mixture. The organic layer was separated by using a separatory funnel. The
organic layer was dried using anhydrous magnesium sulfate. The solution was filtered and the
solvent was removed in vacuo, which resulted in a yellow—green solid (Yield: 0.086 g, 54.7%).

Infrared (1-propanol): vco = 2006 cm; ven = 2106 and 2089 cm ™.

4.3 Results and Discussion

4.3.1 Synthesis and Infrared Studies of the Ruthenium and Osmium Complexes

The low solubility of cyanometallates in organic solvents is due to the nature of the
counterion, usually an alkali metal, and can be problematic when performing certain reactions.*®
The solubility of cyanometallates was improved by replacing the alkali metal counterion with
bis(triphenylphosphino)iminium ion, [N(PPhs),]* or [PPN]".?° It has been shown that the
substitution of the potassium ion with [PPN]" allowed the reactivity of cyanometallates to be
changed. Pelizzi et al. reacted [PPN]s[Fe'"'(CN)s] with PhsSnCl in DMSO to produce an unusual
trinuclear anion, [(PhsSnCl)a(n—CN),Fe(CN),(DMSO),]*, which could not be produced using
K3[FEIII(CN)6].21_22

Overall scheme of synthesized complexes are illustrated in Figure 1VV-5 and Figure V-

6. The [PPN]4[Ru"(CN)s] was prepared in moderate yield, 50 — 60%, by precipitation from a
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warm aqueous solution of [PPN]CI added to a aqueous solution of K4[Ru"(CN)g]. It is very
important to maintain the aqueous solution at a moderately hot temperature (50 — 65 °C) to avoid
the formation of an oily suspension. The precipitate was filtered using a closed frit, which upon
drying, resulted in a brown solid being observed. Infrared analysis was performed to confirm the
purity of the desired product (Figure I\VV=7). The product was shown to be soluble in a wide
range of solvents: acetonitrile, acetone, DMSO, alcohols, methylene chloride, but insoluble in
diethyl ether and aromatic hydrocarbons. This compound was fairly unstable and oxidized
slowly to a yellow solid, when exposed to the air. A methylene chloride solution of
[PPN]4[Ru"(CN)], open to the air, caused the oxidation of the compound from Ru" to Ru'"".
Figure 1V-8 shows the infrared spectrum of [PPN]s[Ru'"'(CN)s]. As a result, this compound was
stored in the Dry—box.
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Figure 1V-8. Infrared Spectrum of [PPN]s[Ru'"'(CN)s] in CH.Cl,.

As previously mentioned, in 1959 Cotton et al. found that [Fe"(CN)s(CO)]* can be
synthesized using [Fe"(CN)s]*" under a CO atmosphere. However, this synthetic route was
achieved under high temperatures (300°C) and pressures (100 atm). This results in the iron
compound that was highly inert to substitution. Since K4[Ru"(CN)g] is an expensive compound
(~$150/gram), using the same synthetic route as Cotton was not economically favorable. Since
replacing the potassium ion with PPN* has been shown to improve reactivity of the starting
material, this method was applied.

A methanolic solution of [PPN]4[Ru"(CN)s] was placed under a CO atmosphere and
refluxed which resulted in the formation of [PPN]s[Ru"(CN)s(CO)]. Infrared analysis was
performed to confirm the purity of the desired product (Figure 1V-9). The peak at 1983 cm* has
been assigned to the CO ligand, while the 2086 cm™ peak to the cyanide ligand. The desired
product was purified using a 1:1 methylene chloride/distilled water solution to remove [PPN]CN.
The mixture was separated using a separatory funnel, which the organic layer (CH,ClI; layer) was
collected and removed in vacuo. The resulting yellow oil was gently heated which resulted in a
yellow powder. The desired yellow product was stored under anaerobic conditions.
[PPN]s[RU"(CN)s(CO)] is stable under air, under light and in solution. When left open to the air,
the yellow powder absorbs moisture to produce a yellow tarry solid.
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The [Ru"(CN)s(CO)]* anion has a C., molecular symmetry. There are two different CN~
ligands which are the axial and equatorial CN". The equatorial CN™ ligands are equivalent due to
symmetry. Theoretically, the infrared spectrum should show four peaks for the CO and CN-
stretching frequencies. However, the infrared spectrum shows three peaks, one for CO and two
for CN". This is because the CN™ stretching frequencies are close enough in energy that only two

peaks can be distinguished.

2086
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2200 2150 2100 2050 2000 1950 1900

Frequency (cm™)

Figure 1V-9. Infrared Spectrum of [PPN]s[Ru' (CN)s(CO)] in MeOH.

In 2002, the iron analog of [Ru"(CN)s(CO)]* anion was synthesized and characterized
by Jiang et al.?® The infrared spectrum for the iron complex was found to be similar to the
ruthenium complex; this is summarized in Table IV-1. The slight differences in the infrared
spectra are contributed to the interaction between the ligand and the transition metal. The CN™
stretching frequencies differ by 10 cm ™ due to the change in o donation. There is less o donation
from the cyanide to the ruthenium, which weakens the ruthenium cyanide bond but
simultaneously strengthens the carbon-nitrogen triple bond of the cyanide. Due to the increased

strength of the triple bond, the stretching frequency would increase.
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Table IV-1. Infrared Spectra Comparison of [M"(CN)s(CO)J*~ in MeOH.

M Cation veo (cm™) ven (cm™)
Fe [PPN]* 1986 2076, 2096
Ru [PPN]" 1983 2086, 2109(sh)

The [Ru"(CN)s(CO)]* served as an intermediate for the formation of various other
complexes. The first complex that was generated was trans—[Ru"(CN)4(CO),]* by further
reacting [Ru"(CN)s(CO)]* under a CO atmosphere. Infrared analysis was performed to confirm
the purity of the desired product (Figure 1V=10). Using infrared spectroscopy, the symmetry of
the compound could be determined. The peak at 2007 cm™ has been assigned to the carbon
monoxide ligand, while the 2107 cm™ peak has been assigned to the cyanide ligand. The
observation that there is one peak for each ligand is consistent a trans trans—[Ru"(CN)4(CO),]*
structure. The desired product was purified using the same procedure described for the
[Ru"(CN)s(CO)]*" complex. The organic layer was placed in a Schlenk flask to which the
solvent was removed in vacuo. The resulting tan oil was gently heated which resulted in a tan

powder. The desired tan product was stored under anaerobic conditions. The complex, trans—

[PPN]2[RU"(CN)4(CO),], was stable under air, under light and in solution.
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Figure IV-10. Infrared Spectrum of trans—[PPN],[Ru''(CN)4(CO),] in CHsCN.
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Jiang et al. had synthesized and characterized the iron analog of trans—
[Ru"(CN)4(CO),]*", which was later revisited by Rauchfuss and coworkers.'®**?” Using infrared
spectroscopy, it was demonstrated how the stretching frequencies can differ for carbon monoxide
and cyanide based on different transition metals, illustrated in Table 1\V-2, and how the quantity
of each ligand which is illustrated in Table 1V—4. As stated above, there is less ¢ donation when
moving down a family in the periodic table. Less o donation from the ligand to the metal will
increase the bond strength of the carbon—oxygen triple bond (C=0) and the carbon—nitrogen
triple bond (C=N"), which results in higher stretching frequencies (i.e. blue shift).

Table 1V=2. Infrared Spectra Comparison of trans—[M" (CN)4(CO),]*" in CHsCN.
M Cation veo (cm™) ven (cm™)
Fe [PPh.]* 1999 2103
Ru [PPN]* 2007 2107

The number of carbon-monoxide and cyanide has a significant effect in the stretching
frequencies found in the infrared spectra. Carbon monoxide binds to the transition metal center
through n—backbonding. As the number of carbon monoxide ligands increases there would be
higher demand for n—backbonding from the transition metal to the carbon monoxide, which
results in a decrease in the metal-ligand bond strength and therefore increases the C=0O bond.
This effect would increase the stretching frequency of the carbon—oxygen triple bond. Cyanide
binds to the transition metal through ¢ donation. As the amount of cyanide ligand decreases there
would be less ¢ donation that weakens the metal-ligand bond and therefore strengthen the C=EN~
bond. This effect would increase the stretching frequency of the carbon-nitrogen triple bond.

The cis—[Ru"(CN)4(CO),]*> isomer was synthesized using fac—[Ru'"(CO)sCl,THF],
description of this starting material can be found in Chapter 5. Synthesis of cis—
[Ru"(CN)4(CO),]” was performed by reacting fac—[Ru'(CO)sCI, THF] with four equivalence of
NaCN in a methanolic solution. Infrared analysis was performed to confirm the purity of the
desired product. The peaks at 2006 and 2050 cm ™ have been assigned to the carbon monoxide
ligand, while the 2083 and 2123 cm ™ peaks was assigned to the cyanide ligand (Figure 1V-11).
Attempts to synthesize the cis isomer using the [Ru"(CN)s(CO)]* intermediate have proven

unsuccessful. All attempts, using various solvents (i.e. 1-propanol, propionitrile) resulted in the
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formation of the trans isomer. The infrared spectrum shows the CO in the cis orientation, due to
the split in the stretching frequencies. The desired product was isolates as the [PPN]" salt. Jiang
et al. had, also, synthesized and characterized the iron analog of cis—[Ru"(CN)4(CO),]*". The
infrared spectra of the two complexes are summarized in Table 1VV=3. The carbonyl and cyanide
stretching frequencies are blue shifted for the ruthenium complex according to the explanations
previously stated. The complex, cis—[PPN],[Ru"(CN)4(CO),], was stable under air, under light
and in solution.

Table IV=3. Infrared Spectra Comparison of cis—[M" (CN)4(C0O),]* in MeOH.
M Cation veo (cm™) ven (cm™)
Fe [Na]* 1967, 2022 2080, 2106, 2115(sh)
Ru [PPN]* 2006, 2050 2083, 2123

The comparison of the cis— and trans—[Ru"(CN)4(CO),]* infrared spectra show a shift in
the carbonyl and cyanide stretching frequencies (Table 1V—4). The trans—[Ru"(CN)4(CO),]* has
a D, molecular symmetry, while the cis—[Ru"(CN)4(CO),]* has a C,, molecular symmetry. The
CN and CO in the trans complex are related by symmetry, while the cis complex only one set of
CN™ are related by symmetry. Due to the different orientations of the carbonyl and cyanide
ligands, IR peaks will shift due to the trans effect. Since the CO ligands are bound to the
transition metal through m—backbonding and the CN™ ligands are bound through ¢ donation, the
IR peaks will shift depending on which ligands are trans to each other because those ligands will

be competing for the same d orbital.
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Figure 1V—-11. Infrared Spectrum of cis-[PPN];[Ru" (CN)4(CO),] in MeOH.

The fac—[Ru"(CN)3(CO)s]” isomer was synthesized using fac—[Ru'(CO)sCI,THF].
Synthesis of this complex was performed by Contakes et al. using a similar procedure.?*
Attempts were made to synthesize fac—[Ru"(CN)s(CO)s]” using the [Ru'(CN)s(CO)*
intermediate and trans—[Ru"(CN)4(CO),]*, but were not successful. Synthesis of fac—
[Ru"(CN)3(CO)s]” was performed by reacting fac—Ru'(CO)sCI, THF with three equivalence of
NaCN in a methanolic solution. Infrared analysis was performed to confirm the purity of the
desired product and agree with the literature. The peaks at 2077 and 2118 cm™* were assigned to
the carbon monoxide ligand, while the 2145 and 2164 cm™ peaks were assigned to the cyanide
ligand. The peaks are split due the facial geometry that is found in the complex. A variety of
countercations were used (e.g [PPha]", [AsPh4]", [PPN]") to isolate the desired product, which all
countercations gave similar yields. The carbon monoxide and cyanide stretching frequencies
found using infrared spectroscopy shift according to explanations that were previously stated.
This is summarized in Table 1V-5. Jiang et al. had synthesized and characterized the iron analog

of fac—[Ru"(CN)3(CO)s] . Table 1\V-5 summarizes the comparison of the two complexes.
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Table 1V-4. Infrared Spectra Comparison of [Ru" (CN)e_(CO)]*™.
viem™Y) | x=0 x=1 X =2 (trans) | x=2(cis) X=3
CO N/A 1983 2007 2006, 2050 2077, 2118
CN™ 2043 2086, 2109(sh) 2107 2083, 2123 2145, 2164
Table IV-5. Infrared Spectra Comparison of [M"(CN)3(CO)s]” in MeOH.

M Cation veo (cm™) ven (em™)

Fe [Na]" 2080, 2118 2146, 2160

Ru [AsPh,]* 2077, 2118 2145, 2164

The second complex that was generated was trans—[Ru'"(CN)4(CO)(py)]*> by reacting
[Ru"(CN)s(CO)]* in a pyridine solution. Infrared analysis was performed to confirm the purity
of the desired product (Figure 1V-12). The desired product was purified using the same
procedure described for the [Ru'(CN)s(CO)]*" complex. The organic layer was placed in a
Schlenk flask to which the solvent was removed in vacuo. The resulting dark tan oil was gently
heated which resulted in a dark tan powder. The desired dark tan product was stored under
anaerobic conditions. The complex, trans—[PPN],[Ru"(CN)4(CO)(py)], was stable under air,
under light and in solution.

Chiarella et al. had synthesized and characterized the iron analog of trans—
[Ru"(CN)4(CO)(py)]* > Table I1\V-6 summarizes the comparison of the two complexes. The CO
and CN stretching frequencies are shifted to lower wavenumbers (cm™) for the iron complex

due to the reasons that have been previously stated.

Table IV-6. Infrared Spectra Comparison of trans—[M"(CN)4(CO)(py)]” in pyridine.
M Cation veo (em™) ven (cm™)
Fe [Bu.N]* 1947 2081
Ru [PPN]* 1950 2089

146



1950

2089

Absorbance

2125 2075 2025 1975 1925
Frequency (cm™)

Figure IV-12. Infrared Spectrum of trans—[PPN],[Ru''(CN)4(CO)(py)] in pyridine.

The third complex that was generated was trans—[Ru"(CN)4(CO)(CN-dmph)]* by
reacting [Ru"(CN)s(CO)]* in a methanolic solution with a five molar excess of the isocyanide.
Infrared analysis was performed to confirm the purity of the desired product (Figure 1V-13).
The peak at 1986 cm* has been assigned to the carbon monoxide ligand, while the 2096 and
2121 cm* peaks was assigned to the cyanide ligand and isocyanide ligand respectively. The
desired product was purified using the same procedure described for the [Ru'(CN)s(CO)]*
complex. The organic layer was placed in a Schlenk flask to which the solvent was removed in
vacuo. The resulting in dark yellow oil was gently heated which resulted in dark yellow powder.
The desired dark yellow product was stored under anaerobic conditions. The complex, trans—
[PPN]2[Ru"(CN)4(CO)(CN-dmph)], was stable under air, under light and in solution.

The  comparison  between  trans—[PPN]o[Ru"(CN),(CO)(CN-dmph)]  and
[PPN]s[RU"(CN)s(CO)] is summarized in Table IV-7. Upon comparing the CO and CN~
stretching frequencies, it was observed that there is a slight shift from the CN™ to CN—dmph. This
is due to the electron—withdrawing effect of the phenyl ring on the isocyanide. The isocyanide,

being electron—withdrawing, removes electron density from the transition metal which decreases
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the n—backbonding effect of the CO. This result will strengthen the C=0 bonds, which will blue
shift the stretching frequency of the carbonyl.
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Figure 1V-13. Infrared Spectrum of trans—[PPN],[Ru"(CN)4(CO)(CN-dmph)] in CHsCN.

Table IV-7. Infrared Spectra Comparison of [Ru"(CN)s_(CO)(L),]*™ in
MeOH.

X L vco (Cm_l) VCN (Cm_l)

0 CN 1983 2086, 2109(sh)

1 CN-dmph 1986 2096

The [PPN]4[Os"(CN)s] was prepared in moderate yield, 50 — 60%, by reacting an
aqueous solution of [EtsN],[Os'Clg] with ten molar equivalence of [EtsN]CN for seventy—two
hours. Infrared analysis was performed to confirm the purity of the desired product (Figure V-
14). Allowing the reaction to reflux for forty—eight hours produced [PPN]s[Os"(CN)s]. This
oxidation was, also, achieved by dissolving [PPN]4[Os"(CN)s] in methylene chloride and
allowed to stir under air. Figure 1V=15 shows the infrared spectrum of the oxidized product. A
warm aqueous solution of [PPN]CI was added to the reaction mixture. It is very important to

maintain the aqueous solution moderately hot to avoid the formation of an oily suspension. The
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precipitate was filtered using a closed frit, which, upon drying, resulted in a green solid being
observed. The product was shown to be soluble in a wide range of solvents: acetonitrile, acetone,
DMSO, alcohols, methylene chloride, but insoluble in diethyl ether and aromatic hydrocarbons.
This compound was unstable and oxidizes slowly to a yellow—green solid, when exposed to the
air. As a result, this compound was stored in the Dry—box.

Synthesis of [PPN]5[0s"(CN)s(CO)] was attempted by reacting [PPN]4[Os"(CN)g] under
a CO atmosphere in a 1—propanol solution. Infrared analysis was performed to confirm the purity
of the desired product (Figure 1\VV=16). Purification was performed under the same conditions as
the [PPN]5[Ru"(CN)s(CO)]. The resulting light green oil was gently heated which resulted in a
light green powder. [PPN]5[Os"(CN)s(CO)] was stable under air, under light and in solution.
The characterization of this compound as [PPN]3[Os"(CN)s(CO)] was not confirmed due to the
lack of additional spectroscopic and crystallographic characterization.

The infrared comparison of the [M"(CN)s(CO)]* (where M = Fe, Ru and Os) are
summarized in Table 1V-8. The carbon monoxide and cyanide stretching frequencies are
increasing by moving from iron to osmium. This trend is due to the decrease of the ¢ donation

that was explained before.

Table 1V=8. Infrared Spectra Comparison of [M"(CN)s(CO)J*.
M Cation Solvent veo (cm™) ven (cm™)
Fe [PPN]* MeOH 1986 2076, 2096
Ru [PPN]* MeOH 1983 2086, 2109(sh)
Os [PPN]* n—PrOH 2006 2089, 2106
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Figure 1V-14. Infrared Spectrum of [PPN]4[Os" (CN)g] in CH3CN.
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Figure IV-15. Infrared Spectrum of [PPN]5[Os""(CN)g] in H,O.
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Figure IV-16. Infrared Spectrum of [PPN]3[Os" (CN)s(CO)] in n—-PrOH.

Using the infrared spectra collected from the [PPN]4[Fe'(CN)e]*®, [PPN]4[Ru"(CN)s] and
[PPN]4[0s"(CN)g], there is noticeable trend of the CN" stretching frequencies. The trend shows
that moving down the periodic table, within a family, the CN™ stretching frequencies decrease.
This trend is due to the delocalization of the charge from the transition metal to the CN". This
tends to weaken the CN~ bond which results in a red shift.?> The cyanide stretching frequency for
iron and ruthenium are comparable.This trend is illustrated in Figure 1\VV=17 and summarized in
Table I1V-9.

Table IV-9. Infrared Spectra Comparison of [M"(CN)]*".
M Cation Solvent ven (em™)
Fe [PPN]* CHACN 2041
Ru [PPN]* CH1CN 2043
Os [PPN]* CH4CN 2020
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Figure IV-17. Infrared Spectrum of [PPN]s[M"(CN)s] in CHsCN (where M = Ru (red);
and Os (black)).

4.3.2 NMR Studies of the Ruthenium and Osmium Complexes

Proton and carbon (*H and *3C) studies were performed on [PPN]4[Ru"(CN)g],
[PPN]5[RU"(CN)s(CO)], trans—[PPN][Ru"(CN)4(CO),], fac—[AsPhs][Ru"(CN)s(CO)s], trans—
[PPN],[RU"(CN)4(CO)(py)] and [PPN]4[Os"(CN)e]. All spectra were performed in CDsOD with
the exception of [AsPh,][Ru"(CN)3(CO)s], which was done in CDCl5 due to the resolution of the
carbonyl and cyanide peaks. Since the [PPN]" cation is present in all compounds, except one,
and the cation is not coordinated to the transition metal, the peaks in the *H-NMR and *C-NMR
will not shift by any significant amount. In light of this observation, the [PPN]" cation peaks
have been represented by Figure 1V-18 (*H-NMR) and Figure 1V-19 (**C-NMR). The
[AsPhs]* peaks are represented, in the same fashion as the [PPN]*, by Figure 1V-20 (*H-NMR)
and Figure 1V=21 (}C-NMR).
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Figure IV-18. "'H-NMR of [PPN]" in CD3;0OD.
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Figure 1V-19. ®*C-NMR of [PPN]" in CD;0D.
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Figure 1V-20. *H-NMR of [AsPh,]" in CDCls.
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Figure 1V=21. ®C-NMR of [AsPh,]" in CDCls.
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The *C-NMR of the [M"(CN)e]* (where M = Fe®, Ru [Figure 1V-22] and Os [Figure
1\VV-23]) show that the CN™ shifts upfield when moving from iron to ruthenium to osmium. This
shift, summarized in Table 1V-10, is due to the increasing electron density from the transition
metal. The increasing electron density acts as a shield around the nuclei that is being scanned.
The greater the shielding effect on the nuclei, the lower the peak would be observed in the NMR

(greater shielding leads to the peaks moving upfield).

Table 1V-10. *C-NMR Comparison of [M"(CN)s]*.
M Cation Solvent CN™ o (ppm)
Fe® [EtsN]* CD5CD 177.20
Ru [PPN]* CDsCD 165.15
Os [PPN]* CDsCD 145.58
N N C /N
\c c/
“Rull
N
=L ‘X
N RN _
| CN
N

167.3 167.1 166.9 166.7 166.5 166.3 166.1 165.9 165.7 165.5 165.3 165.1 164.9 164.7 164.5 164.3 164.1 163.9 163.7 163.5
f1 (ppm)

Figure IV-22. ®C-NMR of [Ru"(CN)¢]* in CD;0D.
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Figure 1V=23. BC-NMR of [Os"'(CN)s]*" in CD;OD.

The C-NMR spectra for [PPN]4[Ru"(CN)s] (Figure 1V=22), [PPN]s[Ru"(CN)s(CO)]
(Figure  1V-24), trans—[PPN]o[RU"(CN)4(CO),]  (Figure  IV-25) and fac—
[AsPh][Ru"(CN)3(CO)s] (Figure 1V—26) show an interesting feature. The observation shows, as
the cyanide are substituted by carbon monoxide, the *C signals move upfield. The **C signals
for these compounds are summarized in Table 1V-11. Various explanations have been reported
to explain this surprising behavior. It has been suggested that increasing m—donation from the
metal to the CO groups would increase the positive charge on the carbon. This increase in
positive charge on the carbon leads to a contraction of the carbon 2p orbitals and to an expansion
of the oxygen 2p orbitals.?® Due to this contraction, the carbon becomes more shielded which
results in the *C signals to move upfield. The cyanide '°C signals are split for
[PPN]s[RU"(CN)s(CO)] due to the fact that one of the cyanide is trans to the carbonyl ligand.

This results in a different chemical environment than the other cyanide.
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Table 1V-11. *C-NMR Comparison of [Ru'"(CN)s_(CO),]**.

X Solvent CO 6 (ppm) CN™ 6 (ppm)
0 CDsCD N/A 165.15
1 CDsCD 200.55 151.17 (cis), 150.65 (trans)
2 CDsCD 193.87 134.85
3 CDCl3 186.14 123.16
_ o 3
N C N
R = _
\C,,%m ]i‘\\\\C 7 C N
‘Ru
7| N
=L Cxn
NZ ‘(:| Xy /
- N —
CO l
2.2 I 201 8 201 4 201 0 2006 2002 1998 151 4 15Il.0 I 15IO.6 I 15I(l.2 I 14I9.8 I 14I9.4 I 14:9
f1 (ppm)

Figure 1V=24. BC-NMR of [Ru''(CN)s(CO)J*" in CD;OD.
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Figure 1V-25. ®*C-NMR of trans—[Ru''(CN)4(C0),]* in CD3OD.
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Figure 1V=26. ®C-NMR of fac—[Ru"(CN)3(CO)s]” in CDCls.
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In 2006, Chiarella et al. synthesized the iron analog of trans—[Ru"(CN)4(CO)(py)]*".
The *H-NMR (Figure 1V-27) and *C-NMR (Figure 1\V—28) signals does not show any
significant shifts on the pyridine hydrogens and carbons when comparing the two complexes.
The one exception is that the ortho hydrogens and carbons on the pyridine have a slight shift.
The peaks move upfield upon comparing ruthenium to iron due to the proximity those nuclei
have to the transition metal. The CN™ and CO 3C signals do show a significant change since they
are directly bonded to the metal. This NMR comparison has been summarized in Table 1V-12.
The CN™ and CO **C signals for the ruthenium complex are positioned upfield compared to the
iron complex. This is due to the extra electron density that belongs to the ruthenium. This extra

electron density shields the carbon of the CN™ and CO.

