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Abstract

Several metal complexes were investigated as potential hosts to execute controllable host-
guest interactions using a redox stimulus. Previously, our group has synthesized new Cu" m-
xylylenebis(pyridyltriazole) (m-xpt) hosts and their redox properties were analyzed. In Chapter 2,
we take advantage of the Cu' host’s ability to perform redox to investigate its interaction with
chloride guest ions. This study was executed with two main Cu-xpt hosts: [Cuz(m-
Xpt)2(NO3)2](PFs)2 and [Cuz(m-xpt)2Cl2]Cl.. The host-guest interaction was analyzed with
additions of CI- salt. Although there was evidence of redox-controlled binding of Cl-, the reactions
could not be studied easily by electrochemistry.

In Chapter 3, we studied various ruthenium (111) B-diketonate complexes as potential hosts
for alkali-metal ion guests. The cationic guests associate with the anionic Ru" reduced host and
are released upon oxidation to the neutral Ru'" host. This was observed through a positive shift in
host’s redox potential, [Ru(diket)s]%~. In our work, we found that the Na* association becomes
stronger when the substituents on the diketone ligand increase in electron density. Three new
ruthenium B-diketonate complexes are prepared as potential hosts with the intention of increasing
Na* affinity. Ru(dbm-20Me)s displayed greater sensitivity to the Na* guest compared than any
known ruthenium beta-diketonates. This host’s binding constant was determined to be two orders
of magnitude higher than that of [Ru(dbm)z]~. These findings were also evidenced by UV-Vis, H
NMR, spectroelectrochemistry, and crystallography analysis.

After the success of implementing host-guest interactions of anionic Ru hosts with guest
cations, we decided to carry out analysis of several cationic Ru hosts with neutral and anionic
guests in Chapters 4 and 5. These hosts will be oxidized in order to attract more anion guests. The

guest interaction occurs through hydrogen bonding to the host’s ligands. The [Ru(bpy)(en)z2](PFs)z2,

Vi



fac-[Ru(pypz)s](PFs)2, [Ru(bpy)(dpen)2](PFs)2, and [Ru(dmgHz2)3](PFs)2 hosts display increased

affinity for the anions when they are oxidized to ruthenium (111).
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Chapter 1. Introduction

1.1. Supramolecular Host-Guest Chemistry

Supramolecular chemistry has provided great potential to be utilized in many real-world
applications, such as catalysis, ion exchange, drug delivery, gas storage, and achieving synthesis
within a confined environment.'-® Fortunately, metal-organic hosts can accomplish these works
using host-guest interactions. Researchers have begun to study these supramolecular systems that
strongly interact with certain guests. Many of these hosts were discovered to bind to guests through
hydrogen binding and n-r interactions.®*? Figure 1.1 displays a simple schematic of host-guest

chemistry.

Host Guest Host-Guest
System

Figure 1.1. Diagram of host-guest interaction of a metal-organic host with a guest. Metal centers,
green and ligands, orange.

Most host-guest systems are demonstrated through crystal structures however, these
interactions display the host-guest binding without the ability to release the guest. Only a few
known hosts are known to have controllable guest-binding. We decided to perform this by
manipulating the metal-organic host, thus altering the binding constant between it and its guest.
Some of the known methods to control host-guest interactions are through influencing the pH,
light, or temperature of the system.'3'6 However, changing the pH requires utilizing more
chemicals that have potential to distort data. Using temperature can induce unwanted oxidation

and light can deteriorate the analyte.’



A promising approach to executing controllable host-guest interaction without the
interference of other factors is through electrochemistry. The oxidation state of the metal center of
the host can be easily influenced by electrodes in solution. This aids in regulation of the guest bind
and release process in real-time. Not many known studies have experimented with redox-
controlled host-guest interaction. One of these works was performed by Croué and co-workers,
where they permitted a Pt host to bind and release coronene using a four-electron transfer.'® They
discovered that the organic guest was captured in the cavity of the neutral Pt host, but dissociate

from the host when the cavity is oxidized to 4+. Figure 1.2 displays a schematic of this process.