Table 1V=12. NMR Comparison of [M"(CN).(CO)(py)]* in CDsOD.
'H-NMR
Fel’ Ru
6 (ppm) Assignment 6 (ppm) Assignment
9.26 Bound pyridine Horno 9.12-9.09 Bound pyridine Hortho
7.78 Bound pyridine Hpara 7.81-7.75 Bound pyridine Hpara
7.30 Bound pyridine Hpmeta 7.34-7.29 Bound pyridine Hpmeta
BC-NMR
Fe Ru
0 (ppm) Assignment 0 (ppm) Assignment
220.42 CO 202.81 CO
162.12 CN~ 156.86 CN™
157.67 Bound pyridine Cortho 152.43 Bound pyridine Cortho
137.70 Bound pyridine Cpara 138.33 Bound pyridine Cpara
124.67 Bound pyridine Ceta 125.35 Bound pyridine Ceta
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Figure IV-27. 'H-NMR of trans—[Ru'(CN)4(CO)(py)]*” in CDsOD.
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Figure 1V-28. ®*C-NMR of trans—[Ru''(CN)4(CO)(py)]*" in CD;OD.

4.3.3 X—ray Structures of Transition Metal Carbonyl/Cyanide Complexes
The X-ray structure of [PPN]s[M"'(CN)s] (Where M = Fe'®, Ru and Os) confirmed an
octahedral structure consisting of six cyanide ligands that are bound to the transition metal and
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the PPN cation. The average bond distances of the CN™ to metal are 1.941(7) A, 2.044(6) A and
2.064(2) A for Fe, Ru and Os respectively. The average bond distances for the C=N" are
1.162(10) A, 1.159(6) A and 1.156(3) A for Fe, Ru and Os respectively. The transition metal lies
on a two—fold axis so that the [M"'(CN)s]*" anion has an imposed C, symmetry. There are two
crystallographically independent PPN" cations present in the unit cell. One cation occupies a
general position whereas the nitrogen atom of the other lies on a two—fold axis. Since there is
different multiplicity of the two types of cations, the cations exist in a 2:1 ratio. The general
structure of the complex anion is shown in Figure 1V=29. The crystal structure for all the
[M"(CN)s]* complexes were solved under an orthorhombic crystal system Pbcn. These
compounds are classified as isomorphous and isostructural. Crystals of the ruthenium and
osmium compounds were grown by vapor diffusion of methylene chloride and diethyl ether, and
were grown within a week. Crystallization of the [M"(CN)s]*" were attempted using various
solvents and techniques without success. All attempts have resulted in the oxidation product,

[M"(CN)s]*". Selective bond distances and angles are summarized in Table 1V-13.

Table 1\V—13. Selective Crystallographic Data for [PPN]s[M"!(CN)e].

Fe'® Ru Os
Bond Distances (A) Bond Distances (A) Bond Distances (A)

Fe(1-C(1) | 1.952(8) | Ru(1)-C(1) | 2.030(6) | Os(1)-C(1) 2.069(2)

Fe(1-C(2) | 1.935(7) | Ru(1)-C(2) | 2.052(6) | Os(1)-C(2) 2.061(2)

Fe(1-C(3) | 1.935(7) | Ru(1)-C(3) | 2.050(6) | Os(1)-C(3) 2.063(2)

C()-N(1) | 1151(10)| C(1)-NQ) 1.160(6) C(1)-N(1) 1.154(3)

C2)-N@) |1165(10)| C@-NQ) 11516) | C(2-N(@) 1.154(3)

CR)-N@B) |1.16910)| C@3)-N@) 1.166(6) C(3)-N(3) 1.161(3)

Bond Angles (°) Bond Angles (°) Bond Angles (°)

C(1)—Fe(1)-C(2) | 90.5(3) | C(1)-Ru(1)-C(2) | 89.48(19) | C(1)-Os(1)-C(2) | 90.16(8)
C(1)-Fe(1)-C(3) | 91.4(3) | C(1)-Ru(1)-C(3) | 92.1(2) | C(1)-0s(1)-C(3) | 91.67(8)
C(2)-Fe(1)-C(3) | 92.6(3) | C(2)-Ru(1)-C(3) | 89.1(2) | C(2)-0s(1)-C(3) | 89.99(8)
Fe(1)-C(1)-N(1) | 179.4(7) | Ru()-C(1)-N(1) | 177.6(4) | Os(1)-C(1)-N(1) | 178.8(2)
Fe(1)-C(2)-N(2) | 177.4(6) | Ru(1)-C(2)-N(2) | 179.1(5) | Os(1)-C(2)-N(2) | 177.23(19)
Fe(1)-C(3)-N@3) | 178.4(7) | Ru(1)-C(3)-N(3) | 178.9(5) | Os(1)-C(3)-N(3) | 178.5(2)
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Figure 1V—29. X—ray structure of [PPN]s[M""'(CN)s] (cations were removed for clarity).

Using X-ray crystallography and infrared spectroscopy, the correlation between bond
distances and cyanide stretching frequencies can be explained. Using Table 1\VV-13 and infrared
data on the [M"(CN)g]*", the observation can be made that, moving from iron to ruthenium to
osmium, the metal-carbon bond increases due to the increasing atomic radius of the transition
metal. As a result the carbon-nitrogen triple bond strength will decrease, which results in a blue
shift of the cyanide stretching frequencies.

The X-ray structure of trans—[M"(CN)4(CO),]* (where M = Fe?®, Ru) confirmed an
octahedral structure with four cyanide ligands and two carbonyl ligands that are bound to the
transition metal and the [PPN]" cation for the ruthenium compound and [Na]" cation for the iron.
The X—ray structure shows the carbonyl ligands to be in a trans orientation. The ruthenium atom
lies on a two—fold axis so that the trans—[Ru"(CN)4(CO),]* anion has an imposed C, symmetry,

while the [PPN]" cation is located on a general position. This implies that the ratio of the
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ruthenium complex ion and the cation is 1:2. The general structure of the complex anion is
shown in Figure 1V-30. The crystal structure for both compounds was solved under a
monoclinic crystal system P2:/n. The trans—[Fe"(CN)4(C0),]*" uses the same numbering system
as the ruthenium analog. Crystals of the ruthenium compound were grown by vapor diffusion of
methylene chloride and diethyl ether after three days. Selective bond distances and angles are
summarized in Table 1V=14. The average metal to cyanide bond distance is 1.926(4) A for Fe
and 2.0590(17) A for Ru.

Table 1V—14. Selective Crystallographic Data for trans—[M" (CN)4(CO),]*.
Fe? Ru
Bond Distances (A) Bond Distances (A)
Fe(1)-C(1) 1.800(5) Ru(1)-C(1) 1.9360(17)
Fe(1)-C(2) 1.929(4) Ru(1)-C(2) 2.0588(17)
Fe(1)-C(3) 1.923(3) Ru(1)-C(3) 2.0596(17)
C(1)-0(1) 1.122(5) C(1)-0(1) 1.131(2)
C(2)-N(1) 1.144(4) C(2)-N(1) 1.146(2)
C(3)-NQ) 1.150(4) CR)N(Q2) 1.143(2)
Bond Angles (°) Bond Angles (°)
C(1)—Fe(1)-C(2) | 90.09(15) | C(1)-Ru(1)-C(2) 89.96(7)
C(1)-Fe(1)-C(3) | 90.51(15) | C(1)-Ru(1)-C(3) 89.91(7)
C(2)-Fe(1)-C(3) | 90.05(12) | C(2)-Ru(1)-C(3) 92.63(6)
Fe(1)-C(1)-O(1) 178.8(4) Ru(1)-C(1)-O(1) 177.46(14)
Fe(1)-C(2)-N(1) | 1785(3) | Ru(1)-C(2)-N(Q) 178.19(15)
Fe(1)-C(3)-N(2) | 179.5(3) Ru(1)-C(3)-N(2) 178.65(15)

Using X-ray crystallography and infrared spectroscopy, the correlation between bond
distances and cyanide/carbonyl stretching frequencies can be explained. Using Table 1VV-14 and
the infrared spectra (Table 1V-2), the observation can be made that, moving from iron to
ruthenium, the metal-carbon bond will increase due to the increasing atomic radius of the
transition metal. As a result the carbon—nitrogen and carbon—oxygen triple bond will decrease,
which will blue shift the cyanide/carbonyl stretching frequencies. Since the carbonyl ligands are
in a trans orientation and carbonyl binds to a transition metal using t—backbonding, this will also
affect the metal—carbon bond. Since the carbonyl ligands are competing for electrons in the same

d orbital the bond distances will increase as a result.
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Oo1*

Figure 1V=30. X—ray structure of trans—[PPN],[Ru" (CN)4(CO),] (cations were removed for

clarity).

The X-ray structure determination of cis—[PPN][Ru"(CN)4(CO),] was done. Crystals of
cis—[PPN],[Ru"(CN)4(C0),]* were grown by vapor diffusion of methylene chloride and diethyl
ether after one week. The [Ru"(CN)4(CO),]* ion and two [PPN]" cations are located in a general
position within the unit cell. It should be noted that the cis—[PPN],[Ru"(CN)4(CO),] crystallizes
in a different unit cell than that found for its isomer, trans—[PPN],[Ru"(CN)4(CO),]. Whereas the
CO and CN ligands are ordered in the centrosymmetric trans—[Ru'(CN)4(CO),]* the, CN™ and
CO ligands are apparently disordered in the cis—[Ru"(CN)4(CO),]* . Refinement does not reveal
two short Ru-C(O) bonds and four longer Ru—C(N). The pattern of shorter Ru—C(O) distances
for the carbonyl ligand and longer but equal Ru—C(N) bonds were found in the structures of
trans—[PPN],[Ru"(CN)4(CO),] (Figure 1V-30) and [PPN][Ru"(CN).(CO)(pyridine)]. The
problem of disorder of CO and CN ligands in [M(CO)x(CN) x]" compounds is a frequent one.

It was possible to overcome the problem by using cations (e.g K™ or Na*) or hydrogen bonding
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solvents of crystallization that preferentially interact with the CN ligands. Unfortunately, these

strategies did not work in this case. The overall crystal structure is shown in Figure 1V-31.

Figure 1V=31. X—ray structure of cis—-[PPN],[Ru"(CN)4(CO),] (hydrogens were removed

for clarity).

Using X-ray crystallography and infrared spectroscopy, the correlation between bond
distances and cyanide/carbonyl stretching frequencies can be explained. A true comparison
cannot be determined using the data provided when comparing the cis—[M"(CN)4(C0O),]*" (where
M = Fe and Ru). The reason is that the crystal structures for these compounds were grown using
different cations (Na* for Fe and PPN" for Ru). It has been shown that cations can affect bond
distances and angles due to the electrostatic interactions between the cation and the ligands®” and
that the cis—[Ru'"(CN)4(CO),] crystal structure is too disordered to analysize the data correctly.

The X-ray structure of trans—[M"(CN)4(CO)(py)]*> (where M = Fe!’, Ru) confirmed an
octahedral structure with four cyanide ligands, one carbonyl ligand and one pyridine ligand that
are bound to the transition metal and the [PPN]" cation for the ruthenium compound and [NBu,4]”

cation for the iron. The X-—ray structure shows the carbonyl ligand trans to the pyridine. The
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ruthenium compound was solved under the triclinic crystal system Plbar. The two compounds,
with respect to the complex anion, are isostructural. Crystals of trans—[Ru"(CN)4(CO)(py)]*
were grown by vapor diffusion of acetonitrile and diethyl ether after four days. The ruthenium
complex ion and two PPN™ cations are located in a general position within the unit cell (Figure
IV-32). The general structure of the complex anion is shown in Figure 1V=-33. The X-ray
structure for the iron compound follows the same numbering system as the ruthenium (Figure
IVV-33). Selective bond distances and angles are summarized in Table 1V-15. The trans—
[Fe'(CN)4(CO)(py)]* anion has crystallographic C, symmetry, which results in only one
carbonyl, one—half of the pyridine ligand, one [NBu,4]* cation and two cyanide ligands in the
asymmetric unit. The average metal to cyanide bond distance is 1.932(4) A for Fe and 2.054(18)
A for Ru. The bond distances for the CO, CN™ and pyridine ligands increase when moving from
iron to ruthenium,

Using X-ray crystallography and infrared spectroscopy, the correlation between bond
distances and cyanide/carbonyl stretching frequencies can be explained. Using Table 1\VV-15 and
the infrared spectra (Table 1V-6), the observation can be made that, moving from iron to
ruthenium, the metal-carbon bond will increase due to the increasing atomic radius of the
transition metal. As a result the carbon-nitrogen and carbon—oxygen triple bond will decrease,

which will blue shift the cyanide/carbonyl stretching frequencies.
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Table I'V-15. Selective Crystallographic Data for
trans— [M"(CN)4(CO)(py)]*".

Fel’ Ru
Bond Distances (A) Bond Distances (A)
Fe(1)-C(1) 1.722(6) Ru(1)-C(1) 1.8238(17)
Fe(1)-C(2) 1.933(3) Ru(1)-C(2) 2.0634(19)
Fe(1)-C(3) 1.931(3) Ru(1)-C(3) 2.0448(18)
Fe(1)-C(4) 1.931(3) Ru(1)-C(4) 2.0543(18)
Fe(1)-C(5) 1.933(3) Ru(1)-C(5) 2.0537(19)
Fe(1)-N(5) 2.066(3) Ru(1)-N(5) 2.1632(13)
C(1)-0() 1.153(5) C(1)-0(1) 1.146(2)
C(2-N(1) 1.141(3) C(2-N(1) 1.152(2)
C(3)-N(2) 1.141(3) C(3)-N(2) 1.149(2)
C(4)N(@3) 1.141(3) C(4)N(@3) 1.153(2)
C(5)-N(4) 1.141(3) C(5)-N(4) 1.156(2)
Bond Angles (°) Bond Angles (°)
C(1)-Fe(1)-C(2) | 90.92(15) | C(1)-Ru(1)-C(2) 90.70(7)
C(1)-Fe(1)-C(3) | 90.62(15) | C(1)-Ru(1)-C(3) 90.46(8)
C(1)-Fe(1)-C(4) | 90.62(15) | C(1)-Ru(1)-C(4) 90.65(7)
C(1)—Fe(1)-C(5) | 90.92(15) | C(1)-Ru(1)-C(5) 94.70(8)
C(1)-Fe(1)-N(5) | 179.16(18) | C(1)-Ru(1)-N(5) 179.35(7)
C(2)Fe(1)-C(3) | 90.37(12) | C(2)-Ru(1)-C(3) 90.96(7)
C(2)—Fe(1)-C(4) | 17838(13) | C(2)-Ru(1)-C(4) 178.25(6)
C(2)-Fe(1)-C(5) | 89.08(16) | C(2)-Ru(1)-C(5) 90.27(7)
C(2)—Fe(1)-N(5) | 89.68(11) | C(2)-Ru(1)-N(5) 89.15(6)
C(3)-Fe(1)-C(4) | 90.13(17) | C(3)-Ru(1)-C(4) 90.15(7)
C(3)-Fe(1)-C(5) | 178.38(13) | C(3)-Ru(1)—-C(5) 174.68(7)
C(3)—Fe(1)-N(5) | 88.79(11) | C(3)-Ru(1)-N(5) 88.90(6)
C(4)Fe(1)-C(5) | 90.37(12) | C(4)-Ru(1)-C(5) 88.50(7)
C(4)—Fe()-N(5) | 88.79(11) | C(4)-Ru(1)-N(5) 89.52(6)
C(5)-Fe(1)-N(5) | 89.68(11) | C(5)-Ru(1)-N(5) 85.94(6)
Fe(1-C(1)-O(1) | 179.9(5) Ru(1)-C(1)-0(1) 178.37(17)
Fe()-C(2-N(1) | 1797(3) | Ru(1)-C(2)-N(1) 179.24(17)
Fe(1-C(3)-N(2) | 178.8(3) Ru(1)-C(3)-N(2) 179.37(17)
Fe(1-C(4-N(3) | 178.8(3) Ru(1)-C(4)-N(3) 178.13(15)
Fe(1)-C(5)-N(4) | 179.7(3) | Ru(1)-C(5)-N(4) 173.68(16)
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Figure I1\V-32. X—ray structure of trans—[PPN],[Ru" (CN).(CO)(py)] unit cell (hydrogens

were removed for clarity).
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Figure 1V—33. X—ray structure of trans—-[PPN],[Ru'"' (CN)4(CO)(py)] (cations and hydrogens

were removed for clarity).

4.3.4 Electrochemistry

The cyclic voltammetry of [PPN]4[M"(CN)s] (where M = Ru and Os) in acetonitrile
shows a reversible oxidation at E., = 0.136 V for Ru and an irreversible oxidation at —0.086 V
for Os vs Ag/AQCI (Figure 1V=34). It is easier to oxidize the osmium compound than the
ruthenium. This follows a general trend of the periodic table, as one goes down the periodic table

the elements are easier to oxidize.
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Figure 1VV-34. Cyclic Voltammogram of [PPN]4[M"(CN)s] in CHsCN, where M = Ru
(black) and Os (red).

The cyclic voltammetry of [PPN]s[Ru"(CN)s(CO)] in N,N—dimethylformamide shows a
reversible oxidation at E,, = 0.995 V vs Ag/AgCl (Figure 1V=35). The oxidation of cis and
trans—[PPN][Ru"(CN)4(CO),] and fac—[AsPhs][Ru"(CN)3(CO)s] in N,N—dimethylformamide
solution were not observed. Various solvents, i.e. acetonitrile, methylene chloride, methanol and
ethanol, were used in order to observe any possible redox potential for these three compounds;
however, no redox potentials were observed. Other conditions were attempted, i.e. changing the

working electrode from Pt to glassy carbon while changing the solvent; however, all attempts
were unsuccessful.
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Figure 1VV-35. Cyclic Voltammogram of [PPN]s[Ru"(CN)s(CO)] in DMF.

It is known that cyano transition metal compounds favor high oxidation states and
transition metal carbonyl compounds favor low oxidation states, e.g. Fe’(CO)s. This series of
compounds show the redox potential trend of stepwise substitution of CN~ to CO from
[Ru(CN)g]*. Since CO ligands favors low oxidation states while the CN~ ligand favor high
oxidation states, there is no redox potential for cis and trans—[PPN],[Ru"(CN)4(CO),] and fac—
[AsPh,][Ru"(CN)3(CO)s] in DMF which has a potential range from —2.5 to +1.5 V.

The cyclic voltammetry of trans—[PPN]o[Ru"(CN).(CO)(py)] in acetonitrile shows a
quasi—reversible oxidation at E», = 0.538 V vs Ag/AgClI (Figure 1VV-36).The high positive redox
potential is consistent with for the stabilization of the Ru" compound by the presence of the CO.
The iron analog shows a reversible oxidation at Ey, = 0.717 V vs Ag/AgCl. This is another

example where it is easier to oxidize the ruthenium compound than the iron, due to the previous
explanation.
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Figure 1V=36. Cyclic Voltammogram of trans—[PPN],[Ru" (CN)4(CO)(py)] in CHsCN.

4.4 Conclusions

In conclusion, [M"(CN)(_9(CO)]** (where M = Ru and Os) were synthesized, while
only the ruthenium complexes were structurally characterized, complexes were also
characterized by IR, electrochemistry, NMR (*H and **C) and UV-Vis. Ligand substitution of
CN™ with CO in My[Fe"(CN)s] (where M = alkali metal) was only achieved through high CO
pressures and temperatures. Counter cation exchange was performed, from [Na]® to [RsN]", to
lower the interaction between the counter cation and the complex anion and therefore made the
CN™ more liable. Due to the increased reactivity of [RsN]s[Fe"(CN)g], this concept was applied
to ruthenium and osmium. A counter cation exchange was performed on K4[Ru"(CN)s] using
[PPN]CI. Reacting [PPN]4[Ru"(CN)g] with CO under mild conditions proved successful where
the isolated product was [PPN3][Ru"(CN)s(CO)], which was used an intermediate to synthesize
other [Ru(CN)(CO)(L)] complexes. Isolation of cis—[PPN];[Ru"(CN)4(CO),] and fac—
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[PPN][RU"(CN)3(CO)s] were done using fac—[Ru"(CO)sClo(THF)] using four or three

equivalence of CN, respectively.

The X-—ray structures of the ruthenium complexes were compared with the iron analogs.
The M-L bond distances increased due to the increasing size of the atomic radii moving from
iron to ruthenium. Infrared studies and X-ray crystallography confirmed the geometric
arrangement of the cyanide and carbonyl ligands. Infrared studies showed an increase in both
cyanide and carbonyl stretching frequencies upon substitution of cyanide for carbonyl. The X—
ray structure of the cis—[PPN],[Ru"(CN)4(CO),] determined that the structure is disordered due
to the [PPN]" cation which suggests a counter cation exchange, i.e. alkali metals, to eliminate the

disorder.

Electrochemical studies showed the [Ru(CN)(CO)] complexes have high oxidation
potentials which shows these complexes are stable in terms of oxidation when compared to the

iron analogs.
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CHAPTER 5. Synthesis and Characterization of Ruthenium(ll) Carbonyl

Complexes using Phosphine-Thiolate and Amine-Thiolate Ligands

5.1 Introduction

Due to their interesting reactivity and structures, researchers have investigated sulfur—
coordinated transition metal complexes. These complexes were designed, primarily, to resemble
the active site of metal—sulfur enzymes, e.g. hydrogenase and rubredoxin (Figure V-1). These
active sites are associated with specific redox reactions, e.g. the reversible reduction of
dihydrogen for the hydrogenase enzymes and electron transfer processes for rubredoxin. To
understand these active sites further, researchers have been synthesizing various model
complexes while studying their structure, chemical and physical properties in order to compare
them with the original active site. These active sites show unusual ligands, for example, the
hydrogenase enzymes contain carbonyl (CO) and cyanide (CN") ligands. Ligands such as CO
and CN ™ are toxic to any biological system and can be fatal if inhaled or ingested. Why did
nature go through the trouble of using these fatal ligands in designing these enzymes? To date
this question, along with others, puzzles scientists.

Iron—thiolate chemistry has been extensively studied, however ruthenium analogs remain

comparatively unknown.® The Koch and Millar groups™®®

primarily synthesized examples of
ruthenium-thiolate complexes; however, developments in this area have remained unseen in the
literature (Figure V-2).

Ruthenium complexes have shown interest in the industrial arena. Ruthenium thiolate
compounds may serve as hydrodesulfurization catalysts in the petroleum industry. These
hydrodesulfurization catalysts are industrial catalysts used in the removal of sulfur from

hydrocarbon petroleum products (Reaction V-1).

catalyst

CyHyS + 2 Hy ———— C,Hyip + HaS

Reaction V-1. General reaction for hydrodesulfurization.
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(b)

Figure V-1. (a) [FeFe] hydrogenase, H—cluster® (b) Active site of rubredoxin.*

(a) (b)
Figure V—2. X—ray structures of Ruthenium-Thiolate Complexes. (a) [Ru'"(S-2,3,5,6-
Me,CsH)4(CH3CN)]* (b) [Ru""'(S-2,3,5,6-Me,CsH)3(CH3CN),]’

There are various amounts of sulfur in crude oil in the form of carbon—sulfur
hydrocarbons. When these compounds are burned, i.e. combustion, one by—product that is
generated is sulfur dioxide, SO,. This compound can be oxidized, from S** to S®*, by ozone or
peroxides which results in the environmentally destructive acid rain. Thiophenes (C4H4S), which
are present in petroleum, are extremely difficult to desulfurize; however, certain ruthenium

compounds have been shown to be extremely effective catalysts for desulfurizing petroleum.™
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Another type of ruthenium compounds that are of great interest are ruthenium carbonyl
compounds. These compounds have been shown to be excellent catalysts in carbon dioxide
reduction to carbon monoxide or methanol**™*? and sulfur dioxide reduction.** These reactions
are of particular interest to environmental chemists. One main goal of these compounds is to
convert greenhouse gases, such as CO,, to usable fuels. Using these types of materials, there is a
high probability of solving the pollution problems that affect our planet.

Various iron complexes have been synthesized to model the active site of hydrogenase.
To date researchers have not focused on synthesizing the ruthenium or osmium analogs.
Synthesizing these types of compounds can prove to be a useful tool in understanding the
structural and chemical properties of the active site. This can be done using transition metals that
are isoelectronic to the transition metals found in the active site. Ruthenium and osmium were
chosen because both of these transition metals have similar chemical properties as iron. Another
advantage of using ruthenium and osmium are the compounds generated tend to be more inert
and easier to handle. Recall that hydrogenase enzymes contain transition metal active sites as
well as CO and CN ligands. The primary goal of this research is to synthesize compounds with

this moiety using ruthenium and osmium.

5.2 Experimental

Synthesis of fac-[Ru"'(C0O);Cly(THF)]

The product was prepared by a modified literature procedure.® In a 250 mL Schlenk
flask, “Ru"'Cl3*3H,0” (5 g, mmol) was dissolved in 50 mL of 1:1 formic acid/hydrochloric acid.
The solution was allowed to reflux until the solution changes from dark red to bright yellow. The
acid solvent was distilled off leaving a bright yellow solid. The yellow solid was dissolved with
100 mL of acetone and stirred for 30 minutes. The solution was filtered through an opened frit
packed with celite. The solvent was removed under vacuum resulting in a yellow solid. The solid
was distilled with 25 mL of THF and was felt standing overnight which resulted in white needle
crystals. The product was filtered and washed with hexanes. Additional crops of the desired
product can be collected by adding excess hexanes to the filtrate. The collected crops were added
together to afford 4.05 g, 64.6%, of the desired product.

'H-NMR (400 MHz, CD3CN) [ppm]: 5.07 (s, 2H), 4.19-4.13 (m, J = 4.17, 6H).
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¥C-NMR (100 MHz, CD5sCN) [ppm]: 187.44, 184.12 (C=0).

Infrared (CH3OH): vco = 2066 and 2138 cm ™.

Unit Cell: Monoclinic, P2;/n, a = 5.9680(8) A, b = 18.200(3) A, ¢ = 9.7870(1) A, oo = y=90°, B
=96.891(1)°, V = 1055.4(5) A3,

A colorless needle crystal measuring 1.0 x 0.45 x 0.20 mm?® was mounted using a nylon
loop and centered on the X-ray beam at 100 K. Crystals were grown by layering a hexanes to a
THF solution of fac—[Ru"(CO)sCl,(THF)]. Crystals were grown within one day. The accurate
unit cell was obtained using reflection with 20 = 3.62 — 32.84% a = 5.968(8) A, b = 18.200(3) A,
c=9.787(1) A, o =y =90°, B = 96.891(1)°, V = 1055.4(5) A>. The structure was solved under a
primitive monoclinic crystal system (space group P2;/n) using 3719 reflections. The asymmetric
unit consists of one molecule of the ruthenium complex. The data reduction was done using
CryAlisPro and the structure refinement was done with SHELXL-97 (Sheldrick). All the non-
hydrogen atoms were located by Direct Methods and were refined anisotopically by a full-
matrix least-squares method. The positions of the remaining hydrogen atoms were calculated.
The crystallographic parameters and atomic coordinates for this compound are located in Table
A-17.

Synthesis of fac-[Ru''(C0O);(PS2")]

In a 100 mL Schlenk flask, fac—[Ru"(CO)sCl,(THF)] (0.500 g, 1.52 mmol) was dissolved
in 15 mL of methanol. In a separate 100 mL Schlenk flask, Li,PS2' was generated in a methanol
(20 mL) solution using lithium wire (0.023 g, 3.35 mmol) and H,PS2' (0.594 g, 1.68 mmol). The
lithium—PS2' solution was allowed to stir until all the reagents had dissolved. The Li,PS2' and
metal solutions were cooled to —78 °C using a dry ice/acetone bath. The metal solution was then
added to the Li,PS2' solution, dropwise, which resulted in the solution turning from colorless to
bright yellow. The mixture was allowed to stir for three hours. The dry ice/acetone bath was
removed and immediately the solvent was removed in vacuo. The resulting bright yellow solid
was observed and extracted using a 2:1 hexanes/diethyl ether solution. The solution was allowed
to stir for one hour, then filtered through a closed frit packed with celite. The solvent was
removed in vacuo to afford the pure yellow product. Crystals suitable for X-ray crystallography

were grown by slow evaporation of a concentrated solution of hexanes. Yield: 0.457 g, 55.8%.
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'H-NMR (400 MHz, CDsCN) [ppm]: 7.71-7.61 (s, 3H, aromatic), 7.51-7.43 (m, J = 7.48, 2H,
aromatic), 7.40-7.35 (dd, J = 7.38, 2H, aromatic), 7.33-7.27 (d, J = 7.30, 2H, aromatic), 7.07—
7.02 (d, J =7.05, 2H, aromatic), 2.20 (s, 6H, CHy).

3C-NMR (100 MHz, CDsCN) [ppm]: 188.92, 188.30, 188.19, 188.04 (C=0); 151.83, 151.55,
132.16, 132.08, 131.86, 131.26, 131.07, 130.96, 130.77, 130.53, 130.21, 129.91, 129.78, 129.68,
129.03, 128.87 (aromatic); 19.95, 19.92 (CHg).

$'P_NMR (162 MHz, CDsCN) [ppm]: 91.96 (5)

UV-Vis: Amax, nm (em, M cm™) = 237 (100600), 273 (51000).

Unit Cell: Monoclinic, C2/c, a = 27.821(5) A, b =9.771(5) A, ¢ = 17.902(5) A, a. = y=90° B =
99.952(5)°, V = 4793(3) A3,

Infrared (CH,Cly): vco = 2030, 2057 and 2109 cm ™.

A vellow prism crystal measuring 0.08 x 0.10 x 0.05 mm?® was mounted using a nylon
loop and centered on the X-ray beam at 100 K. Crystals were grown by slow evaporation of
hexane solution at —20°C. Crystals were grown within two weeks. The accurate unit cell was
obtained using reflection with 20 = 3.40 — 28.02% a = 27.821(5) A, b = 9.771(5) A, ¢ = 17.902(5)
A, o=y =090° B =99.952(5)°, V = 976.4(2) A%. The structure was solved under a C—centered
monoclinic crystal system (space group C2/c) using 3342 reflections. The asymmetric unit
consists of one molecule of the ruthenium complex. The data reduction was done using
CryAlisPro and the structure refinement was done with SHELXL-97 (Sheldrick). All the non—
hydrogen atoms were located by Direct Methods and were refined anisotopically by a full-
matrix least-squares method. The positions of the remaining hydrogen atoms were calculated.
The crystallographic parameters and atomic coordinates for this compound are located in Table
A-18.

Synthesis of fac-[Ru''(C0O);(PS2)]

In a 100 mL Schlenk flask, fac—[Ru"(CO)sCl(THF)] (0.500 g, 1.52 mmol) was dissolved
in 15 mL of methanol. In a separate 100 mL Schlenk flask, Li,PS2 was generated in a 20 mL
methanol solution using lithium wire (0.233 g, 3.36 mmol) and H,PS2 (0.548 g, 1.68 mmol). The
lithium—PS2 solution was allowed to stir until all the reagents had dissolved. The Li,PS2 and
metal solutions was cooled to —78 °C using a dry ice/acetone bath. The metal solution was added
to the Li,PS2 solution, dropwise, which resulted in the solution turning from colorless to bright
yellow. The mixture was allowed to stir for three hours. The dry ice/acetone bath was removed
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and immediately the solvent was removed in vacuo. The resulting bright yellow solid was
observed and extracted using a 2:1 hexanes/diethyl ether solution. The solution was stirred for
one hour and filtered through a closed frit packed with celite. The solvent was removed to afford
pure yellow product. Crystals suitable for crystallography were grown by slow evaporation of a
concentrated solution of hexanes. Yield: 0.494 g, 67.2%.

'H-NMR (400 MHz, DMSO-ds) [ppm]: 7.51-7.42 (m, J = 7.48, 4H, aromatic), 7.39-7.29 (m,
J = 7.34, 3H, aromatic), 7.24-7.16 (t, J = 7.21, 2H, aromatic), 7.00-6.91 (t, J = 6.96, 2H,
aromatic), 6.82-6.75 (t, J = 6.79, 2H, aromatic).

$'P_NMR (162 MHz, DMSO-dg) [ppm]: 83.56 (5)

UV-Vis: Amax, nm (gm, Mt cm™) = 279 (68100), 356 (16300).

Unit Cell: Triclinic, P-1, a = 9.8294(13) A, b = 10.3375(14) A, ¢ = 10.7609(15) A, a =
90.132(11)°, p = 116.213(13)°, v = 94.891(11)°, V = 976.43(72) A°.

Infrared (CH,Cly): vco = 2032, 2059 and 2110 cm ™.

A vellow prism crystal measuring 0.10 x 0.10 x 0.08 mm?® was mounted using a nylon
loop and centered on the X-ray beam at 100 K. Crystals were grown by slow evaporation of
hexane solution at —20°C. Crystals were grown within two weeks. The accurate unit cell was
obtained using reflection with 20 = 3.15 — 25.18% a = 9.8294(13) A, b = 10.3375(14) A, ¢ =
10.7609(15) A, a = 90.132(11)°, B = 116.213(13)°, y = 94.891(11)°, V = 976.4(2) A3. The
structure was solved under a primitive triclinic crystal system (space group P-1) using 2245
reflections. The asymmetric unit consists of one molecule of the ruthenium complex. The data
reduction was done using CryAlisPro and the structure refinement was done with SHELXL-97
(Sheldrick). All the non—-hydrogen atoms were located by Direct Methods and were refined
anisotopically by a full-matrix least—squares method. The positions of the remaining hydrogen
atoms were calculated. The crystallographic parameters and atomic coordinates for this
compound are located in Table A-19.

Synthesis of [Ru''3(CO)s(PS2')4]

In a 100 mL Schlenk flask, fac—[Ru'"(CO)3(PS2")] (0.30 g, 0.558 mmol) was dissolved in
methylene chloride (30 mL). The solution was allowed to stir at room temperature until the color
of the solution changed from yellow to orange (ca five days). The reaction was monitored by

infrared spectroscopy. Diethyl ether was added slowly to the reaction flask and was left
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undisturbed for two weeks which produced gold plate crystals that were suitable for X-ray
crystallography. Yield: 0.072 g, 33.1%.

Infrared (hexanes): vco = 1995, 2036, 2050, 2126 and 2154 cm ™.

UV=Vis: Amax, M (em, Mt cm™) = 302 (6500)

Electrochemistry: Eqx = 858 mV; 1.0 mM in CH,CI; vs. Ag/AgCI.

Unit Cell: Monoclinic, P2y/c, a = 24.7504(14) A, b = 14.2885(8) A, ¢ = 19.1832(15) A, a. =y =
90°, B = 106.836(7)°, V = 6493.3(7) A3,

A gold plate crystal measuring 0.45 x 0.40 x 0.15 mm?® was mounted using a nylon loop
and centered on the X-ray beam at 100 K. Crystals were grown by vapor diffusion of methylene
chloride and diethyl ether. Crystals were grown within three weeks. The accurate unit cell was
obtained using reflection with 20 = 3.21 — 29.64% a = 24.7504(14) A, b = 14.2885(8) A, ¢ =
19.1832(15) A, o=y = 90°, B = 106.836(7)°, V = 6493.3(7) A®. The structure was solved under a
primitive  monoclinic crystal system (space group P2:/c) using 15431 reflections. The
asymmetric unit consists of one molecule of the ruthenium complex. The data reduction was
done using CryAlisPro and the structure refinement was done with SHELXL-97 (Sheldrick). All
the non-hydrogen atoms were located by Direct Methods and were refined anisotopically by a
full-matrix least-squares method. The positions of the remaining hydrogen atoms were
calculated. The crystallographic parameters and atomic coordinates for this compound are
located in Table A-20.

Attempted Synthesis of fac-[Ru' (CO)3(NS2)]

In a 100 mL Schlenk flask, fac—[Ru"(CO)sCl(THF)] (0.500 g, 1.52 mmol) was dissolved
in 15 mL of methanol. In a separate 100 mL Schlenk flask, Li,NS2 (0.609 g, 1.68 mmol) was
dissolved in 20 mL of methanol. The Li,NS2 and metal solutions was cooled to —78°C using a
dry ice/acetone bath. The metal solution was added to the Li,NS2 solution, dropwise, which
resulted in the solution turning from colorless to a dull yellow. The mixture was stirred for three
hours. The dry ice/acetone bath was removed and the solvent was removed in vacuo. The
resulting yellow—orange solid was observed and extracted using a 2:1 hexanes/diethyl ether
solution. The solution was stirred for one hour and filtered through a closed frit packed with
celite. The solvent was removed to afford the pure yellow—orange product. Yield: 0.608 g,
74.6%.

Infrared (CH,Cl,): veo = 1956, 2026 and 2102 cm ™,
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Attempted Synthesis of fac—[Ru''(CO)3(NS2")]

In a 100 mL Schlenk flask, fac—[Ru"(CO)sCI»(THF)] (0.500 g, 1.52 mmol) was dissolved
in 15 mL of methanol. In a separate 100 mL Schlenk flask, Li,NS2' (0.633 g, 1.68 mmol) was
dissolved in 20 mL of methanol. The Li,NS2' and metal solutions was cooled to —78 °C using a
dry ice/acetone bath. The metal solution was added to the Li,NS2' solution, dropwise, which
resulted in the solution turning from colorless to a dull yellow. The mixture was stirred for three
hours. The dry ice/acetone bath was removed and the solvent was removed in vacuo. The
resulting yellow—orange solid was observed and extracted using a 2:1 hexanes/diethyl ether
solution. The solution was stirred for one hour and filtered through a closed frit packed with
celite. The solvent was removed to afford the pure yellow—orange product. Yield: 0.688 g,
82.3%.

Infrared (CH,CI,): vco = 1954, 2022 and 2100 cmt
Synthesis of [Ru'/(C0O)2(NS2"].

In a 100 mL Schlenk flask, fac—[Ru"(CO)s(NS2")] (0.25 g, 0.46 mmol) was dissolved in
50 mL of hexanes. The solution was allowed to stir at room temperature until the color of the
solution changed from yellow to orange (ca three days). The reaction was monitored by infrared
spectroscopy. Diethyl ether was added slowly to the reaction flask and left undisturbed for one
week, which produced orange needle crystals. Yield: 0.129 g, 59.6%.

Infrared (hexanes): veo = 2035, 2054, 2126 and 2156 cm .

UV-Vis: Amax, nm (em, M cm™) = 300 (4080).

Electrochemistry: Eqx = 1110 mV; 1.0 mM in CH,CI, vs. Ag/AgCI.

Unit Cell: Monoclinic, C2/c, a = 26.2359(17) A, b = 8.5698(4) A, ¢ = 22.4842(14) A, a. =y =
90°, B = 121.808(9)°, V = 4296.1(3) A°.

A orange needle crystal measuring 0.45 x 0.35 x 0.30 mm?® was mounted using a nylon
loop and centered on the X-ray beam at 100 K. Crystals were grown by slow evaporation of
hexane solution of fac—[Ru"(C0O)3(NS2/)] at room temperature. Crystals were grown within one
weeks. The accurate unit cell was obtained using reflection with 20 = 3.35 — 27.09% a =
26.2359(17) A, b = 8.5698(4) A, ¢ = 22.4842(14) A, o=y =90° P = 121.808(9)°, V = 4296.1(3)
A3. The structure was solved under a C—centered monoclinic crystal system (space group C2/c)
using 3809 reflections. The asymmetric unit consists of one—half molecule of the ruthenium

complex which contains a crystallographic C, axis. The data reduction was done using
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CryAlisPro and the structure refinement was done with SHELXL-97 (Sheldrick). All the non-
hydrogen atoms were located by Direct Methods and were refined anisotopically by a full-
matrix least-squares method. The positions of the remaining hydrogen atoms were calculated.
The crystallographic parameters and atomic coordinates for this compound are located in Table
A-21.

Synthesis of fac-[MesNBz][Ru'"'(CO)s(S-2,3,5,6-MesCgH)s]

In a 100 mL Schlenk flask, fac—[Ru"(CO)sCly(THF)] (0.500 g, 1.52 mmol) was dissolved
in 15 mL of methanol. In a separate 100 mL Schlenk flask, lithium-2,3,5,6—
tetramethylbenzenethiolate was generated in a methanol (20 mL) solution using lithium wire
(0.032 g, 4.57 mmol) and 2,3,5,6-tetramethylbenzenethiol (0.760 g, 4.57 mmol). The lithium—
thiol solution was allowed to stir until all the reagents had dissolved. The ruthenium solution was
added via cannula to the thiolate solution, which resulted in an immediate color change, from
colorless to dull yellow. The solution was allowed to stir for three hours at room temperature. A
methanolic solution of [Me3NBz]Cl (0.340 g, 1.83 mmol) was added slowly to the reaction
mixture, which was left standing and undisturbed overnight. Yellow—orange prism crystals were
observed and were suitable for X-ray crystallography. The compound was filtered using a closed
frit and washed with diethyl ether. Yield: 0.852 g, 67.3%.

'H-NMR (400 MHz, de~DMSO) [ppm]: 7.53 (s, 5H, [(CH3)sN—CH2(CgHs)"), 6.59 (s, 3H, (-
S—(2,3,5,6-CH3—(CcH))3), 4.51 (s, 2H, [(CH3)sN—CH,(CsHs)]"), 3.02 (s, 9H, [(CHs)sN—
CH3(C¢Hs)"), 2.57 and 2.10 (s, 36H, (-5—(2,3,5,6-CH3—(CgH))a).

BC-NMR (100 MHz, de—-DMSO) [ppm]: 189.97 (C=0); 146.31, 138.49, 131.43, 127.26 ((-S-
(2,3,5,6-CH3—(CgH))3); 132.75, 130.26, 128.90, 128.27 ([(CH3)sN-CH,(CsHs)]"); 67.90
([(CH3)sN-CH2(CgHs)"); 51.77 ([(CHz)sN—CH2(CeHs)]™); 20.89, 20.20 ((-S—(2,3,5,6-CHs—
(CeH))a)-

Electrochemistry: Ey, (AEp) =581 mV (61 mV); 1.0 mM in CH3CN vs. Ag/AgCl, oxidation.
Unit Cell: Triclinic, P-1, a = 11.980(3) A, b = 12.114(4) A, ¢ = 15.508(5) A, a. = 107.69(3)°, B
=96.05(2)°, y = 103.60(3)°, V = 2045.7(4) A°.

Infrared (CHsOH): veo = 2008, 2025(sh) and 2080 cm .

A light yellow prism crystal measuring 0.65 x 0.40 x 0.25 mm?® was mounted using a
nylon loop and centered on the X-ray beam at 100K. Crystals were grown by layering a

concentrated methanol solution of [MesNBz]Cl to a methanolic solution of Li[Ru"(CO)s(tmbt)s].
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Crystals were grown within one day. The accurate unit cell was obtained using reflection with 26
= 3.30 — 30.79% a = 11.980(3) A, b = 12.114(4) A, ¢ = 15.508(5) A, a = 107.69(3)°, B =
96.05(2)°, v = 103.60(3)°,V = 2045.7(3) A®. The structure was solved under a primitive triclinic
crystal system (space group P—1) using 11535 reflections. The asymmetric unit consists of one
molecule of the ruthenium complex and one cation. The data reduction was done using
CryAlisPro and the structure refinement was done with SHELXL-97 (Sheldrick). All the non-
hydrogen atoms were located by Direct Methods and were refined anisotopically by a full-
matrix least—squares method. The positions of the remaining hydrogen atoms were calculated.
The crystallographic parameters and atomic coordinates for this compound are located in Table
A-22.
Synthesis of [Ru'(C0O)3(S-2,4,6-i—Pr3CsHy)]>

In a 100 mL Schlenk flask, fac—[Ru'"(CO)sCl,(THF)] (0.300 g , 0.914 mmol) was
dissolved in methanol (10 mL). In a separate 100 mL Schlenk flask, 2,4,6—
triisopropylbenzenethiol (1.08 g, 4.57 mmol) and lithium wire (0.32 g, 4.57 mmol) were added to
and stirred until all the reagents had dissolved in 20 mL of methanol. The thiolate solution was
transferred, dropwise, to the ruthenium via cannula. The solution was stirred at room temperature
for five hours. A partial vacuum was placed on the reaction flak and air was introduced to the
system, which this process was performed five times. The solution was allowed to stand
overnight. Orange crystals were observed and were identified as triisopropylbenzenedisulfide by
x—ray crystallography. The orange crystals were filtered using an open frit. The filtrate was
placed in a 100 mL rotovap flask and the solvent was removed which resulted in a yellow—
orange solid and finally the solid was redissolved in hexanes (10 mL). The solution was
columned using a 30 mL open frit as a column packed with neutral alumina. The column was
prewashed with pentane to which the yellow—orange solution was columned, which resulted in a
yellow solution to be collected. The solution was concentrated and placed in a —20°C freezer.
Yellow needle plate crystals were collected and washed with diethyl ether. The crystals were
suitable for x—ray crystallography however insufficient amount of product was formed to get an
accurate yield.
Infrared (pentane): veo = 1961, 1973 and 2038 cm ™.
Unit Cell: Monoclinic, P2:/c, a = 13.490(3) A, b = 27.608(6) A, ¢ = 10.713(2) A, oo = y=90°, B
=110.167(2)°, V = 3745.25(4) A%,
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A light yellow prism crystal measuring 0.30 x 0.30 x 0.20 mm® was mounted using a
nylon loop and centered on the X-ray beam at 100 K. Crystals were grown by slow evaporation
of a concentrated pentane solution. Crystals were grown within one week. The accurate unit cell
was obtained using reflection with 26 = 3.22 — 29.50% a = 13.4896(3) A, b = 27.6084(6) A, ¢ =
10.7129(2) A, o =y =90°, B = 110.167(2)°, V = 3745.18(14) A3. The structure was solved under
a primitive monoclinic crystal system (space group P2i/c) using 9279 reflections. The
asymmetric unit consists of one molecule of the ruthenium complex. The data reduction was
done using CryAlisPro and the structure refinement was done with SHELXL-97 (Sheldrick). All
the non-hydrogen atoms were located by Direct Methods and were refined anisotopically by a
full-matrix least-squares method. The positions of the remaining hydrogen atoms were
calculated. The crystallographic parameters and atomic coordinates for this compound are
located in Table A-23.

Attempted Synthesis of fac—[Ru'/(CO)3(POS2)]

In a 100 mL Schlenk flask, fac—[Ru"(CO)sCl(THF)] (0.500 g, 1.52 mmol) was dissolved
in 15 mL of methanol. In a separate 100 mL Schlenk flask, Li,POS2 was generated in a
methanol (20 mL) solution using lithium wire (0.23 g, 3.35 mmol) and H,POS2 (0.574 g, 1.68
mmol). The lithium—-POS2 solution was allowed to stir until all the reagents had dissolved. The
Li,POS2 and metal solutions were cooled to —78 °C using a dry ice/acetone bath. The metal
solution was added to the Li,POS2 solution, dropwise, which resulted in the solution turning
from colorless to orange. The mixture was stirred for three hours. The dry ice/acetone bath was
removed and the solvent was immediately removed in vacuo. The resulting orange solid was
observed and extracted using a 2:1 hexanes/diethyl ether solution. The solution was stirred for
one hour and filtered through a closed frit packed with celite. The solvent was removed to afford
the pure orange product. Yield: 0.522 g, 65.3%.

Infrared (CH,Cl,): veo = 1984, 2048 and 2111 cm ™,
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5.3 Results and Discussion

The synthesis of the compounds reported in this chapter is shown in Figure V=-3.
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Figure V-3. Overall scheme of synthesized ruthenium complexes.
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5.3.1 Synthesis and Characterization of the Starting Material, fac-[Ru'/(CO)sClo(THF)]

In the past, several ruthenium carbonyl compounds were known; however, only a few on
these compounds contained thiolate ligands.®***" In an attempt to generate ruthenium—carbonyl
thiolate compounds, fac—[Ru'(CO)sCI,(THF)] was prepared as the starting material. The fac—
[Ru"(CO)sClo(THF)] synthesis was modified from the literature procedure. According to the
literature®, “Ru"'Clze3H,0” should be refluxed using a 1:1 formic acid/hydrochloric acid
solution under a dinitrogen atmosphere. This acidic solution should be refluxed for twenty—four,
which should produce a gold colored solution. However, all attempts made to follow this
literature procedure were unsuccessful. The solution did not change color, despite refluxing for
several days. The discovery of the modified procedure was accidental when the spectrum popped
off during the first night of heating. The next day, the acidic solution had changed color from a
deep red to yellow—orange. The reaction continued to reflux until a gold solution was observed.
It was concluded that the oxygen from the air aided in the reaction. Several attempts were

performed to corroborate this theory and all attempts were proven successfully.

-«—— Thermometer

Figure V—4. Simple distillation apparatus for fac-[Ru" (CO);Cl,(THF)].