— 4e

+4e -

Host

Figure 1.2. Simple diagram of using redox to manipulate the binding affinity between the host and
guest.

Their control of the binding and release of coronene was confirmed using fluorescence,
DFT calculations, *H NMR, and CV studies.*® Sunatsuki and co-workers also established host-
guest binding using a single tripodal ligand (Figure 1.3) of the Mn host with different guest cations:
Na*, K*, and NH4*.2® They observed that the host’s half-wave potential, E1/2, is more positive when
the guest cations are added. They also discovered that the Na* and K* ions bind to the phenolate

and methoxy O atoms. The NH4* attaches to the host via hydrogen bonding.
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Figure 1.3. Structure of tripodal ligand, 1,1-tris[(3-methoxysalicylideneamino)methyl]ethane
(left). Mn single-ligand hosts: [Mn"'L], black, [Mn'"LK(PFe)], red, and NH2[Mn''L], blue® (right).
Reprinted with permission from Chemical Communications 2011, 47 (32), 9149-9151. Copyright
2011, Royal Society of Chemistry.

1.2. Square Planar Copper(l1) Hosts and Metal-Guest Coordination

Square planar metal complexes, or molecular squares, have been utilized as hosts in
examining host-guest interactions. Stang and co-workers accomplished this with Pd and Pt
molecular square hosts.?®® These complexes captured aromatic guests through noncovalent
interactions and o- and m-donating Lewis bases. The Fujita Group also excelled in this by
permitting neutral aromatic guest-binding to these hosts by exploiting the hosts’ cavities.?!??

Our group, in particular, has previously analyzed guest-binding using macrocyclic Cu"
tetradentate B-diketonate hosts, where the hosts differed by its spacer ligands.?®?® These
macrocyclic hosts were found to have an attraction to N-donating organic guests. These
compounds bind to the Cu metal centers inside the ring-structured host. The cofacial napthylene-
based Cuz2(NBA)2 host (Figure 1.4) displayed the ability to bind to Lewis bases such as Dabco and

pyrazine inside.?? Later, Davidson and co-workers used the same Cu'' square planar host template

to create a new host with a larger m-terphenyl spacer to capture a bigger 4,4’-bipyridine guest.?’



Figure 1.4. Copper(1l) bis(B-diketonate) binding to pyrazine.?

The binding process of this system worked exceptionally because of the stability of the
Cu'' metal center in square-planar and square-pyramidal geometries. Nevertheless, because we
want to explore manipulating the host-guest interactions using redox, these hosts are not desirable.
This is because the less stable Cu' metal center would not sustain redox reactions when connected
to electron-deficient O atoms of the p-diketonate ligands.

Influenced by these findings, we ventured into studying Cu'' square planar hosts where the
ligands are N-donor ligands due to their more predictable rigid structure. We decided to resort to
using pyridyltriazole ligands instead of 2,2’-bipyridine for our Cu" host to avoid repulsive H---H

interactions distorting the square planar framework (Figure 1.5).12



HN——N =
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@ ‘ = \\N—NH
Figure 1.5. a) Framework of a metal complex with trans-bis(2,2’-bipyridine) ligands, which shows
unfavorable H---H interactions, b) Metal trans-bis(pyridyltriazole) structure that avoids repulsive
H---H interactions.

There is also a considerable history of the synthesis of metal-pyridyltriazole complexes.?®
Another benefit to selecting this N-donor ligand is that its stability would make the metal complex
a practical choice for tunable guest-binding. Through this, our group has assembled a new ligand
system where bis(pyridyltriazole) ligands are used to form a Cu' dimer. One of these new
bimetallic hosts is [Cu,(npt),](PFg)s. The host-guest interaction between the Cu-npt host with

Dabco was analyzed using UV-vis and was noted by a slight color change.? Figure 1.6 displays

the host-guest system of the Cu-npt host with Dabco guest.
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Figure 1.6. Structure of [Cuz(npt)2(p-Dabco)](PFs)a host-guest system.