After refluxing, the solution was transferred from a heating mantle to an oil bath and a
simple distillation apparatus was used (Figure VV-4), i.e. heating mantle cannot be used during
distillation due to direct heating of the resulting solid, which caused decomposition of the
product. The purpose of adding the needle to the distillation adaptor was to create a partial

vacuum while distilling the formic and hydrochloric acids. Upon completion of the distillation,
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the resulting yellow solid was cooled to room temperature and impurities were removed by
dissolving the solid in reagent grade acetone followed by filtration. The solvent was removed
either by use of rotary evaporator or in vacuo. The resulting yellow solid was redissolved using
distilled THF and a white crystalline solid was observed. Hexanes were added to the solution to
precipitate additional amounts of the desired product. The IR spectrum of fac-
[Ru"(CO)sClo(THF)] is shown in Figure V5. The IR shows two peaks, at 2066 and 2138 cm %,
that were assigned to the facial CO ligands.

2066
A

2138

Absorbance

2200 2150 2100 2050 2000 1950
Frequency (cm™)

Figure V-5. Infrared spectrum of fac-[Ru'/(CO)sCl,(THF)] in MeOH.

The *H-NMR for fac—[Ru"(CO)sCl,(THF)] shows a singlet at 5.07 ppm and a multiplet
at 4.15 ppm, which corresponds to the bound tetrahydrofuran ligand (Figure V-6).
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Figure V-6. '"H-NMR spectrum of fac-[Ru'"'(CO);Cl,(THF)] in CD;CN.

The BC-NMR for fac—[Ru"(CO);Cl,(THF)] shows two carbonyl peaks at 187.44 and
184.12 ppm (Figure V=7). The carbonyl signals split into two peaks because two of the three
carbonyl ligands are trans to the chloride ligands while the third carbonyl is trans to the THF.
The peak at 184.12 ppm was assigned to the carbonyl ligands trans to the chloride while the
187.44 ppm peak was assigned to the carbonyl ligand trans to the THF. The carbon peaks for the
THF ligand were not assigned due to the long exposure time required to collect the **C-NMR
data, which resulted in the THF ligand no longer being bound to the ruthenium. This was
confirmed by observing free THF in the *C—NMR spectrum.
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Figure V-7. C-NMR spectrum of fac—[Ru"'(CO);Cl,(THF)] in CDsCN.

The X-ray structure of fac—[Ru"(CO)sCl(THF)] confirmed a ruthenium(Il) compound
which displays a slightly distorted octahedral geometry with three carbonyl ligands in the facial
arrangement, two chloride ligands and the THF trans to one of the carbonyls. The general
structure of the ruthenium compound is shown in Figure V=8. In 1996, the X-ray structure was
first reported by Gray et al.?” This compound was initially reported as [Ru"(CO)sCl,]*0.75 THF,
based on elemental analysis.?® Obtaining the X—ray structure was the only conclusive way to
determine the amount of THF present in the compound. Crystals, suitable for X-ray
crystallography, were grown from the reaction solution of THF layered with hexanes at room
temperature. The Ru-Cayg, RU-Clayg and C-Oayq bond distances are 1.9073(5) A, 2.3995(2) A
and 1.1275(8) A, respectively. The Ru(1)-O(4) bond distance was measured to be 2.146(4) A.
The distorted octahedral geometry was indicated by the dihedral angles between the four least—
squares planes through the ruthenium and the coordinating atoms (91.0°, 88.1°, 89.6° and 88.2°).
The crystal structure was solved under a monoclinic crystal system P2:/n. The ruthenium

structure is located on a general position. The important geometrical parameters of fac—
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[Ru"(CO)sCly(THF)], reported in this dissertation, are compared with Gray’s fac—
[Ru"(CO)sClo(THF)] (Table V-1). Comparison of crystallographic data parameters are shown in
Table VV-2. The crystallographic data of both structures are within experimental error (~2%).

O3

Cl2

O1 02

Figure V-8. X—ray structure of fac-[Ru'"'(CO)sCly(THF)].
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Table VV-1. Comparison of Selective Crystallographic Data for fac—[Ru'(CO);Cl(THF)].

Gray*’
Bond Distances (A) Bond Angles (°)
Ru(1) - C(1) 1.916(6) C(1) - Ru(1) - C(2) 94.2(3)
Ru(1) - C(2) 1.918(6) C(2) - Ru(1) - C(3) 92.5(3)
Ru(1) - C(3) 1.873(6) C(1) - Ru(1) - O(4) 93.5(2)
Ru(1) - O(4) 2.146(4) C(2) - Ru(1) - O(4) 89.7(2)
Ru(1) - CI(1) 2.402(2) C(3) - Ru(1) - O(4) 176.1(2)
Ru(1) - CI(2) 2.390(2) C(1) - Ru(1) - CI(0) 176.9(2)
C(1)-0(2) 1.111(8) C(2) - Ru(1) - CI(2) 87.8(2)
C(2)-0(2) 1.124(8) C(3) - Ru(1) - CI(2) 87.9(2)
C(3)-0(3) 1.127(8) C(1) - Ru(1) - ClI(2) 87.4(2)
C(2) -Ru(1) - ClI(2) 176.4(2)
C(3) - Ru(1) -ClI(2) 90.8(2)
O(4) —Ru(1) - CI(1) 89.0(1)
O(4) —Ru(1) - CI(2) 86.9(1)
Ru(1) - C(1) - 0(2) 173.2(6)
Ru(1l) - C(2) - 0(2) 175.9(6)
Ru(1) - C(3) - O(3) 177.5(5)
This Work
Bond Distances (A) Bond Angles (°)
Ru(1) - C(1) 1.9168(14) C(1) -Ru(1) -C(2 94.50(5)
Ru(1) - C(2) 1.9153(13) C(2) - Ru(1) - C(3) 89.44(5)
Ru(1) — C(3) 1.8899(13) C(1) - Ru(1) - O(4) 90.74(5)
Ru(1) - O(4) 2.1356(9) C(2) - Ru(1) - O(4) 94.73(4)
Ru(1) - CI(2) 2.3946(3) C(3) - Ru(1) - O(4) 174.82(5)
Ru(1) - CI(2) 2.4044(3) C(1) - Ru(1) - CI(0) 176.85(4)
C(1)-0(2) 1.1287(16) C(2) - Ru(1) - CI(2) 86.57(4)
C(2)-0(2) 1.1268(16) C(3) - Ru(1) - CI(1) 90.97(4)
C(3)-0(3) 1.1269(16) C(1) -Ru(1) -ClI(2) 87.95(4)
C(2) - Ru(1) - ClI(2) 176.63(4)
C(3) - Ru(1) - ClI(2) 88.17(4)
O(4) — Ru(1) - CI(2) 86.21(3)
O(4) —Ru(1) - CI(2) 87.54(3)
Ru(1) - C(1) - 0(2) 176.45(12)
Ru(1) - C(2) - 0(2) 173.60(11)
Ru(1) — C(3) - O(3) 178.36(12)
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Table V-2. Comparison of Crystallographic Data Parameters for
fac—[Ru'" (CO)sCl(THF)].
Data Gray”’ This Work
Empirical Formula C7/HsCI,04RuU C7HsCl,04RuU
Formula Weight 328.12 328.10
Temperature (K) 298(2) 100(2)
Crystal System Monoclinic Monoclinic
Space Group P2:/n P21/n
Unit Dimensions
a(A) 6.0904(9) 5.968(8)
b (A) 18.414(4) 18.200(3)
¢ (A) 9.940(2) 9.787(1)
a (°) 90 90
B(° 96.999(12) 96.891(1)
7 (©) 90 90
Volume (A% 1106.5(4) 1055.4(5)
Density (calculated) (g cm ) 1.97 2.065
z 4 4
Absorption Coefficient (mm ™) 1.863 1.975
R 0.039 0.0181
Rw 0.048 0.0413

5.3.2 Synthesis and Characterization of Ruthenium Carbonyl complexes with the [PS2] and
[PS2'] Ligands

The fac—[Fe'(CO)3(PS2)] compound was previously synthesized and structurally
characterized by Doris Melgarejo.'® It was prepared by the reaction of Fe'(CO)4X, (where X =
Br~ or I) with one equivalent of Li,PS2' at —78°C. When the reactions were done at room
temperature, dimeric compounds were obtained. Unsuccessful attempts to synthesize ruthenium—
carbonyl compounds using [PS] ligands were first made by Janet Haff.*® In an attempt to prepare
the Ru analog, fac-[Ru"(CO)s(PS2Y)], fac—[Ru"(CO)sClo(THF)] was used as the starting material
in place of Ru"(CO),X, due to its stability and ease of synthesis. The reaction of
[Ru"(CO)sCl,(THF)] with one equivalent of Li,PS2 or Li,PS2' in MeOH at —78°C generated
fac—[Ru"(CO)3(PS2)] and fac—[Ru'(CO)s(PS2’)]. Reactions were monitored by infrared
spectroscopy. The IR spectra, in methanol, for fac—[Ru"(CO)3(PS2)] and fac—[Ru"(CO)3(PS2"]
are illustrated in Figure V-9. The desired products, fac—[Ru"(CO)3(PS2)] and fac—
[Ru"(CO)3(PS2')] were purified using the same purification steps as described by Melgarejo for
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the Fe analog. The reaction solvent, methanol, was removed in vacuo and the resulting yellow
solid was partially redissolved using a 2:1 hexanes/diethyl ether solution. The solution was kept
stirring at 0 °C for several hours, then filtered and solvent was removed in vacuo. The IR
spectra, in methylene chloride of the purified products, are illustrated in Figure V-10. The
spectra are very similar to those of the crystallographically characterized fac—[Fe'(CO)3(PS2)]

and are consistent with a facial M(CO)3; with Cs symmetry.
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Figure V-9. Infrared spectrum of fac-[Ru''(CO)s(PS2")] in MeOH.
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Figure V-10. Infrared spectrum of fac-[Ru"(CO)3(PS2")] in CH,Cl,.

The fac—[Ru"(CO)3(PS2)] and fac—[Ru'"(CO)s(PS2)] compounds are thermally unstable
at room temperature in the solid-state and especially in solution. The compounds must be kept in
a —20°C freezer under a dinitrogen atmosphere. The compounds showed changes in color, i.e.
yellow to orange, when left at room temperature for three weeks in the solid state. This reaction
was accelerated when the fac—[Ru''(CO)3(PS2")] was dissolved in methylene chloride and left for
one week. The infrared spectrum began to show new multiple peaks (Figure V-11). Infrared
spectrum was monitored for several days and upon reaction completion, diethyl ether was slowly
added to the solution to form large orange prism crystals, see section 5.3.3. The compound was
confirmed to be a ruthenium trimer containing five carbonyls and three [PS2'] ligands,
[Ru"3(CO)s(PS2")s]. Two ruthenium metal centers showed to have two carbonyl ligands each
while the third ruthenium metal center had one carbonyl. This agrees with the infrared spectrum
showing that the four carbonyls, on the two metal centers, are in the cis arrangements due to the
split of the symmetrical and asymmetrical peaks. The ruthenium trimer was found to be
thermally stable for a period of three months, as shown via infrared spectra taken at periodic

intervals.
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Figure V-11. Infrared spectrum of Ru''3(CO)s(PS2"); in CH,Cl..

The carbonyl stretching frequencies for the fac—[Ru'(CO)sCl,(THF)] are shown to be at
higher energy than the fac—[Ru'"(CO)3(PS2)] (Figure V-12), fac—[Ru'"(C0O)3(PS2)] and fac—
[Ru"(CO)3(POS2)] (Figure V-13). Since chloride ligands are poorer sigma donors than thiolate
ligands there is less electron density being donated to the transition metal center resulting in a
decrease in m—backbonding to the carbonyl ligand, which would strengthen the C=0 bond. The
IR peaks for all the complexes, including the iron, are summarized in Table V-3.

Comparing the infrared spectra of fac—[Fe'(CO)s(PS2)] and fac—[Ru'"(CO)s(PS2Y], in
CHCl,, the carbonyl stretching frequencies are at higher energy for the ruthenium compound
than for the iron. This indicates in this series of compounds that Fe is a better =—donor than Ru.

The very small shifts to lower energy in the infrared peaks for fac—[Ru'(CO)s(PS2"]
compared fac—[Ru"(CO)3(PS2)] are consistent with the electron donation of the methyl groups

which are found para to the thiolate groups.
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Table V-3. Overall Infrared Data for [M"(CO)3(L)]
(where M = Fe and Ru;L = PS2, PS2' and POS?2)

Compound Solvent veo (cm™)

aC—re 3 e ’ ’
fac—Fe'(C0O)3(PS2) MeOH 2024, 2043, 2088
daC—Ru 3 € ) sn), )
fac—Ru'"(CO)3(PS2') MeOH 2033, 2050(sh), 2058, 2109
aC—Ru 3 € ) sn), )
fac—Ru'(C0)3(PS2) MeOH 2034, 2050(sh), 2058, 2110
fac—Ru'(CO);(PS2) CH,Cl, 2030, 2057, 2109
fac—Ru'(C0)3(PS2) CH,Cl, 2032, 2059, 2110
fac—Ru'(C0);(POS2) CH,Cl, 1984, 2048, 2111

Absorbance

J\JU
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Frequency (cm™?)

Figure V-12. Infrared spectrum of fac—[Ru"'(CO)3(PS2)] in CH,Cl,.
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Figure V-13. Infrared spectrum of fac-[Ru''(CO)3(POS2)] in CH,Cl,.

53.3 X-ray Structures of fac-[Ru'(CO)s(PS2")], fac-[Ru"(CO)s(PS2)] and
[Ru''3(CO)5(PS2")s]

The X-ray structure of fac—[Ru"(C0O)3(PS2)] confirmed a ruthenium(l1) compound which
displays a slightly distorted octahedral geometry with three carbonyl ligands in the facial
arrangement, which was also confirmed by infrared spectroscopy, and one [PS2] ligand. The
structure of the ruthenium compound is shown in Figure V-14. Crystals, suitable for X-ray
crystallography, were grown from a concentrated hexanes solution at —20°C. The crystal
structure was solved under a triclinic crystal system P-1(Plbar). The structure has non—
crystallographic Cs symmetry. This is the first example of a monomeric ruthenium—carbonyl
complex with the [PS2] ligand while other examples, such as the iron compounds, were
dimers.’*® The Ru—Cayg, RU-Sayg and C—Oayq bond distances are 1.937(18) A, 2.428(5) A and
1.135(2) A respectively. The Ru(1)-P(1) bond distance was measured to be 2.320(4) A. The
distorted octahedral geometry was indicated by the dihedral angles between the four least—
squares planes through the ruthenium and the coordinating atoms (88.5°, 89.2°, 95.9° and 97.4°).

Selective bond distances and angles for fac—[Ru"'(CO)3(PS2)] are summarized in Table V4.
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Figure V-14. X-ray structure of fac-[Ru"'(CO)3(PS2)].
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Table V4. Selective Crystallographic Data for fac—[Ru''(CO)3(PS2)].
Bond Distances (A) Bond Angles (°)
Ru()-C(1) | 2008(17) | C(1)-Ru(l)-C(2) 94.9(7)
Ru(L)-C() | 1.900(19) | C(1)-Ru(l)-C(3) 96.7(6)
Ru()-C(3) | 1.904(17) | C(2)—Ru(l)-C(3) 96.7(6)
Ru(l)—S() | 2.429(4) C(1) — Ru() — S(1) 89.2(4)
RU(1)—S(Q2) | 2.426(5) C(2) — Ru() — S(1) 86.3(4)
Ru(l)—P(1) | 2.320(4) C(3) - Ru(l) — S(1) 172.3(5)
C()-0O(1) | 1.100(19) C(1) - Ru(l) - S(2) 89.3(6)
C(2)-0() 1.15(2) C(2) — Ru(l) - S(2) 175.1(4)
C(3)-0(@) | 1.155(19) C(3) - Ru(l) — S(2) 83.9(6)
C(1) - Ru(1) - P(1) 170.8(5)
C(2) - Ru(1) - P(1) 90.5(4)
C(3) — Ru(1) - P() 89.9(4)
S(1) - Ru(1) - P(1) 83.72(13)
S(2) — Ru(1) — P(1) 85.09(15)
S(1) - Ru(1) - S(2) 91.20(15)
Ru(1) — C(1) — O(1) 176.4(17)
Ru(1) — C(2) - O(2) 177.3(13)
Ru(1) — C(3) — O(3) 177.3(12)

The x—ray structure of fac—[Ru'"(CO)3(PS2")] (Figure VV-15) was virtually identical to,
but not isomorphous with, fac—[Ru"(CO)3(PS2)]. Crystals, suitable for X—ray crystallography,
were grown from a concentrated hexanes solution at —20°C. The crystal structure was solved
using the monoclinic crystal system C2/c. The structure has non—crystallographic Cs symmetry.
The ruthenium structure is located on a general position. The Ru—Cayg, RU-Saq and C—O,,4 bond
distances are 1.938(2) A, 2.431(5) A and 1.133(2) A, respectively. The Ru(1)-P(1) bond distance
was measured to be 2.327(5) A. The distorted octahedral geometry was indicated by the dihedral
angles between the four least—squares planes through the ruthenium and the coordinating atoms
(85.1°, 89.3°, 96.6° and 95.5°). Selective bond distances and angles for fac—[Ru'(CO)s(PS2')] are

summarized in Table V-5.
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Figure V-15. X-ray structure of fac—-[Ru"'(CO)3(PS2")].
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As expected, the comparison of fac—[Ru"(CO)s(PS2)] and fac—[Ru'"(CO)3(PS2)] X-ray

structures shows little to no difference in the bond distances and bond angles. The average Ru-C,

Table V-5. Selective Crystallographic Data for fac—[Ru"'(CO)3(PS2")].
Bond Distances (A) Bond Angles (°)
Ru()-C(1) | 1.926(16) | C(1)-Ru(l)-C(2) 95.9(7)
Ru(l) - C(2) 1.92(2) C(1) - Ru(1) - C(3) 96.5(7)
Ru(1) — C(3) 1.97(2) C(2) - Ru(1) - C(3) 94.9(7)
RU(1)—S(1) | 2.424(4) C(1) — Ru() — S(1) 175.8(5)
Ru(1)—S(Q2) | 2.437(5) C(2) — Ru() — S(1) 87.6(5)
Ru()—PQ) | 2.327(5) C(3) - Ru(l) — S(1) 85.4(5)
c()-0o@) | 1110017 C(1) - Ru(l) - S(2) 85.1(5)
C(2)-0() 1.16(2) C(2) — Ru(l) - S(2) 175.5(5)
C(3)-0(3) 1.13(2) C(3) - Ru(l) — S(2) 89.3(5)
C(1) - Ru(1) - P(1) 93.2(5)
C(2) - Ru(1) - P(1) 90.7(5)
C(3) - Ru(1) - P(1) 168.3(4)
S(1) - Ru(l) — P(1) 84.57(17)
S(2) - Ru(1) - P(1) 84.89(18)
S(1) - Ru(1) - S(2) 91.15(17)
Ru(1) — C(1) — O(1) 179.6(17)
Ru(1) — C(2) - O(2) 175.5(16)
Ru(1) — C(3) — O(3) 175.4(13)

Ru-S and C—O are comparable.

The iron analog of fac—[Ru'(CO)3(PS2)] had been previously synthesized and
structurally characterized by X-ray crystallography. The general structure of the iron compound
is shown in Figure V-16."° Just as with the ruthenium complexes the iron compound shows a
distorted octahedral geometry. Selective bond distances and angles for fac—[Fe'(CO)s(PS2")] are
summarized in Table V—6. The Fe-Cayg, Fe-Sag and C-Oaq bond distances are 1.771(9) A,
2.311(3) A and 1.152(8) A, respectively. The average bond distances for the ruthenium

compound are longer than the iron compound. This occurs because ruthenium has a larger

atomic radius than iron.




Figure V—16. X-ray structure of fac-[Fe''(CO)3(PS2")].
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Table V-6. Selective Crystallographic Data for fac—[Fe'' (CO)s(PS2")].
Bond Distances (A) Bond Angles (°)
Fe()-C(1) | 1734(10) | C(1)—Fe(l)—C(2) 96.2(5)
Fe()-C(2) | 1.771(9) C(1) - Fe(1) - C(3) 97.2(4)
Fe()-C(3) | 1.809(8) C(2) - Fe(1) - C(3) 93.6(4)
Fe(1) — S(1) 2.314(2) C(1) — Fe(1) — S(1) 84.6(3)
Fe(1) - S(2) 2.307(3) C(2) — Fe(1) — S(1) 179.0(3)
Fe(1) — P(1) 2.217(2) C(3) — Fe(1) — S(1) 86.9(3)
C(1)— 0(1) 1.169(9) C(1) — Fe(1) - S(2) 174.8(3)
C(2)-0(2) 1.150(8) C(2) — Fe(1) - S(2) 86.6(3)
C(3)— 0(3) 1.136(8) C(3) — Fe(1) - S(2) 86.9(3)
C(1) - Fe(1) — P() 91.4(3)
C(2)— Fe(1) - P() 91.6(3)
C(3) - Fe(1) - P(1) 169.5(3)
S(1) - Fe(1)— P() 87.76(8)
S(2) - Fe(1)— P() 84.24(9)
S(1) — Fe(1) - S(2) 92.49(9)
Fe(1) — C(1) — O(1) 175.6(10)
Fe(1) - C(2) - O(2) 178.4(10)
Fe(1) - C(3) — O(3) 179.0(10)

The structure of one of the thermal decomposition products of fac—[Ru"(CO)s(PS2')] was
determined by X-ray crystallography. The X-ray structure of [Ru'5(CO)s(PS2")s] confirmed a
ruthenium(Il) trimer which displays an octahedral geometry around each ruthenium center, five
carbonyl ligands and three bridging [PS2'] ligands. Crystals, suitable for X—ray crystallography,
were grown by layering diethyl ether over a concentrated methylene chloride solution at room
temperature. The crystal structure was solved under a monoclinic crystal system P2;/c. The
ruthenium structure is located on a general position. The general structure of the ruthenium
trimer is illustrated in Figure V-17. Using X-ray crystallography and infrared spectroscopy,
confirms that the two sets of the carbonyl ligands are in the cis orientation while one carbonyl
stands alone. The Ru—Cayg, RU=Snonbridged(avg): RU—Shridged(avg), RU—Pavg and C—Oayq bond distances
are 1.902(10) A, 2.434(2) A, 2.464(2) A and 1.134(12) A, respectively. Selective bond distances
and angles for [Ru'"3(CO)s(PS2')s] are summarized in Table V-7.
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Figure V-17. X-ray structure of [Ru"'3(CO)s(PS2")s].
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Table V-7. Selective Crystallographic Data for Ru''3(CO)s(PS2")s].

Bond Distances (A)

Bond Angles (°)

Bond Angles (°)

Ru(1) - C(1) | 1.900(10) | C(1) - Ru(l)~ C(2) | 87.3(4) | S(3)—Ru(2)-S(2) | 88.55(8)
Ru(l)— C(2) | 1.916(8) | C(1)—Ru(l)—P(1) | 89.4(3) | P(2) ~Ru(2)-S(2) | 173.32(9)
Ru(2) - C(3) | 1.918(12) | C(2)—Ru(1) - P(1) | 94.5(3) | S(4)—Ru(2)-S(2) | 92.16(8)
Ru(2) — C(4) | 1.914(11) | C(1) —Ru(1)-S(1) | 86.9(3) | C(5)~ Ru(3)-P(3) | 88.9(3)
Ru(3) — C(5) | 1.864(10) | C(2) —Ru(1)—S(1) | 174.2(3) | C(5)~ Ru(3)—S(5) | 84.2(3)
Ru(l) - S(1) | 2.415(2) | P(1) —Ru(1)—S(1) | 85.53(8) | P(3)— Ru(3)—S(5) | 82.42(9)
Ru(1) - S(2) | 2.464(2) | C(1)~Ru(l)-S(2) | 171.3(3) | C(5) —Ru(3)—S(4) | 94.1(3)
Ru(2) - S(2) | 2.471(2) | C(2)-Ru(1)-S@2) | 97.5(3) | P(3)- Ru(3) - S(4) | 101.89(8)
Ru(2) - S(3) | 2.425(2) | P(1) —Ru(1) - S(2) | 82.92(8) | S(5)— Ru(3) - S(4) | 175.36(9)
Ru(2) - S(4) | 2.425(2) | S(1)- Ru(1) - S(2) | 88.24(8) | C(5)— Ru(3)-S(6) | 171.3(3)
Ru(3) - S(4) | 2.445(2) | C(1)~Ru(l)-S(6) | 96.6(3) | P(3)—Ru(3)-S(6) | 85.72(8)
Ru(3)-S() | 2.384(2) | C(2) ~Ru(l)-S(6) | 97.8(3) | S(5)—Ru(3)—S(6) | 88.39(8)
Ru(3) - S(6) | 2.446(2) | P(1)— Ru(1) - S(6) | 166.50(8) | S(4)—Ru(3)-S(6) | 93.62(8)
Ru(1) - P(1) | 2.282(2) | S(1)-Ru(1)-S(6) | 82.78(8) | C(5)—Ru(3)-S@3) | 97.8(3)
Ru(2) - P(2) | 2.276(3) | S(2)—Ru(1)-S(6) | 89.98(8) | P(3)—Ru(3)-S(3) | 171.32(8)
Ru(3) — P(3) | 2.243(3) | C(4) —Ru(2)—C(3) | 94.7(4) | S(5)—Ru(3)-S(3) | 92.73(9)
C(1)-O(1) |1.131(12) | C(4)—Ru(2)—P(2) | 90.7(3) | S(4)—Ru(3)-S(3) | 83.21(8)
C(2)-0(2) |1.124(12) | C(3)~Ru(2) —P(2) | 92.4(3) | S(6)—Ru(3)—S(3) | 86.96(8)
C(3)— O(3) | 1.143(14) | C(4)—Ru(2) —S@3) | 173.7(3) | Ru(3) - S(6) —Ru(1) | 124.51(9)
C(4)—O(4) |1.124(12) | C(3)~Ru(2)—S@3) | 90.1(3) | Ru(l)-S(2) -Ru(2) | 125.33(9)
C()-0(5) |1.148(12) | P(2) —Ru(2)—S(3) | 84.98(9) | Ru(2) - S(3) -Ru(3) | 94.92(8)
C(4) —Ru(2) - S(4) | 89.8(3) | Ru(2) - S(4) -Ru(3) | 96.41(8)
C(3) ~Ru(2) - S(4) | 175.1(3) | Ru(l) - C(1)- O(1) | 173.0(9)
P(2) - Ru(2) - S(4) | 85.62(8) | Ru(1) - C(2) —0O(2) | 170.2(8)
S(3) — Ru(2) - S(4) | 85.30(8) | Ru(2) - C(3)~ O(3) | 179.0(9)
C(4)-Ru(2)-S@2) | 95.6(3) | Ru(2)—C@4)-0(4) | 174.5(9)
C(3)~Ru(2)-S2) | 89.3(3) | RuB)-C®)-0() | 175.6(9)
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5.3.4 NMR Spectroscopy of fac—[Ru'(CO);(PS2)] and fac-[Ru' (CO)3(PS2")]

The fac—[Ru"(C0O)3(PS2)] and fac—[Ru'(CO)(PS2")] compounds were characterized by
'H, B3C and *'P NMR studies. The NMR spectra were measured in either de—DMSO or CDsCN.
The 'H-NMR of fac—[Ru"(C0O)3(PS2)] shows multiple peaks in the aromatic region, 7.5 to 6.7
ppm (Figure V-18). The NMR does show some minor impurities; however. the major peaks
integrate to the exact amout of hydrogens for the ruthenium compound. The percent of
impurities found in the '"H-NMR was approximately 28%. The *C-NMR spectra taken in
various deutrated solvents, but none showed any reportable data. The **P-NMR spectrum shows
four peaks at 85.99, 84.06, 83.56 and 83.48, where 83.56 was assigned to the fac—
[Ru"(C0O)3(PS2)] compound (Figure V—19). Assignment for the other three peaks have been
determined; however, these peaks could be associated with a ruthenium dimer or trimer.
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Figure V-18. "H-NMR spectrum of fac-[Ru'/(CO)3(PS2)] in de—DMSO.
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Figure V-19. *)P-NMR spectrum of fac-[Ru' (CO)s(PS2)] in de—DMSO.

The *H-NMR of fac—[Ru"(C0O)3(PS2")] shows multiple peaks in the aromatic region, 7.7
to 6.9 ppm, and shows a singlet at 2.20 ppm which corresponds to the methyl group (CHj)
located on the [PS27] ligand (Figure V—-20). The *C-NMR of fac—[Ru"(CO)3(PS2)] shows
multiple peaks in the armoatic region, 152 to 129 ppm (Figure V-21). The carbonyl peaks are
found at 189 and 188 ppm. The carbonyl peaks are split, into four peaks, due to the phosphorous
coupling (Figure V=22). The methyl carbon, found at 19.9 ppm, also shows a doublet caused by
the phosphorous coupling. The 3*P-NMR shows a singlet at 91.96 ppm indicating that the
phosphorous is bound to the ruthenium (Figure V-23). The phosphorous peak for the free
ligand, H,PS2', was found at —17.16 ppm.
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Figure V—20. 'H-NMR spectrum of fac-[Ru''(CO)3(PS2")] in CDsCN.
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Figure V-21 *C-NMR spectrum of fac-[Ru'/(CO);(PS2")] in CD5CN.
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Figure V-23. *)P-NMR spectrum of fac-[Ru' (CO);(PS2")] in CD5sCN.
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As previously stated, the iron analog of fac—[Ru"(CO)s(PS2)] was synthesized and
characterized by Doris Melgarejo, PhD.* Comparing the *H-NMR of both compounds, there
were no significant differences between them; however, the “*C-NMR does show some
significant shifts. The carbonyl peaks for the iron compound are located at 205 and 204 ppm,

while the ruthenium carbonyl peaks are located at 189 and 188 ppm.

5.3.5 Synthesis and Characterization of Ruthenium Carbonyl complexes with the [NS2]
and [NS2'] Ligands

The successful synthesis of ruthenium carbonyl complexes using [PS2] and [PS27]
prompted the use other types of tridentate ligands, i.e. [NS2] and [NS2']. These [NS2] ligands are
similar to the [PS2] ligands with two major differences. First, the P atom is replaced with a N
atom and second, the phenyl groups are replaced with benzyl groups. The same reactions
conditions were used for the [NS2] complexes as for the [PS2] complexes. Infrared spectroscopy
for the fac—[Ru'(C0O)3(NS2)] and fac—[Ru"(CO)3(NS2)] are illustrated in Figure V-24 and
Figure V=25 respectively. The IR peaks suggest that the carbonyl ligands are in the facial
arrangement. The comparison of the infrared spectra of the [PS2] and [NS2] complexes show an
interesting result. Nitrogen is a better sigma donor than phosphorous which increases the electron
density on the ruthenium metal center. This increase in electron density would strengthen the n—
backbonding the carbonyl ligand and as a result would decrease the C=0 bond strength. This
change in bond strength results in a red shift in the carbonyl stretching frequency from the [PS2]

complexes to the [NS2]. This is summarized in Table V-8.

Table V-8. Infrared Spectra Comparison of
fac—[Ru'(CO);(L)] (where L = PS2, PS2', NS2 and NS2")
Compound veo (cm™)
fac-[Ru(CO);3(PS2)] 2032, 2059, 2110
fac-[Ru(CO);3(PS29] 2030, 2057, 2109
fac—[Ru(CO)3(NS2)] 1956, 2026, 2102
fac—[Ru(CO)3(NS2)] 1954, 2022, 2100

The thermal instability of the assumed fac—[Ru'"(C0O)3(NS2)] compounds prevented their
crystal structure determination. Several attempts to grow crystals of the fac—[Ru'"(CO)3(NS2)]
and fac—[Ru"(CO)3(NS2")] were unsuccessful. Similar to the [PS2] complexes, the [NS2]
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complexes must be kept at —20 °C freezer to prevent thermal decomposition. Compounds have
shown changes in color, i.e. yellow—orange to dark orange, when left at room temperature after
one month in the solid state. This reaction was accelerated when the fac—[Ru"(CO)3(NS2")] was
dissolved in hexanes and left for one week.

2026

1956
2102

Absorbance

2150 2100 2050 2000 1950 1900
Frequency (cm™)

Figure VV-24. Infrared spectrum of fac—[Ru"'(CO)3(NS2)] in CH,Cl..
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Figure V—25. Infrared spectrum of fac-[Ru"(CO)3(NS2")] in CH,Cl..

The thermal reaction was monitored by IR spectroscopy. After several days, the change
in the IR spectrum was complete. (Figure VV-26). Diethyl ether was slowly added to the solution
to form orange needle crystals. The compound was confirmed by X-—ray crystallography to be a
ruthenium dimer containing four carbonyls and two [NS27] ligands, [Ru"(C0O),(NS2)],. The
ruthenium dimer was found be thermally stable for a period of five months, which was proven

via infrared analysis taken at periodic intervals.
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Figure VV-26. Infrared spectrum of [Ru''(C0O),(NS2")], in CH,Cl,.

X-ray quality crystals of the dimer, were grown from a concentrated hexanes solution of
the fac—[Ru'"(C0O)3(NS2")] at room temperature. The X-ray structure revealed a centrosymmetric
dimer [Ru"(C0O)2(NS2")], with two ruthenium octahedron linked by two bridging thiolates. Each
ruthenium also has a terminal thiolate, an amine and two carbonyl ligands. The crystal structure
was solved under a monoclinic crystal system C2/c. The transition metal lies on a two—fold axis
so that the [Ru'(CO),(NS2)] has an imposed C, symmetry. The general structure of the
ruthenium dimer is shown in Figure V-27. The Ru—Cayg, RU-Sayq and C—Oayq bond distances are
1.878(8) A, 2.427(2) A and 1.134(9) A, respectively. The bond distance of the bridging thiolate,
RU(1)-S(2)bridging, Was measured to be 2.487(2) A. The Ru(1)-N(1) bond distance was measured
to be 2.279(5) A. Both X-ray crystallography and infrared spectroscopy, confirmed that the
carbonyl ligands are in the cis orientation. Selective bond distances and angles for
[Ru"(CO)3(NS2"], are summarized in Table V-9.
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Figure V-27. X-ray structure of [Ru"'(CO),(NS2")], (hydrogens were removed for clarity).
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Table V-9. Selective Crystallographic Data for [Ru''(CO),(NS2")]..
Bond Distances (A) Bond Angles (°)

RuD-C() | 1.867(7) C(1) - Ru(1)-C(2) 86.4(3)
Ru(1)-C(2) | 1.888(8) C(1) - Ru(1) — N(1) 168.8(3)
Ru(1)-S(1) | 2.403(2) C(2) - Ru(1) — N(1) 87.0(2)
Ru(1)—S(2) | 2.4500(18) | C(1)-Ru(l)—S(1) 82.9(2)
Ru1)—-N(1) | 2.279(5) C(2) - Ru(1) - S(1) 92.8(2)
c(1) - o) 1.136(8) C(1) - Ru(1) - S(2) 92.8(2)
C2)-0Q) 1.132(9) C(2) - Ru(1) - S(2) 176.4(2)

Ru(1)-S@Q)* | 2.487(2) N(1) — Ru(1) - S(1) 88.39(15)

N(L) - Ru(1) - S(2) 94.36(14)

S(1) - Ru(1) - S2) 90.57(2)
C(1)— Ru(l) - S(2)* 99.1(2)
C(2)— Ru(1) - S(2)* 97.6(2)

N(1)—Ru(1)—S(@2)* |  90.79(15)

S(1) - Ru(1) - S(2)* 169.55(7)

Ru(1)—S(2)— Ru(l)* |  100.90(7)

Ru(1) — C(1) — O(1) 173.0(6)

Ru(1) - C(2) — 0(2) 175.9(6)

5.3.6 The Synthesis and Characterization of fac-[Ru''(CO)3(SR)s]~ Monomers and a
[Ru'z(CO)s(12-SR)2] Dimer

The fac—[Ru"(C0)3(S-2,3,5,6-MesCgH)s]* complex was originally synthesized by Janet
Haff.® The original synthesis of this compound was performed by reacting fac—
[Ru"(CO)sCIx(THF)] with 2,3,5,6-tetramethylbenzenethiolate, in which the thiolate was
deprotantated by dicyclohexylamine. The reagents were left to stir at room temperature
producing a yellow solution within minutes of adding the two reagents. A yellow precpitiate was
observed after approximately thirty minutes.

The modified procedure reported in this work shows that the same two reagents are added
together; however, the 2,3,5,6-tetramethylbenzenethiolate was deprotonated using lithium wire.
This method allows precipitation using various cations to isolate the desired product.
Crystallization of the desired product was achieved using [EtsN]*, [n-Pr4N]*, [BusN]",
[MesNBz]", and [PPN]" cations; however, crystals containing the [MesNBz]* were the most

216



suitable for X-ray crystallography. The yields using Haff’s synthesis and the modified synthesis
are comparable at ~85% of pure compound.

The IR spectrum of fac-[MesNBz][Ru'(C0O)3(S-2,3,5,6-MesCsH)s] showed two peaks
which are characteristic of three facial carbonyl ligands in a facial arrangement (Figure V-28).
The IR spectrum is comparable to Haff’s work. The *H-NMR of fac-[Ru"(CO)s(5-2,3,5,6—
Me,CgH)s] ™ was first reported by Janet Haff.*® However, the cations were different, [(Cy),NH,]"
cation was used Haff’s work and [MesNBz]" was used in this work.

The *H-NMR spectrum shows two peaks in the aromatic region, 7.53 ppm corresponds
to the hydrogens on the benzyl group located on the cation while the peak at 6.59 ppm
corresponds to the para hydrogen located on the thiolate ligand (Figure V-29). Two singlets
were observed at 2.57 and 2.10 ppm which correspond to the methyl protons located on the
thiolate. The methylene protons and the methyl protons of the cation were located on 4.51 and
3.02 ppm, respectively.

The C-NMR of fac-[Ru'"(CO)3(S-2,3,5,6-MesCsH)s]” shows the aromatic carbons on
both the thiolate and cation in the range of 146 to 128 ppm. The methyl carbons corresponding to
the thiolate are located at 20.89 and 20.20 ppm. The methyl and methylene carbons of the cation
are located at 51.77 and 67.90 ppm, respectively. The *C-NMR of the fac—[Ru'"(CO)s(S—
2,3,5,6-Me,Cg¢H)3] is illustrated in Figure V-30.
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Figure V-28. Infrared spectrum of fac-[MesNBz][Ru'" (CO)3(S-2,3,5,6-MesCgH)3] in
MeOH.
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Figure V-29. 'H-NMR spectrum of fac-[MesNBz][Ru"(CO)3(S-2,3,5,6-Me;CgH)s] in dg—
DMSO (where A = thiolate protons and B = cation protons).
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Figure V-30. *C-NMR spectrum of fac-[Mes;NBz][Ru'" (CO)s(S-2,3,5,6-MesCsH)s3] in de—
DMSO (where A = thiolate carbons and B = cation carbons).
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The X-ray structure of fac—[MesNBz][Ru"(CO)s(S-2,3,5,6-MesCeH)s] confirmed a
ruthenium(Il) anion displaying an octahedral geometry which consists of three carbonyl ligands
in the facial arrangement, three 2,3,5,6-tetramethylbenzenethiolate ligands and one [Me3NBz]"
cation. Crystals, suitable for X—ray crystallography, were grown from layering a concentrated
methanolic solution of [Me3NBz]CI over the reaction solution at room temperature. The crystal
structure was solved under a triclinic crystal system Plbar. Both structures, ours and Haffs, are
isomorphous despite the change in cation. The ruthenium structure is located on a general
position. The general structure of the ruthenium monomer is illustrated in Figure V-31.

The X-ray structure of fac—[Ru"(CO)s(S-2,3,5,6-MesCsH)s]™ was first reported by Janet
Haff, PhD using dicyclohexylammonium, [(Cy),NH,]", as the counter cation. The Ru-Sayg, RuU-
Cay and C-Ouy for fac—[MesNBz][Ru'(CO)3(S-2,3,5,6-MesCeH)s] bond distances are
2.4603(6) A, 1.918(2) A and 1.132(3) A, respectively. The ruthenium-thiolate bond distances are
within range of those for published compounds where the thiolate is trans to a carbonyl
ligand®*®1"#34 These ruthenium-thiolate bonds, when trans to a carbonyl, are typically longer
than those trans to weaker n acceptor ligands like phosphines®>, acetonitrile’ or thioethers®> .

The important geometrical parameters of fac—[Ru'"(CO)3(S-2,3,5,6-MesCgH)s] , reported
in this dissertation, are compared with Haff’s fac—[Ru"(C0O)3(S-2,3,5,6-MesCgH)3]™ (Table V-
10). Selective bond distances and angles for fac—[MesNBz][Ru"(CO)s(S-2,3,5,6-Me,CsH)3] are
summarized in Table V-11.

The bond distances of both structures are comparable. This displays that changing of the

cation does not have a significant effect on the bond distances of the anion, in this example.

Table V-10. Comparison of Selective Crystallographic Data for
fac—[Ru' (C0O)3(5-2,3,5,6-Me,CeH)3] .
This Work Haff'®
Bond Distances (A) Bond Distances (A)
Ru(1) — S(1) 2.4650(6) Ru(1) — S(1) 2.462(2)
Ru(1) — S(2) 2.4395(6) Ru(1) — S(2) 2.448(2)
Ru(1) — S(3) 2.4764(5) Ru(1) — S(3) 2.481(2)
Ru(1) - C(1) 1.912(2) Ru(1) — C(1) 1.90(1)
Ru(1) — C(2) 1.923(2) Ru(1) - C(2) 1.92(1)
Ru(1) — C(3) 1.918(2) Ru(1) — C(3) 1.90(1)
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Table VV-11. Selective Crystallographic Data for
fac-[Me3NBz][Ru'" (CO)3(S-2,3,5,6-MesCgH)3].

Bond Distances (A) Bond Angles (°)
Ru(1) — S(1) 2.4650(6) C(1) - Ru(2) - C(3) 89.58(9)
Ru(1) — S(2) 2.4395(6) C(1) -Ru(1) - C(2) 95.63(10)
Ru(1) — S(3) 2.4764(5) C(3) —Ru(1) - C(2) 94.05(10)
Ru(1) — C(1) 1.912(2) C(1) - Ru(1) - S(2) 90.06(7)
Ru(1) - C(2) 1.923(2) C(3) —Ru(1) - S(2) 92.70(7)
Ru(1) - C(3) 1.918(2) C(2) -Ru(1) - S(2) 171.20(7)
C(1)-0(1) 1.132(3) C(1) - Ru(1) — S(1) 173.33(7)
C(2)-0(2) 1.135(3) C(3) - Ru(1) — S(1) 91.85(7)
C(3) - 0(3) 1.130(3) C(2) - Ru(1) — S(1) 90.77(7)
S(2) - Ru(1) — S(2) 83.367(19)
C(1) - Ru(1) - S(3) 92.45(6)
C(3) - Ru(1) - S(3) 177.77(7)
C(2) - Ru(1) - S(3) 86.67(7)
S(2) - Ru(1) — S(3) 86.377(19)
S(1) - Ru(1) — S(3) 86.028(19)
O(1) - C(1) - Ru(1) 177.95(19)
0(2) - C(2) - Ru(1) 178.1(2)
0(3) - C(3) — Ru(1) 176.8(2)
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Figure V=31. X-ray structure of fac-[Me3sNBz][Ru' (CO)3(S-2,3,5,6-MesCsH)s] (hydrogens

and cation were removed for clarity).

Attempts to synthesize the analogous compound with a more sterically hindered thiolate,
2,4,6-triisopropylbenzenethiolate resulted in isolation of a Ru(l) dimer through an a unusual
reaction. The family of butterfly structures, M,(SR),(CO)s xL, resembles the active site of the
[FeFe] hydrogenase.?’ In the past, scientists have been synthesizing these butterfly structures
using iron. This has been problematic due to the instability in the diiron complexes.?* 2
Recently, scientists have extended this research using ruthenium due to the metal’s stability and
ease of manipulation.?2® In 2006, a series of diruthenium dithiolato carbonyls were synthesized

and characterizated.”® One example of this type of compound was synthesized by Justice et al.,
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[Ru'5(S2C3Hg)(CO)s] (Where S,CsHs = 1,3—propanedithiolate).?® Synthesis of this compound was
performed similarly to the compound synthesized in this work.

The reaction of fac—[Ru"(CO)sCly(THF)] with excess thiolate in MeOH generates a
solution whose IR spectrum is consistent with [Ru'"(CO)3(S—2,4,6-i—PrsCsH2)s]*~ (Figure V-32)
due to its similarity to the IR spectrum of fac—[MesNBz][Ru"(CO)3(S-2,3,5,6-MesCsH)]
compound. The intensity of two peaks in the spectrum are consistent with a facial M(CO)3 unit
and the lower energy of these peaks is consistent with the greater donating ability of [S-2,4,6—i—
PrsCeH] vs [S-2,3,5,6-MesCsH]. Addition of oxygen to the reaction mixture resulted in its
transformation to the reduced Ru'Ru' dimer, [Ru'(CO)s(S-2,4,6-i—PrsCsHy)],. It is counter
intuitive for the addition of O, to lead to the reduction of the metal. These process was repeated
five times and an immeditate color change was observed, from yellow to orange upon the
addition of O,. Infrared spectroscopy was used to monitor the reaction, Figure V=32 illustrates
the reaction before oxygen was introduced while Figure V=33 illustrates the reaction after
oxygen was introduced. The purpose of the excess thiolate was to act as a reducing agent. The
intermediate product, before the oxygen was applied, was thought to be fac—[Ru"(C0O)3(S-2,4,6—
i—PrsCsH.)s] due to the similarity to the IR spectrum of fac—-[MesNBz][Ru"(C0O)3(S-2,3,5,6—
Me,C¢H)s]. Upon the addition of O,, the reaction was left to stir overnight and large orange
crystals were observed, which were identified to be tri-isopropylbenzenedisulfide by X-ray
crystallography. The disulfide was filtered off and the solvent was removed in vacuo. The
resulting orange precipitate was purified by column chromatography. The solution was collected
until the yellow band was removed from the column. The resulting yellow solvent was
concentrated to approximately one—fifth of the original volume and placed in a —20 °C freezer for
several days. The resulting yellow needle crystals, suitable for X-ray crystallography, were
collected. Infrared analysis of the yellow crystals was comparable to Figure V-33.
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Figure V-32. Infrared spectrum of [Ru' (CO)3(S-2,4,6-i—PrsCgH,)s]*", before air was
applied, in MeOH.
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Figure V=33. Infrared spectrum of [Ru'(CO)3(S-2,4,6-i—-PrsCsH>)]- in pentane.
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The role being played by O, is unknown. The excess thiolate ligand should be sufficient to
supply the reducing equivalent and explain the production of the disulfide.

The X-ray structure of [Ru'(CO)s(S—2,4,6—i—PrsCsH2)], confirmed a ruthenium(l) dimer
which displays a butterfly arrangement with six carbonyl ligands and two bridging
triisopropylbenzenethiolates. Crystals, suitable for X-ray crystallography, were grown from a
concentrated pentane solution at —20 °C. The crystal structure was solved under a monoclinic
crystal system P2;/c. The general structure of the ruthenium dimer is illustrated in Figure V-34.
To date, this structure is only the fifth compound, of this type, that has been reported in the
The [Ru'(CO)5(S)]2 2,2,6,6—
tetramethylcyclohexylidenemethanethiolate [C11H15S])* and [Ru'(CO)s(SS)] (where SS = 1,3—
propanedithiolate [pdt]®, 1,2—ethanedithiolate [edt]*" and 1,2-benzenedithiolate [bdt]*?), have

literature. general  structures, (where S =

been reported with the earliest report from Seitz et al. in 1988 while the next few structures were
not reported until after the turn of the new century. The Ru—Cayiaitavg), RU—Chasal(avg), RU-Savg and
C—Oaxial(avg) aNd C—Opasai(avg) boONd distances for [Ru'(CO)3(S—2,4,6—i—Pr3C6H2)]2 are 1.955(9) A,
1.899(8) A, 2.4520(2) A, 1.137(2) A and 1.138(2) A respectively. The Ru-Ru bond distance of
[Ru'(CO)3(S-2,4,6-i—PrsCgH-)], was measured to be 2.6244(2) A, which is the shortest Ru-Ru
bond out of all the compounds of this class. The Ru-Sa,4 bond distance of [Ru'(CO)5(Stip)], was
measured to be the longest out of all the compounds. This is due to the steric effects of the
isopropy! groups, located on the ortho positions, of the thiolate. The ruthenium—carbonyl bond
distances, both axial and basal, are within range from the other previously reported compounds.
All the bond distances of the five compounds are summarized in Table V-12. Selective bond
distances and angles for [Ru'(CO)3(S—2,4,6—i—PrsCsH,)], are summarized in Table V-13.