Later, our group investigated this host-guest chemistry using redox, but we discovered that
this host did not display reversible bind and release behavior.?® This indicates that Dabco is not a
suitable guest for studying its bind and release process with the Cu-npt host through redox control.
Fortunately, other pyridyltriazole complexes were synthesized and appear to be good candidates

for host-guest chemistry: [Cuz(m-xpt)2(NOs)2](PFe)2 and [Cuz(m-xpt)2Cl2]Cl2 (Figure 1.7).
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Figure 1.7. Structures of the Cu"-xpt complexes: a) [Cua(m-xpt)2(NO3)2](PFe)2 and b) [Cu(m-
xpt).Cl;]Cls.

Both Cu-xpt complexes were found to be redox-active®®, which led to our intrigue in
finding out if they can perform controlled guest binding using cyclic voltammetry. Considering
the Cu'' metal center has six coordination sites, this opens a great prospect that the remaining sites

can be used for guest-binding. Because the cavity of Cu-xpt is much smaller than that of Cu-npt,



we decided to use ClI- ions for guest-binding. We intend to analyze and manipulate its bind/release
process of CI~ using CV. The results of this experimentation are in Chapter 2.
1.3. Anionic Ruthenium(11) p-diketonate Hosts and Alkali lon Guests

As mentioned, our group has great experience in working with stable Cu'' bis(p-
diketonates) as molecular hosts. The open coordination sites and 7 interactions in the open cavity
allows for promising guest-binding due to the stability of the Cu'" metal center.?63* Nonetheless,
because we intend to achieve manipulative host-guest interaction using redox, the Cu'' bis(B-
diketonates) hosts would not be sufficient in this application.

For the sake of maintaining facile host-guest binding, we investigated similar frameworks
as hosts with stable metal centers that can withstand redox control. This led to us focusing on Ru'"!
B-diketonate complexes. Previously, there have been analysis on the noticeable positive shift of
the redox potential of metal-acetylacetonate hosts with alkali-metal perchlorate salts.®32 The
positive AE12 was determined to be too large to be due to electrostatic effects.3* While examining
crystal structures, Steinbach and Burns observed that the H atoms in solvent molecules interact
with the O atoms of acetylacetonate metal complexes.® As a result of these studies, it became
feasible that the O atoms in metal B-diketonate complexes may have an attraction to cations, which
can be reflected in the positive shift of E1/.

It is well known that in chemical and biological redox systems there is a coupling between
proton and electron transfer processes that can be controlled using pH manipulation.3® The Meyer
Group described that during oxidation, the sample becomes more acidic. This complements the
allowance of proton transfer using redox (Figure 1.8a).3% Lexa and co-workers studied this by

analyzing the redox properties of an iron porphyrin undergoing redox and ligand exchange.®” Thus,



we aim to perform controllable host-guest interaction by replacing the proton transfer aspect with

guest bind or release. Figure 1.8b displays a simple square scheme of this process.

a) K., b) Kox
M+H <— MH [MLg] + Nat  <—  Na[MLg]*
EO EO+ EO Ea
-e- e- —-e” e" -e” e" -e” e”
Kied Ko
M-+ H < MH MLy + Na* <—>  Na[MLj]

Figure 1.8. a) Simple proton-coupled electron transfer, b) Square scheme for the coupled redox
and cation-binding reactions with the MLs host complex.

Using the ruthenium(l11) acetylacetonate complexes, [MLs], as examples, guest-binding
with Na* is controlled by adding or removing electrons. Once [ML3] is reduced to [MLs]-, the Na*
guest has more affinity for the reduced host, allowing guest-binding to take place. On the other
hand, when the host is oxidized to [ML3] again, guest-release occurs. The Na* guest having greater
association with the reduced host than the oxidized host demonstrates that the binding constant,
Kred > Kox. With the addition of Na* guest, the host becomes easier to reduce, inducing the positive
shift in the host’s Ru''/Ru""! redox potential. Therefore, the host’s standard potential is less than the
redox potential with added Na*, or E® < E%\e.