Table VV-12. Comparison of Bond Distances for [Ru'(CO)s(SS).
Bond This Work pdt edt bdt C11H1sS
RuU—Ru | 2.6244(2) | 2.6743(13) | 2.6790(8) | 2.6502) | 2.678(1)
RU — Sayg 2.4521 2.396 2.373 2.408 2.419
Ru — Caial 1.955 1.941 1.919 1.949 1.954
RU — Cpasal 1.899 1.912 1.906 1.893 1.904
C — Oaxial 1.137 not listed 1.136 1.124 1.117
C —Opasal 1.138 not listed 1.134 1.130 1.131
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Figure VV-35. X-ray structure of [Ru'(CO)3(S-2,4,6-i-PrsCsH,)]..
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Table V-13. Selective Crystallographic Data for [Ru'(CO)3(S-2,4,6-i—PrsCsH.)]».

Bond Distances (A) Bond Angles (°) Bond Angles (°)
Ru(l) - C(1) | 1.900(10) | Ru(2)-S(2)-Ru(l) | 64.646(14) | C(4)-Ru(2)-S(2) | 156.41(7)
Ru(l)— C(2) | 1.916(8) | C(3)-Ru(1)-C(1) | 91.31(9) | C(6)-Ru(2)-S(2) | 93.82(6)
Ru(l) - C(3) | 1.918(12) | C(3)-Ru(1)-C(2) | 96.81(9) | C(5)-Ru(2)-S(2) | 106.92(6)
Ru(2) - C(4) | 1.914(11) | C(1)-Ru(1)-C(2) | 96.54(9) | S(1)-Ru(2)-S(2) | 73.241(18)
Ru(2) - C(5) | 1.864(10) | C(3)-Ru(1)-S(1) | 154.70(7) | C(4)-Ru(2)-Ru(1) | 98.76(6)
Ru(2) - C(6) | 2.415(2) | C(1)-Ru(1)-S(1) | 93.74(7) | C(6)-Ru(2)-Ru(l) | 98.18(7)
Ru(l) - S(1) | 2.464(2) | C(2)-Ru(1)-S(1) | 107.18(7) | C(5)-Ru(2)-Ru(1) | 159.34(6)
Ru(l) - S(2) | 2.471(2) | C(3)-Ru(1)-S(2) | 92.48(7) | S(1)-Ru(2)-Ru(l) | 57.588(13)
Ru(2) - S(1) | 2.425(2) | C(1)-Ru(1)-S(2) | 155.61(6) | S(2)-Ru(2)-Ru(l) | 57.696(13)
Ru(2) - S(2) | 2425(2) | C(2)-Ru(1)-S(2) | 106.90(7) | Ru(1)-S(1)-Ru(2) | 64.768(14)
C(1)-O(l) | 2.445(2) | S(1)-Ru(1)-S(2) |73.250(18) | O(1)-C(1)-Ru(l) | 177.21(19)
C(2)-0(2) | 2.384(2) | C3)-Ru(l)-Ru(2) | 97.11(6) | OQ)-C(2)-Ru(l) | 175.1(2)
C(3)-0(3) | 2.446(2) | C(1)-Ru(1)-Ru(2) | 97.96(6) | O(3)-C(3)-Ru(l) | 176.9(2)
C(4)—0@) | 2.282(2) | C)-Ru(l)-Ru(2) | 159.60(7) | O(4)-C(4)-Ru(2) | 178.4(2)
C(5)-0(5) | 2.276(3) | S(1)-Ru(1)-Ru(2) | 57.644(13) | O(5)-C(5)-Ru(2) | 174.69(19)
C(6)—0(6) | 2.243(3) | S(2)-Ru(1)-Ru(2) |57.659(12) | O(6)-C(6)-Ru(2) | 177.9(2)
C(4)-Ru(2)-C(6) | 90.97(9) | C(4)-Ru(2)-S(1) | 93.46(7)
C(4)-Ru(2)-C(5) | 95.44(9) | C(6)-Ru(2)-S(1) | 155.76(7)
C(6)-Ru(2)-C(5) | 96.49(9) | C(5)-Ru(2)-S(1) | 106.77(7)

5.4 Conclusions

In conclusion, various fac—[Ru"(CO)3(Ls)] (where Lz = PS2, PS2', POS2, NS2 and NS2')
where synthesized and characterized by IR, NMR (*H and **C), X-ray crystallography, UV-Vis
and electrochemistry. All fac—[Ru"(CO)s(Ls)] were synthesized using fac—[Ru"(CO)sClo(THF)]
at —78 °C to afford the desired product. Synthesis of fac—[Ru'"(CO);Cl,(THF)] was performed by
a modified procedure where the reaction takes place in air as opposed to under a dinitrogen

atmosphere.
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The X-ray structures of fac—[Ru'(CO)s(PS2)] and fac—[Ru'"(CO)s(PS2")] confirmed a
distorted octahedron where the M-L bond distances decreased from the [PS2] complex to [PS2']
complex due to the electron donating effects of the methyl groups on the [PS2'] ligand. The X—
ray structure confirmed a ruthenium trimer, [Ru'"'3(CO)s(PS2")s], from the thermal decomposition
of fac—[Ru'(C0O)3(PS2")] in methylene chloride. The same observation was seen when fac—
[Ru"(CO)3(NS2")] went under a thermal decomposition to form a ruthenium dimer,
[Ru"(CO)(NS2")],. Infrared studies and X-ray crystallography confirmed the geometric
arrangement of the carbonyl ligands. The X-ray structures of the iron and ruthenium complexes
were compared and the M-L bond distances increased from iron to ruthenium due to the

increasing atomic radii.

Synthesis of fac—[Ru'(C0O)sCl,(THF)] with three equivalence of a monodentate thiolate
ligand formed fac—[Ru"(CO)3(SR)s]” complex which was confirmed by X-ray crystallography.
Synthesis of fac—[Ru'(CO)sCl,(THF)] with excess monodentate thiolate ligand, in the presence
of air, formed [Ru'(CO)3(SR)s] which was confirmed by X-ray crystallography. The role of O, is

not currently understood; however, this observation is currently being investigated.
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CHAPTER 6. Synthesis and Characterization of New Models of [NiFe]

Hydrogenase

6.1 Introduction

There are several microorganisms, classified as hydrogenase enzymes, which catalyze the
reversible formation and consumption of dihydrogen (Reaction V1-1).*

2H" + 2e = H,

Reaction VI-1. Redox reaction of dihydrogen.

Several crystal structures of [NiFe] hydrogenases have shown that these enzymes have a
common but unique active site. The construction of the active site is a dithiolate—bridged Ni—Fe
center with two cyanides (CN") and a carbonyl ligand (CO) coordinated to the Fe atom (Figure
VI-1). Crystallographic studies of the oxidized form of the enzyme indicate the presence of a
third bridging ligand, which is represented in Figure VI-1 as X. It has been thought that the
third bridging ligand could be an 0%, OH™ or OOH".* This bridging ligand has shown to be

replaced by a spectroscopically detected hydride in some reduced forms of these enzymes.”

X

C}"S --usff&' /Cys \ &CN
f.Ni g JH:%I.W-W'”"'FE:'_ CN
C}rS’S CO
S"“Cys

Figure VI-1. Active site of [NiFe] hydrogenase.

The synthesis of these analogues, for this dinuclear center, has been extremely
challenging. First, there are two different metals in the active site. Second, there are five different
ligands to account for. In 2005, the closest synthetic analogue for the [NiFe] center was
[Fe'(CN)o(CO),(u—pdt)Ni"(S,CNR,)]”  (where pdt = 1,3-propanedithiolate; S,CNR, =
dithiocarbamate, where R = Et, piperdine), which was reported by Tatsumi et al. (Figure V1-2).°

The reported compounds differ from the geometry of the Fe centers found in the enzymes. The
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noted difference of the geometry is in the enzyme where the cyanide (CN") is found in the cis
arrangement, while the synthetic complexes the CN ligands are found in the trans arrangement.
The second noted difference is that the enzyme contains one carbon monoxide (CO) ligand while
the synthetic complex contains two CO ligands.

e N1 J f__

o1 *;_2\./
[

i o N3~
o e 51 T
O\ o s
e 104 83
o2 SN2

Figure VI-2. X-ray structure of [Fe" (CN)»(CO),(u—pdt)Ni''(S,CNEL)]™.

In 2009, another set of Ni—Fe dimers were synthesized by Jiang et al.” Here the starting
material used to synthesize the dimer was different from Tatsumi’s et al. synthetic route. Tatsumi
used trans,mer—[Fe"(CN)»(CO)sBr]” while Jiang et al. used fac—[Fe"(CN)»(CO)sl]". There are
two notable differences from the two starting material, the first being one complex contains
bromide and the other iodide. The second, most important, difference is the cyanide (CN")
ligands are trans in Tatsumie’s complex while cis in Jiang’s complex. This difference in
geometry for the cyanide is important due to the fact that the enzyme has the cyanide in the cis
configuration. Using fac—[Fe'"(CN),(CO)sl], Jiang et al. were able to synthesize two new
analogues of the [NiFe] hydrogenase a hexamer, [(dppe)Ni" (u—SEt),Fe'(CN),(CO).]s (Where
dppe = 1,2-bis(diphenylphosphino)ethane and SEt = ethanethiolate) where the cyanide ligands
are in a cis configuration, and a dimer, [(dppe)Ni"(u—pdt)Fe"(CN),(CO),] (Figures VI-3 and
Figure VI-4 respectively) where the cyanide ligands are in the trans configuration.

There has been models of the [NiFe]-hydrogenase, see Chapter 1; however, only a few
have the same ligation as found in the enzyme active site. The primary goal of this research is to
synthesize nickel-iron dimers containing cyanide, carbonyls and thiolates to model the active

site as well as study the catalytic activity.
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Figure VI1-3. ORTEP drawing of one Ni—Fe unit of [(dppe)Ni" (u—SEt),Fe'' (CN)2(CO)]s

(phenyl groups and hydrogens were omitted for clarity).

Figure VI1-4. ORTEP drawing of [(dppe)Ni" (u—pdt)Fe' (CN),(CO),] (phenyl groups and
hydrogens were omitted for clarity).

6.2 Experimental

Synthesis of cis—[Fe' (CO).l-]

The product was synthesized according to a literature procedure.® A solution of I, (25.99
g, 102 mmol) in 60 mL of dry diethyl ether was added dropwise onto a solution of Fe’(CO)s (14
mL, 20.86 g, 106 mmol) in 30 mL of dry diethyl ether at 0 °C under nitrogen during 30 minutes.

After addition of iodine, reaction mixture was keep stirring for another 150 minutes at 0 °C. The
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final reaction mixture had a red wine color. The solvent was removed by rotary—evaporation.
Solid product was dried under vacuum for 20 minutes and stored at —20°C. Final product weight
=40.3 g (97.8 mmol). Yield =94%. Infrared spectrum was taken to verify purity.

Infrared (hexane): vco = 2062, 2085 and 2130 cm ™

Synthesis of fac—K[Fe''(CN),(CO)sl]

The product was synthesized according to a literature procedure.® All manipulations were
performed in air and in absence of light. To a solution of Fe'(CO)4l, (5 g, 11.9 mmol) in 100 mL
of methanol was added KCN (1.54 g, 23.7mmol). The mixture was allowed to stir overnight at
room temperature. A black precipitate was filtered off and the solvent was removed using a
rotary evaporator resulting in a dark red solid to be observed. The red solid was dissolved in
minimum amount of absolute ethanol (~20 mL). The suspension was centrifuged for ten minutes
to remove any potassium iodide. The dark red solution was decanted and placed in a 100 mL
Schlenk flask. The solvent was removed in vacuo. Infrared spectra were taken to verify purity
(Yield: 3.47 g, 81.7%)

Infrared (CH3OH): veo = 2064 and 2103 cm ™ ven = 2145 and 2133 cm ™.
Synthesis of Ni''(S4)

The product was synthesized according to a literature procedure.’® To a stirred solution of
4.5 g (18.9 mmol) of NiCl,*6H,0 in 100 mL of water and 60 mL of ethanol was added a solution
of 4.5 g (19.7 mmol) of H,S4 and 18 mL of 17.5% NaOH (78.8 mmol) in 50 mL of water at
50°C. The resulting brown solution was refluxed for 30 minutes and filtered while hot. The
filtrate was stored in the refrigerator for 24 hours to afford red-black needles. The product was
filtered, washed with ethanol and dried in vacuo. Crystals were grown from reaction mixture at —
20 °C Yield: 4.5 g, 80%

Unit Cell: Monoclinic, P2:/n, a =9.3839(3) A, b = 8.5363(2) A, ¢ = 13.5316(4) A, a. =y =90° B
=92.032(3)°, V = 1083.25(5) A°.

A red-black needle crystal measuring 0.50 x 0.35 x 0.15 mm® was mounted using a
nylon loop and centered on the X-ray beam at 100 K. Crystals were grown from reaction
mixture at —20°C. Crystals were grown within one day. The accurate unit cell was obtained using
reflection with 20 = 3.23 — 29.57° a = 9.3839(3) A, b = 8.5363(2) A, ¢ = 13.5316(4) A, o =y =
90° B = 92.032(3)°, V = 1083.25(5) A%. The structure was solved under a primitive monoclinic

crystal system (space group P2:/n) using 2680 reflections. The asymmetric unit consists of one
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molecule of the nickel complex. The data reduction was done using CryAlisPro and the structure
refinement was done with SHELXL-97 (Sheldrick). All the non-hydrogen atoms were located
by Direct Methods and were refined anisotopically by a full-matrix least-squares method. The
positions of the remaining hydrogen atoms were calculated. The crystallographic parameters and
atomic coordinates for this compound are located in Table A-24.

Synthesis of cis—[Ni' (dppe)Cl-]

The product was synthesized according to a literature procedure.™ In a 100 mL Schlenk
flask, a solution of 1,2—bis(diphenylphosphino)ethane (dppe) (2.00 g, 5.04 mmol) in CH.CI; (25
mL) was added dropwise, via cannula, to a solution of Ni"Cl,*6H,O (1.19 g, 5.01 mmol) in
ethanol (20 mL), which became dark red. The mixture was stirred for thirty minutes at room
temperature. Dark orange microcrystalline precipitate was filtered using an open frit. Product
was washed with diethyl ether (4 x 20 mL) and dried under vacuum. Crystals were grown by
vapor diffusion using methylene chloride and diethyl ether at —20 °C. Yield: 2.44 g, 92%

Unit Cell: Monoclinic, P21/c, a = 12.1826(2) A, b = 15.2299(3) A, ¢ = 15.1924(3) A, .=y =90°
B =105.666(2)°, V = 2714.08(9) A>.

A green—yellow prism crystal measuring 0.80 x 0.50 x 0.50 mm® was mounted using a
nylon loop and centered on the X-ray beam at 100 K. Crystals were grown by laying of
methylene chloride and diethyl ether at room temperature. Crystals were grown within one week.
The accurate unit cell was obtained using reflection with 20 = 3.19 — 29.48% a = 12.1826(2) A, b
=15.2299(3) A, ¢ = 15.1924(3) A, o=y = 90° B = 105.666(2)°, V = 2714.08(9) A%. The structure
was solved under a primitive monoclinic crystal system (space group P2;/c) using 6474
reflections. The asymmetric unit consists of one molecule of the nickel complex and one
molecule of methylene chloride. The data reduction was done using CryAlisPro and the structure
refinement was done with SHELXL-97 (Sheldrick). All the non-hydrogen atoms were located
by Direct Methods and were refined anisotopically by a full-matrix least-squares method. The
positions of the remaining hydrogen atoms were calculated. The crystallographic parameters and
atomic coordinates for this compound are located in Table A-25.

Synthesis of trans,cis—[Fe'' (CN),(CO),Ni'"(S4)]

Synthesis of this complex was done in absence of light. To a stirred solution of

K[Fe'(CN),(CO)sl] (0.25 g, 0.69 mmol) in 50 mL of methanol was added Ni"(S4) (0.10 g, 0.35

mmol). The mixture was allowed to stir for three hours. A light yellow precipitate was observed
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and was filtered off using a closed frit packed with celite. The solvent was removed in vacuo.
The resulting dark red product was purified with minimum amount of CH,Cl, and stirred for two
hours. The suspension was filtered using a closed frit packed with celite. The solvent was
removed to afford a dark red—brown solid. Yield: 0.085 g, 53.9%. Crystals were grown using
vapor diffusion using methylene chloride and diethyl ether at —20°C.

Infrared (CH-Cl,): vco = 2011 and 2057 cm ™ *; ven = 2099 and 2119 cm ™.

Unit Cell: Triclinic, P-1, a = 7.8344(5) A, b = 10.2131(6) A, ¢ = 13.0208(8) A, o = 76.188(5)°,
B =78.263(5)°, v = 73.029(5)°, V = 957.57(10) A3,

A red-brown plate crystal measuring 0.20 x 0.15 x 0.15 mm® was mounted using a nylon
loop and centered on the X-ray beam at 100 K. Crystals were grown by vapor diffusion of
methylene chloride and diethyl ether at —20 °C. Crystals were grown within one week. The
accurate unit cell was obtained using reflection with 20 = 2.91 — 29.58% a = 7.8344(5) A, b =
10.2131(6) A, ¢ = 13.0208(8) A, a = 76.188(5)°, p = 78.263(5)°, y = 73.029(5)°, V = 957.57(10)
A3, The structure was solved under a primitive triclinic crystal system (space group P—1) using
4976 reflections. The asymmetric unit consists of one molecule of the nickel-iron dimer. The
data reduction was done using CryAlisPro and the structure refinement was done with
SHELXL-97 (Sheldrick). All the non-hydrogen atoms were located by Direct Methods and were
refined anisotopically by a full-matrix least-squares method. The positions of the remaining
hydrogen atoms were calculated. The crystallographic parameters and atomic coordinates for this
compound are located in Table A-26.

Attempted Synthesis of [Fe''(CN)2(CO),(u—ndt)Ni' (dppe)]

Synthesis of this complex was done in the dark. To a stirred solution of
K[Fe'(CN),(CO)sl] (0.25 g, 0.69 mmol) in 15 mL of methanol was added, via cannula, Li,ndt
(where ndt = norbornanedithiolate). Liondt was generated in a 10 mL of methanol solution using
H.ndt (0.067 g, 0.42 mmol) and lithium wire (0.006 g, 0.84 mmol) placed in a 50 mL Schlenk
flask. Solution was transferred when all reagents were dissolved. The reaction mixture was
stirred for three hours at room temperature. The solvent was removed in vacuo which resulted in
a dark red solid. Approximately 20 mL of CH,ClI, was added to the reaction flask and was stirred
for twenty minutes. To the CH,CI, solution, Ni"(dppe)Cl, (0.11 g, 0.21 mmol) was added and
the solution changed color from dark red to purple. The solution was stirred for an additional two
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hours. The solution was filtered via closed frit packed with celite. The filtrate was removed in
vacuo which resulted in a red—brown solid. Yield: 0.153 g, 46.7%.

Infrared (CH,Cl,): vco = 2056 and 2014 cm™*; ven = 2125 cm™2.

Attempted Synthesis of [Fe''(CN),(CO),(u—o—xyl)Ni''(dppe)]

Synthesis of this complex was done in the dark. To a stirred solution of
K[Fe"(CN),(CO)sl] (0.25 g, 0.69 mmol) in 15 mL of methanol was added, via cannula, Li,0—xyl
(where o—xyl = o—xylene—a,a’'—dithiolate). Li,o—xyl was generated in a 10 mL of methanol
solution using H,0—xyl (0.071 g, 0.42 mmol) and lithium wire (0.006 g, 0.84 mmol) placed in a
50 mL Schlenk flask. Solution was transferred when all reagents were dissolved. The reaction
mixture was stirred for four hours at room temperature. The solvent was removed in vacuo which
resulted in a dark red solid. Approximately 20 mL of CH,CI, was added to the reaction flask and
was stirred for twenty minutes. To the CH,Cl, solution, Ni"(dppe)Cl, (0.11 g, 0.21 mmol) was
added and the solution changed color from dark red to purple. The solution was stirred for an
additional two hours. The solution was filtered via closed frit packed with celite. The filtrate was
removed in vacuo which resulted in a dark red—brown solid. Yield: 0.173 g, 52.6%.

Infrared (CH-Cl,): veo = 2056 and 2016 cm ™ ven = 2134 cm ™.

6.3 Results and Discussion
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Figure VI=5. Overall reaction scheme of iron and nickel complexes.
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6.3.1 Synthesis and Infrared Studies of the Iron Starting Material

Synthesis of cis—[Fe'(CO)4l,] was prepared in a very direct and simple procedure. This
redox reaction was performed under anaerobic conditions in a solution of diethyl ether. Storage
of the desired product was stored in a freezer at —20 °C; however, thr compound is stable at room
temperature for long periods of time. The overall reaction scheme is illustrated in Figure VI=5.

The infrared spectrum shows three peaks, which correspond to the carbonyl ligands. The
infrared spectrum for this compound can be found in Gina Chiarella’s PhD dissertation, IR was
comparable to those found in her dissertation.?

Synthesis of fac—[Fe'(CN),(CO)sl]” was performed in air and in the dark. To a
methanolic solution of Fe'(CO).l, was added two molar equivalence of potassium cyanide
(KCN), which was stirred overnight at room temperature.

A black precipitate, which may be a polymer, was observed and filtered to give a dark red
solution. The starting material, cis—[Fe'(CO)4l], has been shown to polymerize at room
temperature under long exposure to air where the iodide act as bridging ligands.*? The black
precipitate is insoluble in a wide range of solvents including strong acid or strong base.

The dark red solution was transferred to a round bottom flask and placed on a rotary
evaporator to remove the solvent. The resulting dark red solid was redissolved in a minimum
amount of absolute ethanol and was centrifuged for ten minutes, at maximum speed, to remove
any undissolved potassium iodide. The supernatant was transferred to a flask and the solvent was
removed in vacuo, which resulted in a red—orange solid. The solvent cannot be removed using a
rotary evaporator due to decomposition and isomerization of the desired product. Storage of the
desired product was kept in a freezer at —20 °C as the product is not thermodynamically or
photochemically stable.

The infrared spectrum shows two peaks at 2066 and 2103 cm*, which correspond to the
carbonyl ligands. One peak appears broad with a slight shoulder, while the other peak is straight
and narrow. This common spectrum corresponds to the carbonyl ligands being in fac orientation
(Figure VI-6).
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Figure V1-6. Infrared spectrum of fac—K[Fe' (CN),(CO);l] in MeOH.

6.3.2 Synthesis and Infrared Studies of the Ni — Fe dimers

Syntheses of the Ni — Fe dimers were performed under anaerobic conditions while in the
absence of light. The syntheses were performed using a two—step procedure, with the exception
of the trans,cis—[Fe'(CN),(CO),Ni"(S4)] which used a one—step procedure.

The first step in the formation of the iron—thiolate complexes was lithiation of the dithiol
compound. Norbornanedithiol or o—xylene—a,a'—dithiol was dissolved in methanol, in which two
molar equivalence of lithium wire was placed and stirred until all reagents were dissolved. The
lithiated thiol was transferred via cannula, dropwise, to a methanolic solution of fac—
[Fe'(CN)»(CO)s1]™ and the solution was stirred for three hours. Upon addition of the lithiated
thiol the solution changed from a bright red to a deep red (maroon) color.

Due to the lack of purity of the fac—[Fe"(CN),(CO)sl]” complex, a titration of 1,3—
propanedithiolate was performed. This titration was performed to understand the amount of
thiolate that must be added to maintain the thiolate as the limiting reagent. Having excess thiolate
would make crystallization of the final product extremely difficult. The starting material, fac—
[Fe''(CN),(CO)sI], is insoluble in the final extractions of the desired complexes from methylene
chloride. It was found that adding 70% thiolate ligand versus fac—[Fe'(CN),(CO)sl]” was an
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adequate amount of reagent. The titration was monitored by infrared spectroscopy (Figure VI-
7).

These reactions were monitored by infrared spectroscopy, norbornanedithiolate is shown
in Figure VI-8 while o—xylene—a,o'—dithiolate is shown in Figure VI-9. Reactions were
complete after three hours of stirring at room temperature based on infrared studies. Longer
reaction time does not change the infrared spectrum for either experiment. In both infrared
spectra there are two peaks which have been assigned as the carbonyl ligands, for
norbornanedithiolate (2023 cm™ and 1974 cm™) and for o—xylene—a,a'dithiolate (2030 cm™
and 1981 cm ™). Based on the infrared spectra the conclusion is the carbonyl ligands are in a cis
arrangement. This would imply that were was a loss of CO due to the absence of the fac-CO
arrangement seen in the infrared spectrum of fac—[Fe'(CN)(CO)sl] .

The carbonyl peaks in the fac—[Fe(CN),(CO)sl]™ spectrum are red shifted due to the
presence of the sulfur on the dithiolate ligands. Thiolates are better c—donors than iodide and
CO, which results in extra electron density on the metal. This excess electron density strengthens

the —backbonding of the carbonyl, which weakens the C=0 bond.
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Figure VI-7. Titration of 1,3—propanedithiolate to fac-[Fe''(CN),(CO)s1]” in MeOH.
(black) 10% 1,3—propanedithiolate; (red) 30% 1,3—propanedithiolate; (green) 50% 1,3—

propanedithiolate; (blue) 70% 1,3—propanedithiolate.