Various ruthenium p-diketonate complexes were investigated as well to see this effect in
the presence of alkali-metal ions.3* This experimentation displayed how the redox potential of
these complexes were affected by the addition of Li* and Na* ions. The main focus was on
Ru(acac)s. This complex showed a greater positive shift in the redox potential than other ruthenium
diketonates studied. In this paper, Endo proposed that the large AEu2 is due to the electron-

releasing nature of its methyl substituent. The electron-donating ability of the methyl substituent



increases the negative charge on the O atoms in the reduced complex, permitting greater attraction
of the alkali guest ions.

Endo also performed UV-vis analysis of neutral Ru(acac)s with tetraethylammonium
perchlorate and with NaClOa4. He discovered that both spectra looked identical, meaning that the
change in the redox potential is mainly due to association of Na* to the Ru'' complex, not Ru'".
When Ru(acac)s is reduced to [Ru(acac)s], in the presence of Li*, an air-sensitive precipitate is
formed in acetonitrile. Elemental analysis on the solid were consistent with Li[Ru(acac)s] being
the compound.3* This finding was also evidence of host-guest binding occurring with the cation
and the anionic host complex.

This conclusion was further supported by an earlier study by Patterson and Holm.38 They
noticed that Ei. is influenced by the substituent effect of a plethora of Ru tris(B-diketonato)
complexes. The structures that have electron-donating substituents have more negative redox
potentials than the electron-accepting substituents. Along with this, Endo also identified that the
AE12 with Na* correlates to the binding constant of Na* to the B-diketonate host.3* The hosts that
had a greater binding constant with the cationic guests were the ones that had electron-releasing
substituents. This discovery validated the inference that the inductive effect plays a part in how the
cationic guest is attracted to the B-diketonates.

In Chapter 3, we discuss our target of constructing new ruthenium tris(B-diketonato) hosts
with substituents that dispense a greater local negative charge to increase sensitivity for alkali-ion
guests. With this work, we also want to maintain facile host-guest interaction. This creates a more
positive AE1/2, along with the cyclic voltammogram of the host maintaining its reversibility with
added guest. With the new host having reversibility and stronger association with Na*, this

accomplishes more reliable guest bind and release using only a one-electron transfer. The proposed

10



new hosts we synthesized includes: Ru(d2nm)s, Ru(d1nm)s, and Ru(dbm-20Me)s (Figure 1.9).
Along with cyclic voltammetry analysis, we aim to display evidence of host-guest binding through

UV-vis spectroscopy, *H NMR, crystal structure analysis, and spectroelectrochemistry.

Ru(d1nm); Ru(d2nm);
Figure 1.9. Ru B-diketonate hosts.

Spectroelectrochemistry permits us to have a qualitative and quantitative way to display
that host-guest binding is occurring. Because the ruthenium(Il) B-diketonate host is air-sensitive,
it is difficult to accomplish UV-vis studies of the reduced host in a normal UV-vis setup.
Fortunately, spectroelectrochemistry exhibits the UV-vis spectrum while performing redox,
allowing us to see the change in the reduced host’s spectrum when Na* guest is added, while under
an inert gas. This experimentation is accomplished by using a quartz cuvette, instead of a normal

electrochemical cell (Figure 1.10). The light source hits the sample through one of the holes in the

11



honeycomb working electrode, which allows the UV-vis data to be recorded as the specimen

undergoes the redox process..

Potentiostat
T
. Spectrometer
Light (Detector) Computer
-
Cell
(Analyte)

Figure 1.10. Simple schematic of spectroelectrochemistry setup.
1.4. Cationic Ruthenium Hosts and Hydrogen-binding Guests

Beforehand, we introduced the binding of CI~ guests using Cu-xpt hosts. It was mentioned
that the host-guest chemistry for this system was based on taking advantage of the open
coordination sites of the metal center. Another way to manipulate host-guest interactions is by
using a second coordination sphere, like what is discussed in Chapter 3. In Chapters 4 and 5, we
intend to execute the same technique of increasing affinity of the host to guests. For this project,
the guests are associating with the ligands of the host through hydrogen bonding and we are
increasing the host’s affinity for these guests by oxidizing the host.

Previously, Yoshikawa and co-workers displayed a crystal structure depicting the
[Co(hexaen)]** host interacting with CI~ guest through hydrogen-binding with the en ligands.3®
The en ligands on the host would promote the NH--- A~ guest-binding due to the ligand’s acidity.
From this, we looked into the [Co(en)s]>*3* system. Though the [Co(en)s]?*** redox are both
cationic hosts, it is still expected that the 3+ state would have better association with the A~ guest

than 2+. Earlier, our group has attempted to measure whether the [Co(en)s]?*** host can withstand

12



host-guest control through redox, but the cyclic voltammogram was discovered to be irreversible
likely due to ligand dissociation.*°

Turning to other metal-en complexes for potential hosts, we first considered 3d metal
centers. The earlier 3d metals do not seem promising for our application because they favor O
coordination instead of N, making the binding constant between metal and en ligand low,
especially for redox. Other probable metals centers such as V4! and Cr are very air-sensitive in the
2+ oxidation state. The most stable M-en complexes of the 3d metals, other than Co, are Ni- and
Cu-en. However, Ni''is not redox-active*? and [Cu(en)s]>* may have difficulty in synthesizing due
to the stability of the [Cu(en)2]?*. Because of these reasons and the success of the Ru B-diketonate
research, we decided to look into cationic Ru-en complexes as potential hosts for anionic guest
ions.

The Ru metal center has great potential in the redox process due to it having more stability,
which would prevent the ligand dissociation that occurs in the cobalt host. Another important
aspect of the Ru(en)s host is that it can be synthesized in the [Ru(en)s]?* and [Ru(en)s]** form. The
2+ structure, however, is air-sensitive. The 3+ host is also prone to undergo
oxidation/deprotonation. The host is likely to have its en ligands undergo oxidation into imines

(Figure 1.11).

= - H 2+
2+ f /H /H
H,N NH L 20 \
Ny e H,oN N ~\\\NH — HzN\ ‘\\\NH
Ru' Ru'" Ru'!

Figure 1.11. Ethylenediamine oxidation to imine of a ruthenium complex.
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Because of the complexity of the [Ru(en)s]3*?* system, we wanted to investigate host
systems that integrate ethylenediamine, is air stable, and has facile synthesis.

Curtis et al. has made a few Ru-en complexes and studied their redox properties in
acetonitrile, one of them being [Ru(bpy)(en)2](PFs)2.* This host is promising for our application
to perform host-guest binding with anions. It not only has stability in air and requires a simple
synthesis for production, but it has a known redox potential that is not too positive for Cl~ guest-
binding.** Even though this bpy host has one less en ligand for guest coordination, this host has
two close-lying NH2 groups that should be capable of binding to anions, while maintaining stable
redox behavior. This host also has potential on inspiring a series of new hosts, such as
[Ru(bpy)(dpen)2](PFe)a.

Synthesizing the new [Ru(bpy)(dpen)2](PFs)2 complex allows for the expansion of this host
system to be used in future host-guest applications. The [Ru(bpy)(en)2](PFs)2 structure is limited
in being able to enhance its binding affinity with anionic guests. With the dpen host, the phenyl
substituents on the ligands can be modified with groups such as OH~ or amide groups in order to
increase the binding constant between the host and guest (Figure 1.12), much like what was
accomplished with the Ru(dbm-20Me)s host in Chapter 3. Synthesizing this complex would lead
to improvements in the host-guest association of this system. In Chapter 5, the host-guest
chemistry of [Ru(bpy)(dpen)2](PFs)2 with chloride ions were examined thorugh cyclic

voltammetry.

14



HZN\ /NHZ,,;
Ru A~

Figure 1.12. Chemical diagram of hydrogen bonding between amide-substituted (R,R)-1,2-
diphenylethylenediamine ligand interacting with an anion guest, A-.

The potential in achieving host-guest interaction through NH---A~ on the ligands
encouraged us to test other reasonable host complexes for this application. For example,
tris(dimethylgloxime) ruthenium complex was analyzed and discovered that the ligands” OH bond
interacts with CI-.%° (Figure 1.13). This complex was analyzed as a potential host for chloride guest
in Chapter 5. The Ru'" host being oxidized to a 3+ complex will also attract the guest even more

than the starting 2+ host.