In both infrared spectra there is one board peak; under close observation it can be seen
that the peak is split. This board peak, in both infrared spectra, has been assigned to the cyanide
(CN") ligands, for norbornanedithiolate (2094 cm™) and for o-xylene—a,a'—dithiolate
(2097 cm™). Based on the infrared spectra the conclusion is the cyanide ligands remain in the cis
orientation as in the fac—[Fe'(CN),(CO)sl]” complex. Using the infrared spectrum and based on
the conclusions that were made for the loss of CO, it can be concluded that the second ligand to

be removed is the iodide (I').
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Figure VI-8. Infrared spectrum of [Fe''(CN),(CO),(ndt)]* in MeOH.
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Figure VI1-9. Infrared spectrum of [Fe''(CN)»(CO),(o—-xyl)]*" in MeOH.

In the second step of the procedure, following formation of the [Fe'(CN)»(CO)»(SS)]*
(where SS = norbornanedithiolate or o—xylene—a,a'—dithiolate), the solvent was removed in

vacuo. The resulting red—brown solid was redissolved in CH,Cl,, solid Ni"(dppe)Cl, was added,
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approximately 0.5 molar equivalence, and the resulting CH,CI; solution was quickly degassed
under dinitrogen atmosphere. Upon the addition of Ni''(dppe)Cl,, the solution changed from deep
red to purple. The mixture was stirred for two hours and was monitored by IR;
norbornanedithiolate (Figure VI1-10) and o—xylene—a,a'—dithiolate (Figure VI1-11). The mixture

was filtered and the solvent was removed in vacuo to produce a red—orange solid.

2056 2014
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Figure VI-10. Infrared spectrum of [Fe' (CN),(CO),(u—ndt)Ni''(dppe)] in CH,Cl,.
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Figure VI-11. Infrared spectrum of [Fe' (CN),(CO)2(u—0—xyl)Ni' (dppe)] in CH,Cl,.

Reactions were complete after two hours of stirring at room temperature based on
infrared studies. Longer reaction time does not change the infrared spectrum for either
experiment. In both infrared spectra there are two peaks, at lower frequencies, which have been
assigned as the carbonyl ligands, for norbornanedithiolate (2056 cm™ and 2014 cm™) and for o—
xylene—a,o'—dithiolate (2056 cm™ and 2016 cm™). The infrared spectra support the conclusion
that the carbonyl ligands are still in a cis orientation.

The carbonyl peaks of the Ni—Fe dimer are blue shifted from the [Fe'(CN)»(C0O)x(SS)]*
spectrum due to the presence of the nickel complex being bound by the bridging dithiolate
compound. As a result the electron density around the thiolate is being distributed among both
metals. By this shift in electron density the o—donation of the thiolate has weakened which in
turn weakens the n—backbonding effect of the carbonyl ligands and strengthens the C=0 bond.

In both infrared spectra there is one board peak, which has been assigned to the cyanide
(CN") ligands, for norbornanedithiolate (2125 cm™) and for o-xylene—a,a'—dithiolate
(2134 cm™). The infrared spectra are inconclusive as to whether the cyanide ligands remained in
the cis orientation or if a rearrangement occurred and the cyanide ligands are in the trans

orientation.
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Synthesis of trans,cis—[Fe'(CN),(CO),Ni"(S4)] was performed in sito. Solid Ni"(S4), 0.5
molar equivalence, was added to a methanolic solution of fac—[Fe'(CN),(CO)sl]” under
dinitrogen atmosphere. The reaction is monitored using infrared spectroscopy (Figure VI-12).
The mixture changed from a bright red to a dark purple. An orange—yellow precipitate was
observed and the mixture was stirred until all of the Ni"(S4) had dissolved, which the solution
was filtered. The orange—yellow precipitate was isolated and an IR (KBr pellet) was performed
to help identify the material (Figure VI-13). The filtrate was collected and the solvent was
removed in vacuo. The resulting red—orange solid was redissolved in CH,Cl,, filtered and the
solvent removed in vacuo, which resulted in a dark red—brown solid.

The carbonyl peaks in the Fe'-Ni'(S4) complex are red shifted from the fac—
[Fe''(CN),(CO)s1]™ spectrum due to the presence of the nickel complex. The loss of the fac
carbonyl peaks in the IR spectrum shows a loss of one CO ligand. The CO ligands, 2057 cm*
and 2011 cm ™, indicate that the ligands are in a cis orientation. The peaks at 2119 cm* and 2099
cm* were assigned as the cyanide peaks, indicating that the cyanides could be in the cis
orientation. According to the crystal structure, see section 6.3.2, the orientation of the cyanide
ligands do not coincide with the IR spectrum.

The orange-yellow precipitate that was isolated from the first step of extraction could not
be fully identified due to its lack of solubility. The presence of carbonyl and cyanides peaks in
the IR spectrum gave a clue to what may be the mystery compound. Based on the solubility of
the compound, the precipitate could be a polymer of the desired product. Precipitate was
insoluble in a wide range of solvents (CH,Cl,, alcohols, pyridine, toluene, acetonitrile, DMF, and

DMSO0), which made crystallization of compound nearly impossible.
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Figure VI1-12. Infrared spectrum of trans,cis—[Fe'' (CN)2(CO),Ni'"(S4)] in CH,Cl,.
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Figure VI-13. Infrared spectrum of orange—yellow preciptate from the reaction of
trans,cis—[Fe'' (CN),(CO),Ni"(54)], KBr pellet.
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6.3.3 X-ray Structures

The result for the X—ray structure of cis—Ni'"(dppe)Cl,*CH,Cl, (Figure \V1-14) shows the
nickel in a slightly distorted square planar environment. This confirms that the structure contains
one dppe ligand, two chloride ions and one molecule of CH,CI; in the asymmetric unit. In 1987,

|.13

the crystal structure of Ni"(dppe)Cl,»CH,Cl, was first reported by Spek et al.* The most recent

comparison study, using X-ray crystallography, on Ni'(dppe)Cl,*CH,Cl, was done in 2003 by

. The important geometrical parameters of Ni'(dppe)Cl,*CH,Cl,, reported in this

Bomfim et a
dissertation, are compared with Bomfim’s Ni'"(dppe)Cl,»CH,Cl, (Table VI-1). Comparison of

crystallographic data parameters are shown in Table VI-2.

Table VI-1. Comparison of Selective Crystallographic Data for
cis—Ni''(dppe)Cl*CH,Cl,.

Bomfim®®

Bond Distances (A) Bond Angles (°)

Ni(1) - P(1) 2.145(1) P(1) — Ni(1) - P(2) 86.99(5)
Ni(1) - P(2) 2.160(1) P(1) — Ni(1) - CI(1) 88.78(5)
Ni(1) — CI(1) 2.208(1) P(1) — Ni(1) - CI(2) 175.11(5)
Ni(1) - CI(2) 2.200(1) P(2) — Ni(1) - CI(1) 175.29(5)
P(1) - C(1) 1.841(4) P(2) - Ni(1) - CI(2) 88.92(5)
P(2) - C(2) 1.826(4) CI(1) — Ni(1) - CI(2) 95.41(5)
C(1)-C(2) 1.505(6)
This Work
Bond Distances (A) Bond Angles (°)
Ni(1) — P(1) 2.1422(5) P(1) — Ni(1) - P(2) 86.846(19)
Ni(1) - P(2) 2.1515(5) P(1) — Ni(1) — CI(1) 88.680(19)
Ni(1) — CI(1) 2.2004(5) P(1) - Ni(1) — CI(2) 174.43(2)
Ni(1) - CI(2) 2.2065(5) P(2) — Ni(1) — CI(1) 174.89(2)
P(1) - C(1) 1.8367(19) P(2) - Ni(1) - CI(2) 88.649(18)
P(2) - C(2) 1.8337(18) | CI(1) - Ni(1) - CI(2) 95.955(19)
C(1) - C(2) 1.523(3)
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Figure VI-14. X—ray structure of cis—Ni''(dppe)Cl,»CH,CI; (hydrogens and solvent

molecule were removed for clarity).
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Table VI-2. Comparison of Crystallographic Data Parameters for
cis—Ni''(dppe)Cl,*CH,Cl,.
Data Bomfim®® This Work
Empirical Formula C27H26C|4Nipz C27H26C|4NiP2
Formula Weight 612.93 612.93
Temperature (K) 298(2) 100(2)
Crystal System Monoclinic Monoclinic
Space Group P2i/c P21/c
Unit Dimensions
a(A) 12.258(1) 12.1826(2)
b (A) 15.403(3) 15.2299(3)
c(A) 15.299(2) 15.1924(3)
a (°) 90 90
B(° 104.804(8) 105.666(2)
7 (©) 90 90
Volume (A% 2792.7(6) 2714.08(9)
Density (calculated) (g cm™) 1.458 1.500
Z 4 4
Absorption Coefficient (mm™) 1.207 1.242
R 0.053 0.0306
Rw 0.123 0.0769

The result for the X—ray structure of Ni'(S4) (Figure V1-15) shows the nickel in a
slightly distorted square planar environment. In 1990, the crystal structure of Ni'"(S4) was first

reported by Yamamura et al.*

The important geometrical parameters of Ni'(S4), reported in this
dissertation, are compared with Yamamura’s Ni'(S4) (Table VI-3). Comparison of
crystallographic data parameters are shown in Table VI-4. The average nickel-sulfur (neutral)
bond distance for Ni'"(S4), Ni-S, is 2.1669(4) A and the average nickel—sulfur (anionic) bond
distance, Ni-S", is 2.1772(4) A. When comparing these bond distances from [Ni'(ttp)](BF2):
(where ttp = 1,4,8,11-tetrathiacyclotetradecane), which is a pure Ni—S case has an average bond
distance of 2.176 A, and (PPh,),[Ni"(edt),] (where edt = 1,2—ethanedithiolate), which is a pure
Ni-S~ case has an average bond distance of 2.195 A, it was found that the Ni"(S4) bonds are

stronger than those of the pure cases.
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Figure VI-15. X—ray structure of Ni''(S4) (hydrogens were removed for clarity).
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Table VI-3. Comparison of Selective Crystallographic Data for Ni''(S4).

Yamamura*

Bond Distances (A)

Bond Angles (°)

Ni(1) — S(1) 2.177(2) S(1) - Ni(1) - S(2) 90.17(6)

Ni(1) - S(2) 2.179(2) S(1) - Ni(1) - S@3) 175.85(6)

Ni(1) - S(3) 2.166(2) S(1) - Ni(1) - S(4) 87.05(6)

Ni(1) - S(4) 2.173(1) S(2) - Ni(1) - S@3) 92.85(5)
S(2) - Ni(1) - S(4) 177.02(6)
S(3) — Ni(1) - S(4) 89.87(5)

This Work
Bond Distances (A) Bond Angles (°)

Ni(1) - S() 2.1751(4) S(1) — Ni(1) - S(2) 89.858(16)

Ni(1) - S(2) 2.1635(4) S(1) — Ni(1) - S(3) 176.857(17)

Ni(1) - S(3) 2.1704(4) S(1) — Ni(1) — S(4) 87.058(16)

Ni(1) — S(4) 2.1794(4) S(2) - Ni(1) - S@3) 92.914(15)
S(2) - Ni(1) - S(4) 175.794(18)
S(3) — Ni(1) - S(4) 90.097(16)

Table VI-4. Comparison of Crystallographic Data Parameters for Ni''(S4).

Data Yamamura'* This Work
Empirical Formula C7/HwiNIS, C7H4NIS,
Formula Weight 286.142 285.13
Temperature (K) 298(2) 100(2)
Crystal System Monoclinic Monoclinic
Space Group P2:/n P21/n
Unit Dimensions
a(A) 9.461(3) 9.3839(3)
b (A) 8.650(2) 8.5363(2)
c(A) 13.721(2) 13.5316(4)
a (°) 90 90
B(°) 92.60(2) 92.032(3)
v (°) 90 90
Volume (A% 1121.7(4) 1083.25(5)
Density (calculated) (g cm™) 1.688 1.748
Z 2 4
Absorption Coefficient (mm™?) 2.40 2.506
R 0.0643 0.0211
Rw 0.0531 0.0443
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Comparing the Ni-S bond distances of the free Ni"(S4) with the bound Ni'(S4), in
trans,cis—[Fe"(CN),(CO),Ni"(S4)], it was found the pure Ni-S and Ni-S~ bond distances
became longer in the bound complex (trans,cis—[Fe"(CN),(CO),Ni"(S4)]) than in the free
Ni'(S4) , 2.1910(15) A from 2.1669(4) A and 2.1710(15) A from 2.1772(4) A, respectively. This
difference in bond distance is due to the anionic sulfurs on the Ni'(S4) which are bridging the
nickel and iron centers. Due to the electron density being distributed between two transition
metals the bond strength becomes weaker, which this is demonstrated in the two crystal
structures.

X-ray analysis of trans,cis—[Fe'(CN)»(CO),Ni"(S4)] (Figure VI1-15) confirmed that the
two sulfur atoms of Ni'"(S4) bridge the iron to the nickel and that the two CN™ ligands on the iron
are trans to each other, while the CO ligands are cis. The trans,cis—[Fe'(CN),(CO),Ni"(S4)] has
a similar structural framework as the active site of [NiFe] hydrogenase.

The distinction between CO and CN™ ligands was made clear based on the difference in
Fe—CN and Fe—CO distances (avg. 1.927 A vs avg. 1.794 A respectively). The important
geometrical parameters of trans,cis—[Fe'(CN),(CO),Ni"(S4)] are compared to the oxidized
forms of D. gigas and D. fructosovorans as well as complexes reported by Tatsumi et. al.® and
Jiang et. al.” (Table VI-5).

Table VI1-5. Comparison of Selected Bond Distances (A) and Fe—S—Ni Angle of
Synthetic Analogues of [NiFe] Hydrogenase and Oxidized form
of D. gigas and D. fructosovorans
; . 6 PR . 15-16 D.
This Work | Tatsumi Jiang D. gigas fructosovorans™
Fe—Ni 3.133(7) | 3.0587(6) | 2.809(1) 2.9 2.9
Fe—S—Ni® 88.06 84.43 78.12 73.7 b
Fe—S (bridge)® 2.333 2.337 2.341 2.2 2.4
Ni—S (bridge)® 2.172 2.213 2.219 2.6 2.4
NI—S 2.191 2.206 N/A 2.2 2.3
(terminal)
2 Averaged. ? Data not deposited in the protein data bank (PDB).

The Fe—S, Ni—S, and Fe—Ni bond distances are all comparable, except for the long
Ni—S (bridge) bond distance in D. gigas. The oxidized form of D. gigas has a triply bridged
structure, which results in a smaller Fe—S—Ni angle, and yet the Fe—Ni bond distance remains

long. However, the doubly bridged Fe—Ni bond of the reduced form of D. vulgaris is
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substantially shorter.*>° Through this observation, it is not likely that the Fe—Ni bond distance
is determined by the number of bridging atoms, but rather it is controlled by the oxidation state
and/or the spin state of the metal centers.>*”* The coordination geometry of the Ni in trans,cis—
[Fe'(CN),(CO),Ni"(S4)] is close to square planar with an average bond angle of 89.91°. This is a
contrast to the highly distorted NiS, geometry found in the oxidized and reduced forms of [NiFe]
hydrogenases. The second CN~, C(2) — N(2), bond distance is slightly longer (1.243 A vs 1.116
A for C(1) — N(2)) due to a distortion on C(2). A summary of selective bond distances and bond
angles for trans,cis—[Fe" (CN),(CO),Ni"(S4)] are listed in TableV1-6.

Figure VI-16. X—ray structure of trans,cis—[Fe' (CN),(CO),Ni"(54)] (hydrogens were

removed for clarity).
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Table VI-6. Selective Crystallographic Data for
trans,cis—[Fe'' (CN),(CO),Ni" (54)].

Bond Distances (A) Bond Angles (°)
Fe(1)-C(1) | 1.963(5) C(1) -Fe(1)-C(2) 177.8(3)
Fe(1)-C(2) | 1.869(8) C(1) - Fe(1)-C(3) 91.7(2)
Fe(1)-C(3) | 1.787(6) C(1) - Fe(1) - S(1) 90.87(15)
Fe(1)-C(4) | 1.786(5) C(1) —Fe(1) - S(2) 91.88(16)
Fe(1) - S(1) | 2.3295(15) C(3) —Fe(1) —S(1) 172.0(2)
Fe(1) — S(2) | 2.3365(15) C(3) —Fe(1) - S(2) 94.26(19)
C(1) — N(2) 1.116(6) C(4) —Fe(1) - S(2) 92.67(17)
C(1) - N(2) | 1.243(10) C(4) - Fe(1) - S(2) 172.77(17)
C(3)-0(1) 1.134(7) S(1) - Fe(1) - S(2) 78.13(5)
C(4)-0(2) 1.129(6) S(1) — Ni(1) - S(2) 85.22(5)
Ni(1) - S(1) | 2.1723(15) S(1) — Ni(1) — S(3) 91.80(6)
Ni(1) - S(2) | 2.1710(15) S(1) — Ni(1) — S(4) 174.30(6)
Ni(1) — S(3) | 2.1907(15) S(2) — Ni(1) — S(3) 175.07(6)
Ni(1) - S(4) | 2.1914(15) S(2) — Ni(1) — S(4) 91.58(6)

S(3) — Ni(1) — S(4) 91.06(6)

6.4 Conclusions

In conclusion, NiFe—dimers can be synthesized using fac—[Fe'(CN),(CO)sl]” with a
deprotonate thiolate followed by the addition of a Ni'-complex, i.e. Ni"Cl,(dppe) and Ni'(S4).
Characterization of NiFe—dimers was performed by IR and X-ray crystallography. The infrared
studies showed a red shift in the carbonyl and cyanide stretching frequencies when fac—
[Fe'(CN),(CO)sl]™ reacts with a dithiolate which is caused by increased o—donation affecting the
n—backbonding of the carbonyl ligands and o—bonding of the cyanide ligands. The infrared
studies showed when the [Fe'(CN)2(C0O)2(SS)]* reacts with a Ni''-complex to result in a blue
shift for the cyanide and carbonyl stretching frequencies. The c—donation caused by the
dithiolate is weakened due the distribution to both transition metals, which affects the n—

backbonding of the carbonyl ligands and o—bonding of the cyanide ligands.

The X-ray structure of trans,cis-[Fe'(CN),(CO),Ni"(S4)] confirmed a dimeric complex
with iron having an octahedral geometry while the nickel was square planar. This neutral
complex is the first to be structurally characterized that models the [NiFe]-hydrogenase having
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all the key components. Catalytic studies need to be investigated to show if this complex truly

models the enzyme active site.
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Table A-1. Crystal data and structure refinement for H,PS2.

Identification code
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
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 29.70°

Absorption correction

Refinement method

Data / restraints / parameters
Goodness—of—fit on F2

Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

H,PS2
C1gH15PS;
326.39
100(2) K
0.71073 A
Monoclinic
P2:/n
a=7.6555(2) A a =90°
b = 8.0505(2) A
¢ = 26.6533(6) A y=90°
1628.70(7) A3
4

1.331 Mg/m3

0.415 mm-1
680

0.45 x 0.35 x 0.25 mm3
3.31 to 29.70°

-10<=h<=10, -11<=k<=11, -36<=1<=37

21679

4238 [R(int) = 0.0275]

91.8 %

Sphere

Full-matrix least-squares on F2
4238/0/198

1.044

R1=0.0394, wR2 =0.1012
R1=0.0470, wR2 = 0.1043

1.158 and —0.458 e.A—3
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B = 97.476(2)°



Table A-2. Crystal data and structure refinement for H,PS2"'.

Identification code
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
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 31.40°
Absorption correction

Refinement method

Data / restraints / parameters
Goodness—offit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

H,PS2'
C2oH19PS;
354.44
100(2) K
0.71073 A
Monoclinic
P2:/n
a=19.4007(2) A a =90°
b =9.5810(2) A
¢ =20.0653(5) A y =90°
1787.43(7) A3
4

1.317 Mg/m3

0.384 mm—1
744

0.85 x 0.40 x 0.35 mm3
3.49 to 31.40°

—12<=h<=13, -13<=k<=13, -28<=1<=23

17723

5301 [R(int) = 0.0241]

89.8 %

Sphere

Full-matrix least-squares on F2
5301/0/216

1.117

R1=0.0392, wR2 =0.1220

R1 =0.0550, wR2 =0.1271

0.547 and —0.518 e.A-3
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Table A-3. Crystal data and structure refinement for NBr2'.

Identification code NBr2'

Empirical formula Cx»H2:BrN

Formula weight 459.22

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2i/c

Unit cell dimensions a=7.5884(4) A a =90°
b=29.730(2) A B =94.891(5)°
c =8.8523(4) A y =90°

Volume 1989.8(2) A3

Z 4

Density (calculated) 1.533 Mg/m3

Absorption coefficient 4.078 mm—1

F(000) 920

Crystal size 0.90 x 0.70 X 0.40 mm3

Theta range for data collection 3.39t0 32.78°

Index ranges —11<=h<=11, -44<=k<=41, —7<=I<=13

Reflections collected 10803

Independent reflections 6147 [R(int) = 0.0853]

Completeness to theta = 32.78° 83.3%

Absorption correction Sphere

Refinement method

Data / restraints / parameters
Goodness—offit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

Full-matrix least-squares on F2
6147/0/ 226

1.041
R1=0.1384, wR2 = 0.3461
R1=0.1748, wR2 = 0.3688

3.401 and —4.468 e. A3
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Table A-4. Crystal data and structure refinement for NBr3.

Identification code NBr3

Empirical formula C21H18Br3N

Formula weight 524.09

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=17.6219(2) A o =79.071(3)°
b =9.0494(3) A B =81.768(2)°
c=14.5748(4) A y = 85.510(3)°

Volume 975.52(5) A3

z 2

Density (calculated) 1.784 Mg/m3

Absorption coefficient 6.206 mm—1

F(000) 512

Crystal size 0.65 x 0.50 x 0.30 mm3

Theta range for data collection 3.3410 32.81°

Index ranges —9<=h<=11, —-12<=k<=13, -20<=I<=17

Reflections collected 10962

Independent reflections 6394 [R(int) = 0.0310]

Completeness to theta = 32.81° 88.2 %

Absorption correction Sphere

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 6394 /0/ 226

Goodness—of—fit on F2 0.915

Final R indices [1>2sigma(l)] R1=0.0365, wR2 = 0.0671

R indices (all data) R1=0.0636, wR2 =0.0711

Largest diff. peak and hole 0.680 and —0.887 e.A—3
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Table A-5. Crystal data and structure refinement for trans—[n-Prs;N][Ru""!(PS2),].

Identification code trans—[n—Pry;N]J[Ru" (PS2),]

Empirical formula CagHssNP2RUS,

Formula weight 936.17

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21/n

Unit cell dimensions a=9.39420(10) A o =90°
b =23.2295(4) A B =101.551(2)°
¢ =20.5371(3) A y =90°

Volume 4390.89(11) A3

Z 4

Density (calculated) 1.416 Mg/m3

Absorption coefficient 0.655 mm—1

F(000) 1948

Crystal size 0.25 x 0.15 x 0.15 mm3

Theta range for data collection 3.16 t0 28.47°

Index ranges -11<=h<=12, -28<=k<=30, -27<=I<=24

Reflections collected 69277

Independent reflections 10184 [R(int) = 0.0449]

Completeness to theta = 28.47° 91.7 %

Absorption correction Sphere

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 10184 /0/505

Goodness—of—fit on F2 0.998

Final R indices [1>2sigma(l)] R1=0.0339, wR2 = 0.0718

R indices (all data) R1 =0.0557, wR2 = 0.0750

Largest diff. peak and hole 0.954 and —0.933 e. A—3
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Table A-6. Crystal data and structure refinement for trans—[Et;N][Ru'"'(PS2"),].

Identification code trans—[Et;N][Ru" (PS2"),]

Empirical formula CagHssNP2RUS,

Formula weight 936.17

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=19.2808(2) A o =72.968(3)°
b =13.8541(4) A B = 88.488(2)°
c =19.3704(6) A y = 80.802(2)°

Volume 2350.19(11) A3

z 2

Density (calculated) 1.323 Mg/m3

Absorption coefficient 0.612 mm—1

F(000) 974

Crystal size 0.35 X 0.15 x 0.15 mm3

Theta range for data collection 3.12 t0 29.53°

Index ranges —12<=h<=12, -18<=k<=19, -26<=1<=26

Reflections collected 40425

Independent reflections 11647 [R(int) = 0.0423]

Completeness to theta = 29.53° 88.6 %

Absorption correction Sphere

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 11647 /0/508

Goodness—of—fit on F2 0.926

Final R indices [1>2sigma(l)] R1=0.0328, wR2 = 0.0793

R indices (all data) R1 =0.0530, wR2 = 0.0824

Largest diff. peak and hole 0.758 and —0.478 e. A—3
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Table A-7. Crystal data and structure refinement for
cis—[Et;N][Ru" (PS3')(HPS3")](“S-S” disulfide).

Identification code cis—[EtsN][Ru"(PS3")(HPS3")](“S—S” disulfide)

Empirical formula CsoHs6NP2RUSe

Formula weight 1026.33

Temperature 100(2) K

Wavelength 0.71069 A

Crystal system Monoclinic

Space group P2i/c

Unit cell dimensions a=15.094(5) A o =90.000(5)°
b=17.482(5) A B =93.140(5)°
¢ =18.799(5) A y =90.000(5)°

Volume 4953(3) A3

Z 4

Density (calculated) 1.376 Mg/m3

Absorption coefficient 0.669 mm—1

F(000) 2132

Crystal size 0.30 x 0.20 X 0.10 mm3

Theta range for data collection 3.181t0 27.12°

Index ranges —18<=h<=19, -20<=k<=21, —22<=I<=23

Reflections collected 42008

Independent reflections 9493 [R(int) = 0.0342]

Completeness to theta = 27.12° 86.7 %

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 9493/0/541

Goodness—of—fit on F2 1.049

Final R indices [1>2sigma(l)] R1=0.0592, wR2 = 0.1409

R indices (all data) R1=0.0775, wR2 = 0.1471

Largest diff. peak and hole 1.576 and —0.624 e.A—3
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Table A-8. Crystal data and structure refinement for trans—[n-Prs;N][Ru"""(NS2),].

Identification code trans—[n—Pr;N]J[Ru" (NS2),]

Empirical formula Cs4HesN3RUS,

Formula weight 986.41

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21/n

Unit cell dimensions a=11.4340(3) A a =90°
b =23.6791(6) A B =96.415(2)°
¢ =18.3050(4) A y =90°

Volume 4925.0(2) A3

Z 4

Density (calculated) 1.330 Mg/m3

Absorption coefficient 0.527 mm—1

F(000) 2076

Crystal size 0.30 X 0.20 X 0.10 mm3

Theta range for data collection 3.14 t0 29.57°

Index ranges —15<=h<=15, -23<=k<=32, —18<=I<=25

Reflections collected 27554

Independent reflections 11700 [R(int) = 0.0520]

Completeness to theta = 29.57° 84.7 %

Absorption correction Sphere

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 11700/0/559

Goodness—of—fit on F2 0.687

Final R indices [1>2sigma(l)] R1=0.0372, wR2 = 0.0526

R indices (all data) R1=0.0929, wR2 = 0.0576

Largest diff. peak and hole 0.539 and —0.603 e.A—3
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Table A-9. Crystal data and structure refinement for trans—[n-Pr,;N][Ru""(NS2"),].

Identification code
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
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 29.44°
Refinement method

Data / restraints / parameters
Goodness—offit on F2

Final R indices [1>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

trans—[n—Pr;N]J[Ru"(NS2'),]
Cs6H70N3RUS,

1014.46

100(2) K

0.71069 A

Monoclinic

P2./c

a=11.4175) A a=90°
b=24.770(5) A
c=18.287(5) A g=90°
5146(3) A3

4

1.310 Mg/m3

0.506 mm—1
2140

0.25 x 0.20 X 0.10 mm3
3.19 to 29.44°

—15<=h<=15, -31<=k<=25, —18<=I<=24

18130

10576 [R(int) = 0.0311]

74.1 %

Full-matrix least-squares on F2
10576 /0/578

0.845

R1 = 0.0424, wR2 = 0.0923
R1 = 0.0802, wR2 = 0.0983
0.00000(13)

1.248 and —1.186 e.A—3
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Table A-10. Crystal data and structure refinement for trans—[MesNBz][Os'"(PS2),].

Identification code trans—[MesNBz][Os"(PS2),]

Empirical formula CasH42NOsP,S,

Formula weight 989.19

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=9.3142(3) A o =83.493(2)°
b=12.8318(4) A B =77.059(3)°
c =18.4460(5) A y = 71.708(3)°

Volume 2037.87(11) A3

z 2

Density (calculated) 1.612 Mg/m3

Absorption coefficient 3.447 mm-1

F(000) 990

Crystal size 0.35 X 0.15 x 0.10 mm3

Theta range for data collection 3.27 t0 29.68°

Index ranges —12<=h<=12, -17<=k<=17, —24<=I<=25

Reflections collected 68284

Independent reflections 10607 [R(int) = 0.1065]

Completeness to theta = 29.68° 92.0 %

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 10607 /0/490

Goodness—of—fit on F2 1.009

Final R indices [1>2sigma(l)] R1=0.0533, wR2 = 0.1119

R indices (all data) R1=0.1215, wR2 = 0.1252

Largest diff. peak and hole 2.073 and —0.950 e.A—3

276



Table A-11. Crystal data and structure refinement for cis-[MesNBz][Os"'(PS2").].

Identification code cis—[MesNBz][Os"(PS2"),]

Empirical formula CsoHagNOSP,S,

Formula weight 1043.27

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=9.0659(3) A o = 78.314(3)°
b =15.3938(5) A B =88.340(2)°
¢ =16.6074(5) A v = 86.192(2)°

Volume 2264.37(13) A3

z 2

Density (calculated) 1.530 Mg/m3

Absorption coefficient 3.107 mm1

F(000) 1050

Crystal size 0.35 X 0.15 x 0.05 mm3

Theta range for data collection 3.20 to 28.40°

Index ranges -10<=h<=11, -20<=k<=20, -21<=I<=21

Reflections collected 25449

Independent reflections 9484 [R(int) = 0.0512]

Completeness to theta = 28.40° 83.5%

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 9484 /0/523

Goodness—of—fit on F2 1.012

Final R indices [1>2sigma(l)] R1 =0.0405, wR2 = 0.0897

R indices (all data) R1=0.0612, wR2 = 0.0925

Largest diff. peak and hole 1.354 and —1.520 e.A—3
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Table A-12. Crystal data and structure refinement for [PPN]s[Ru""(CN)e].

Identification code [PPN]3[Ru" (CN)¢]

Empirical formula Cs7H45N4.50P3RUo 50

Formula weight 936.42

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group Pbcn

Unit cell dimensions a=24.0093) A o =90°
b =20.583(2) A B =90°
¢ =19.4679(19) A y =90°

Volume 9620.6(17) A3

z 8

Density (calculated) 1.293 Mg/m3

Absorption coefficient 0.318 mm—1

F(000) 3884

Crystal size 0.60 x 0.30 X 0.10 mm3

Theta range for data collection 1.67 to 20.83°.

Index ranges —24<=h<=22, -19<=k<=20, -19<=1<=19

Reflections collected 32472

Independent reflections 5047 [R(int) = 0.0894]

Completeness to theta = 20.83° 99.9 %

Absorption correction Sphere

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 5047 /0 /587

Goodness—of—fit on F2 1.121

Final R indices [1>2sigma(l)] R1=0.0462, wR2 = 0.1135

R indices (all data) R1=0.0735, wR2 = 0.1246

Largest diff. peak and hole 0.304 and —0.392 e. A—3
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Table A-13. Crystal data and structure refinement for trans—[PPN][Ru' (CN)4(CO),].

Identification code trans—[PPN]2[Ru"(CN)4(CO),]

Empirical formula C39H30N30P2RUg 50

Formula weight 669.14

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2i/c

Unit cell dimensions a=12.9848(2) A o =90°
b =13.21920(10) A B = 106.5600(10)°
c =19.8902(3) A y=90°

Volume 3272.51(7) A3

Z 4

Density (calculated) 1.358 Mg/m3

Absorption coefficient 0.391 mm—1

F(000) 1380

Crystal size 0.45 x 0.25 x 0.10 mm3

Theta range for data collection 3.26 to 32.97°

Index ranges —17<=h<=19, —20<=k<=12, -24<=I<=27

Reflections collected 21196

Independent reflections 10534 [R(int) = 0.0237]

Completeness to theta = 32.97° 85.6 %

Absorption correction Sphere

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 10534/0/ 412

Goodness—of—fit on F2 0.939

Final R indices [1>2sigma(l)] R1 =0.0332, wR2 = 0.0836

R indices (all data) R1=0.0578, wR2 = 0.0874

Largest diff. peak and hole 0.482 and —0.537 e. A—3
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Table A-14. Crystal data and structure refinement for cis—[PPN],[Ru"(CN)4(CO),].

Identification code cis—[PPN]2[Ru"(CN)4(CO),]

Empirical formula CzsHsoNsO2PsRU

Formula weight 1338.27

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2i/c

Unit cell dimensions a=25.0458(8) A a =90°
b = 13.0964(6) A B =107.143(3)°
¢ =20.6277(5) A y =90°

Volume 6465.5(4) A3

Z 4

Density (calculated) 1.375 Mg/m3

Absorption coefficient 0.396 mm—1

F(000) 2760

Crystal size 0.35 X 0.25 x 0.20 mm3

Theta range for data collection 3.351028.12°

Index ranges —32<=h<=16, —11<=k<=13, -27<=I<=21

Reflections collected 10718

Independent reflections 7515 [R(int) = 0.0180]

Completeness to theta = 28.12° 47.5 %

Absorption correction Sphere

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 7515/0/821

Goodness—of—fit on F2 1.107

Final R indices [1>2sigma(l)] R1=0.0557, wR2 = 0.1579

R indices (all data) R1=0.0702, wR2 = 0.1620

Extinction coefficient 0.00000(13)

Largest diff. peak and hole 0.652 and —0.400 e.A—3
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Table A-15. Crystal data and structure refinement for trans—[PPN],[Ru' (CN)4(CO)(py)].

Identification code
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
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.11°
Absorption correction

Refinement method

Data / restraints / parameters
Goodness—offit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

trans—[PPN][Ru"(CN)4(CO)(py)]
Ce2HgsN7OP4Ru
1389.36

100(2) K
0.71073 A
Triclinic

P-1
a=13.7375(4) A
b =16.1926(5) A
c=17.1100(5) A

o = 73.931(2)°
B =71.636(2)°
v = 71.625(3)°
3360.84(17) A3

2

1.373 Mg/m3

0.383 mm—1

1436

0.45 x 0.30 x 0.15 mm3

3.2310 30.11°

~16<=h<=19, —-21<=k<=22, —23<=1<=23
33219

16991 [R(int) = 0.0177]

85.8 %

Sphere

Full-matrix least-squares on F2

16991/ 0/ 856

1.069
R1=0.0311, wR2 = 0.0829
R1=0.0419, wR2 = 0.0856

0.491 and —0.843 e. A3
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Table A-16. Crystal data and structure refinement for [PPN]5[Os"!(CN)e].

Identification code [PPN]3[Os" (CN)g]

Empirical formula Cs7H45N4.50080.50P3

Formula weight 980.98

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group Pbcn

Unit cell dimensions a=23.8163(2) A o =90°
b =20.3376(2) A B =90°
¢ =19.33450(10) A y =90°

Volume 9364.98(13) A3

z 8

Density (calculated) 1.392 Mg/m3

Absorption coefficient 1.521 mm—1

F(000) 4012

Crystal size 0.65 X 0.45 x 0.10 mm3

Theta range for data collection 3.30t0 32.31°

Index ranges —35<=h<=35, —29<=k<=30, —28<=I<=28

Reflections collected 188800

Independent reflections 15982 [R(int) = 0.0494]

Completeness to theta = 32.31° 95.7 %

Absorption correction Sphere

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 15982 /0 /587

Goodness—of—fit on F2 1.181

Final R indices [1>2sigma(l)] R1=0.0424, wR2 = 0.0742

R indices (all data) R1=0.0527, wR2 = 0.0767

Largest diff. peak and hole 1.336 and —0.651 e.A—3
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Table A-17. Crystal data and structure refinement for fac—[Ru'/(CO);Clo(THF)].

Identification code fac—[Ru"(CO)sCly(THF)]

Empirical formula C7HsCl,04RuU

Formula weight 328.10

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21/n

Unit cell dimensions a=5.968(8) A a =90°
b =18.200(3) A B =96.891(1)°
c=9.787(1) A y =90°.

Volume 1055.4(5) A

z 4

Density (calculated) 2.065 Mg/m3

Absorption coefficient 1.975 mm—1

F(000) 640

Crystal size 1.0 X 0.45 x 0.20 mm3

Theta range for data collection 3.62 to 32.84°

Index ranges —9<=h<=8, -27<=k<=26, -14<=I<=14

Reflections collected 22141

Independent reflections 3719 [R(int) = 0.0284]

Completeness to theta = 32.84° 94.9 %

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3719/0/ 127

Goodness—of—fit on F2 1.081

Final R indices [I>2sigma(l)] R1=0.0181, wR2 =0.0413

R indices (all data) R1=0.0248, wR2 = 0.0424

Largest diff. peak and hole 0.419 and —0.884 . A3
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Table A-18. Crystal data and structure refinement for fac-[MesNBz][Ru' (CO)3(tmbt)s].

Identification code
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
Index ranges

Reflections collected
Independent reflections

Completeness to theta = 30.79°

Refinement method

Data / restraints / parameters
Goodness—of—fit on F2

Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

fac-[MesNBz][Ru"(CO)3(tmbt)s]
Cu3Hs5NOsRuS;
831.13

100(2) K
0.71073 A
Triclinic

P-1
a=11.980(3) A
b=12.114(4) A
¢ =15.508(5) A

a = 107.69(3)°
B =96.05(2)°
y =103.60(3)°
2045.7(3) A3

2

1.349 Mg/m3

0.575 mm—1

872

0.65 x 0.40 x 0.25 mm3

3.30 to 30.79°

-16<=h<=16, —-16<=k<=17, —22<=I<=20
37555

11535 [R(int) = 0.0355]

90.0 %

Full-matrix least-squares on F2
11535/0/ 460

1.057

R1=0.0393, wR2 =0.1143

R1 =0.0506, wR2 =0.1196

0.775 and —1.452 e. A3
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Table A-19. Crystal data and structure refinement for fac—[Ru'(CO)3(PS2")].

Identification code fac—[Ru"(CO)3(PS2")]

Empirical formula C23H1703PRUS;

Formula weight 537.53

Temperature 100(2) K

Wavelength 0.71069 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a=27.821(5 A a =90°
b=9.771(5) A B =99.952(5)°
¢ =17.902(5) A y =90°

Volume 4793(3) A3

z 8

Density (calculated) 1.490 Mg/m3

Absorption coefficient 0.916 mm—1

F(000) 2160

Crystal size 0.10 x 0.08 x 0.05 mm3

Theta range for data collection 3.40 to 28.02°

Index ranges —21<=h<=32, -11<=k<=9, —23<=I|<=11

Reflections collected 5887

Independent reflections 3342 [R(int) = 0.0648]

Completeness to theta = 28.02° 57.7 %

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3342 /0/ 246

Goodness—of—fit on F2 1.213

Final R indices [1>2sigma(l)] R1=0.1073, wR2 = 0.2376

R indices (all data) R1 =0.1545, wR2 = 0.2479

Largest diff. peak and hole 0.750 and —0.677 e. A—3
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Table A-20. Crystal data and structure refinement for fac—[Ru'(CO)3(PS2)].

Identification code fac—[Ru"(CO)3(PS2)]

Empirical formula C21H1303PRUS;

Formula weight 509.47

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=9.8294(13) A o =90.132(11)°
b =10.3375(14) A B =116.213(13)°
¢ =10.7609(15) A y =94.891(11)°

Volume 976.4(2) A3

z 2

Density (calculated) 1.733 Mg/m3

Absorption coefficient 1.119 mm—1

F(000) 508

Crystal size 0.10 x 0.10 X 0.08 mm3

Theta range for data collection 3.151t0 25.18°

Index ranges —11<=h<=9, —-11<=k<=11, -11<=I<=10

Reflections collected 3229

Independent reflections 2245 [R(int) = 0.0415]

Completeness to theta = 25.18° 63.9 %

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 2245 /0/ 233

Goodness—of—fit on F2 1.225

Final R indices [1>2sigma(l)] R1=0.0753, wR2 = 0.2045

R indices (all data) R1 =0.0934, wR2 = 0.2099

Largest diff. peak and hole 1.991 and —0.903 e.A—3
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Table A-21. Crystal data and structure refinement for [Ru'' (CO)»(NS2")]..

Identification code

Empirical formula C24H19NO2RUS;

Formula weight 518.59

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a=26.2359(17) A o =90°
b =8.5698(4) A B =121.808(9)°
C=22.4842(14) A y=90°

Volume 4296.1(4) A3

z 8

Density (calculated) 1.604 Mg/m3

Absorption coefficient 0.945 mm—1

F(000) 2096

Crystal size 0.45 x 0.35 x 0.30 mm3

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Completeness to theta = 27.10°

Refinement method

Data / restraints / parameters
Goodness—of—fit on F2

Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

[RU(CO)2NS2')]

3.35t0 27.10°

_33<=h<=27, ~10<=k<=9, —24<=<=28

8872

3809 [R(int) = 0.0546]

80.4 %

Full-matrix least-squares on F2

3809/0/271

0.748
R1=0.0649, wR2 =0.1789
R1=0.0982, wR2 = 0.2019

3.023 and —-1.093 e.A-3
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Table A-22. Crystal data and structure refinement for [Ru''3(CO)s(PS2")s].

Identification code [Ru"'3(CO)s(PS2")s]

Empirical formula CesH5105P3RU3Se

Formula weight 1500.54

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2i/c

Unit cell dimensions a=24.7504(14) A a = 90°
b =14.2885(8) A B =106.836(7)°
¢ =19.1832(15) A y =90°

Volume 6493.3(7) A3

Z 4

Density (calculated) 1.535 Mg/m3

Absorption coefficient 1.003 mm—1

F(000) 3016

Crystal size 0.45 x 0.40 x 0.15 mm3

Theta range for data collection 3.21t0 29.64°

Index ranges -31<=h<=32, -19<=k<=19, -23<=1<=26

Reflections collected 38027

Independent reflections 15431 [R(int) = 0.0452]

Completeness to theta = 29.64° 84.2 %

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 15431/0/739

Goodness—of—fit on F2 1.182

Final R indices [1>2sigma(l)] R1=0.0901, wR2 = 0.2170

R indices (all data) R1=0.1144, wR2 = 0.2248

Largest diff. peak and hole 2.413 and —2.368 . A3
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Table A-23. Crystal data and structure refinement for [Ru'(CO)3(Stip)]..

Identification code
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
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 29.50°
Absorption correction

Refinement method

Data / restraints / parameters
Goodness—offit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

[RU'(CO)s(Stip)]2

CssHs606RU,S:

840.99

100(2) K

0.71073 A

Monoclinic

P2./c

a=13.4896(3) A o =90°
b =27.6084(6) A B =110.167(2)°
c=10.7129(2) A y=90°
3745.18(14) A3

4

1.492 Mg/m3

0.959 mm—1
1720

0.30 x 0.30 x 0.20 mm3

3.22 0 29.50°

—16<=h<=17, -36<=k<=34, -13<=1<=13
34846

9279 [R(int) = 0.0399]

88.9 %

Sphere

Full-matrix least-squares on F2
9279/0/415

0.863
R1=0.0275, wR2 = 0.0481
R1=0.0528, wR2 = 0.0504

0.957 and —0.456 e. A3
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Table A-24. Crystal data and structure refinement for Ni''(S4).

Identification code Ni'"(S4)

Empirical formula C7H4NIS,

Formula weight 285.13

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2i/c

Unit cell dimensions a=9.3839(3) A a =90°
b=8.5363(2) A B =92.032(3)°
¢ =13.5316(4) A y =90°

Volume 1083.25(5) A3

Z 4

Density (calculated) 1.748 Mg/m3

Absorption coefficient 2.506 mm—1

F(000) 592

Crystal size 0.50 x 0.35 x 0.15 mm3

Theta range for data collection 3.23t0 29.57°

Index ranges -12<=h<=10, -10<=k<=11, -18<=I<=17

Reflections collected 8455

Independent reflections 2680 [R(int) = 0.0253]

Completeness to theta = 29.58° 88.2 %

Absorption correction Sphere

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 2680/0/109

Goodness—of—fit on F2 0.938

Final R indices [1>2sigma(l)] R1=0.0211, wR2 = 0.0443

R indices (all data) R1=0.0307, wR2 = 0.0457

Largest diff. peak and hole 0.385 and —0.322 e. A—3
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Table A-25. Crystal data and structure refinement for Ni''(dppe)Cl,*CH,Cl,.

Identification code

Empirical formula

Formula weight 612.93

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2i/c

Unit cell dimensions a=12.1826(2) A o =90°
b =15.2299(3) A B = 105.666(2)°
¢ =15.1924(3) A y=90°

Volume 2714.08(9) A3

Z 4

Density (calculated) 1.500 Mg/m3

Absorption coefficient 1.242 mm—1

F(000) 1256

Crystal size 0.80 x 0.50 X 0.50 mm3

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 29.48°
Absorption correction

Refinement method

Data / restraints / parameters
Goodness—offit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

Ni”(dppE)C|2‘CH2C|2
Cy7H26CI4NiP2

3.19 t0 29.48°

—16<=h<=12, —20<=k<=20, —20<=1<=20

15000

6474 [R(int) = 0.0187]

85.9 %

Sphere

Full-matrix least-squares on F2
6474 /0 /307

1.076

R1 =0.0306, wR2 = 0.0769

R1 =0.0408, wR2 = 0.0793

0.724 and —0.873 e.A-3

291



Table A-26. Crystal data and structure refinement for trans,cis—[Fe''(CN),(CO),Ni''(S4)].

Identification code
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
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 29.58°
Absorption correction

Refinement method

Data / restraints / parameters
Goodness—offit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

trans,cis—[Fe" (CN)2(CO),Ni"(S4)]
C12H14FeN,NIO,S,
461.05

100(2) K

0.71073 A
Triclinic

P-1

a=7.8344(5 A

b =10.2131(6) A

c =13.0208(8) A

o = 76.188(5)°
B = 78.263(5)°
vy = 73.029(5)°
957.57(10) A3

2

1.599 Mg/m3

2.180 mm—1
468

0.20 x 0.15 x 0.15 mm3

2.91 to 29.58°

~10<=h<=10, -14<=k<=13, -17<=I<=18
30818

4976 [R(int) = 0.1194]

92.7 %

Sphere

Full-matrix least-squares on F2
4976/0/194

0.544
R1=0.0499, wR2 = 0.1480
R1=0.1161, wR2 = 0.1833

0.582 and —0.723 e.A-3
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Figure B-1. UV—Vis Spectrum of trans-[n-Pr,N][Ru"""(PS2),] in DMF.
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Figure B—2. UV-Vis Spectrum of trans—[Et;N][Ru'"(PS2");] in DMF.
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Figure B-3. UV-Vis Spectrum of trans—-[Me3;NBz][Os'"'(PS2),] in DMF.
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Figure B—4. UV-Vis Spectrum of cis-[Me;NBz][Os"'(PS2"),] in DMF.
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Figure B-5. UV-Vis Spectrum of trans—[n-Prs;N][Ru'"'(NS2),] in DMF.
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Figure B—6. UV—Vis Spectrum of trans—[n-PrsN][Ru'""(NS2"),] in DMF.
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Figure B—7. UV-Vis Spectrum of [PPN]4[Ru' (CN)g] in CH3CN.
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Figure B-8. UV-Vis Spectrum of [PPN]s[Ru"(CN)s(CO)] in CHsCN.
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Figure B-9. UV-Vis Spectrum of trans—[PPN],[Ru' (CN)4(CO),] in CHsCN.
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Figure B-10. UV-Vis Spectrum of cis—[PPN],[Ru"(CN)4(CO),] in CHsCN.
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Figure B-11. UV-Vis spectrum of trans—[PPN],[Ru" (CN).(CO)(py)] in CHsCN.
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Figure B-12. UV-Vis Spectrum of fac-[Ru''(CO)3(PS2)] in DMF.
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Figure B-13. UV-Vis Spectrum of fac—-[Ru'/(CO)3(PS2")] in DMF.

Extinction Coefficient (M-1cm1)

30000

N N
o a1
o o
o o
o o
1

15000

10000

302

5000 -

0

220 320 420 520 620
Wavelength (nm)

Figure B-14. UV-Vis Spectrum of [Ru"'3(C0O)s(PS2’)3] in DMF.
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Figure B-15. UV-Vis Spectrum of [Ru'(C0),(NS2")], in DMF.
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