L

Figure 1.13. CI- guest ions (green) interacting with O---H bonds of the [Ru(dmgHz2)3]?* host
viewed down the c-axis.*®

Another technique that can be used to develop host-guest interaction is by constructing

hosts that have a binding site for guests. Many researchers established host structures with H donor

15



sites in order to entice guest binding.*¢-4° The formation of these donor sites can be affected by
what isomer the complex is. Octahedral complexes with three unsymmetrical bidentate ligands can
be constructed as two types of isomers: mer and fac. The type of isomer makes a profound
difference in the binding constant between the host and the guest due to how the ligand
arrangement influences the development of the binding site.>® For hydrogen binding, the fac form
brings the H donors together and make a binding pocket for guest-binding.>*

Previously, the Ward et al. examined a series of Ru" tris(pyrazoyl-pyridine) hosts, one
being [Ru(pypz)s](PFs)2. These complexes displayed the importance of having either mer or the
fac form in host-guest interactions using *H NMR studies.>* They showed that the fac host can
bind to an electron-rich atom of the guest through hydrogen-bonding with the pyrazoyl-pyridine
ligand.>* However, in the mer form, the donor groups are away from each other. This prevents the
formation of the recognition site, making the guest-binding weaker.

We aim to increase the binding affinity of the host through redox by oxidizing it. This
increases the positive charge of the cationic fac host and will entice guests to interact with it (Figure
1.14). Redox-controlled host-guest binding with ~O3S(CF2)sCFs, HF2~, and TPPO is accomplished

in Chapter 4.
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Figure 1.14. Chemical diagram of the fac-[Ru(pypz)s](PFs)2 H donor site associating with an
anionic guest, A~ (left). X-ray crystal structure of this cation, with the pyrazole NH protons shown
in pink.®

This dissertation demonstrates multiple techniques in accomplishing redox-controlled
host-guest chemistry of metal-organic complexes with guests. We discuss this application with
Cu-m-xpt complexes and their ability to interact with chloride ions as guests using direct-metal
coordination. The manipulation of the oxidation state of the metal centers influences the binding
and release process of CI- due to the tuning of the open coordination sites on the metal center. We
also analyze how the modification of the host’s B-diketonate substituents affect the affinity of the
host and alkali-ion guests using a redox stimulus. Chapters 4 and 5 examine how utilizing a second
coordination sphere in the host can attract anions and organic guests through hydrogen bonding.

This research exhibits how tuning the oxidation state of the host can increase its sensitivity to

guests and be utilized in controlled host-guest chemistry.
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Chapter 2. Interaction of Cu''-xpt hosts and CI~ Guests

2.1. Introduction

Among metal-organic host complexes, square planar geometries are one of the most
analyzed. Previously, Pd and Pt molecular square hosts were discovered to bind to aromatic guests
using o- and m-donating Lewis bases and noncovalent interactions.>® Other analysis have
performed host-guest interactions with these macrocycles using guest-binding to the metal
centers.?1:2?

Previously, our group have observed guest-binding using Cu'' tetradentate B-diketonate
hosts.?* 54-5 These dimeric hosts were discovered to interact with N-donating organic guests.?” 7
These guests bind to the Cu metal centers inside the macrocyclic host. The Cu2(NBA)2 host (Figure
2.1) associate with Lewis bases such as dabco and pyrazine inside its cavity.?* Later, this host was
used as a model host to build a new Cu" square planar structure.?” This new host has a larger m-
terphenyl spacer than the naphthalene spacer in the Cu2(NBA)2 host. The larger spacer allows for

the Cu" complex to bind to the much larger 4,4’-bipyridine guest (Figure 2.1).%’

Figure 2.1. Cu2(NBA)2 host with pyrazine guest (left)>*, Copper(1l) bis(p-diketonate) binding to
4,4°-bpy guest (right).?”
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The exceptional binding these square planar hosts have with organic guests has inspired us
to explore potential host-guest chemistry candidates. One of our methods in finding an applicable
metal-organic host is selecting one that has ligands that make the square planar structure
predictable.*? With this, we examined possible frameworks that have rigid N-donor ligands, which
are known to give complexes a more anticipated structure.

Metal-2,2’-bipyridine (bpy) complexes of the type M(bpy)2 are popular structures.*3 58-60
However, the bpy ligands are not appropriate for the square planar geometry that we desire. This
is because the metal-bpy square planar framework would twist and distort due to the CH hydrogen

atoms repulsing each other (Figure 2.2),5* making it unreliable for controllable guest-association.

Figure 2.2. Crystal structure of [Cu(bpy)2]?*.%> The two bpy ligands are not coplanar in this
structure, because their CH hydrogen atoms interfere with one another.

We were inclined to research complexes that can retain the rigidity and geometry. This led
us to focus on creating pyridyltriazole hosts. These structures maintain the advantage of having

the N-donor ligand for redox reactions and potential association with organic guests without the
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large distortion that bpy ligands can cause. The triazoyl-pyridine host is stabilized due to the N-
donor and the framework of the ligand, which makes it a feasible host for controllable guest-
binding.%® These complexes are likely to not have the distortion problem of metal-bpy hosts
because the pyridyltriazole structures does not have the interaction between hydrogens (Figure

2.3).12

a) b)
@ HN——N /
Q! N |
AN
M
/N
X N N \

@ ‘ = \I\\J—NH
Figure 2.3. a) Framework of a metal complex with trans-bis(2,2’-bipyridine) ligands, which shows
unfavorable H---H interactions, b) Metal trans-bis(pyridyltriazole) structure that does not have
these repulsive interactions.

Another benefit of studying metal-pyridyltriazole complexes is that the synthesis of these
ligands is carried out through the notorious click-reactions.®3 Our group has produced a new system
of ligands where a Cu'' dimer is composed using two bis(pyridyltriazole) ligands. Throughout the
years, these binuclear frameworks were utilized as hosts to bind to various guests.'?

[Cuz(npt)2](PFe)s, for example, was studied to perform host-guest chemistry with 1,4-

diazabicyclo[2.2.2]octane (Dabco)*? shown in Figure 2.4.
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Figure 2.4. Structure of [Cuz(npt)2(u-Dabco)](PFs)a host-guest system.

The host-guest association was observed using ultraviolet/visible (UV-vis) analysis, where
the host-guest binding can be seen through a slight color change. When 5 equivalents of Dabco is
added to the Cu-npt host-DMF solution, a 14 nm blue shift of the d-d absorption band is discovered
from guest-binding.*? Afterwards, our group decided to see if this host-guest chemistry can be
controlled using redox. We expected the Cu''-npt host to release Dabco upon reduction, because
all the Cu' center would not have any empty coordination sites. Then, it should bind to Dabco
again when oxidized back to Cu". Sharma found a small effect of added Dabco on the Cu''-npt/
Cu'-npt redox potential,?® indicating that the Cu'' form binds Dabco more strongly than the Cu'.
However, the voltammogram is not reversible and the cathodic peak potentials were shifting
inconsistently with added Dabco.

Fortunately, our group has synthesized other Cu'" bis(triazoyl-pyridine) complexes that are
potential good candidates for studying host-guest interactions: [Cuz(m-xpt)2(NO3)2](PFs)2 and

[Cuz(m-xpt)2Cl2]Cl2 (Figure 2.5).
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Figure 2.5. Structures of the Cu''-xpt complexes: a) [Cua(m-xpt)2(NO3)2](PFe). and b) [Cu(m-
xpt)2Cl2]Cls.
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Previously, our group has analyzed the redox properties of the above two Cu-xpt
complexes through cyclic voltammetry and discovered that the complexes are redox-active. These

structures were also found to act as hosts and bind to oxalate as a guest®, which is shown in Figure

2.6.
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Figure 2.6. Chemical diagram and X-ray structure of [Cuz2(m-xpt)2(u-C204)]?* host-guest system.
Counter-anions and hydrogen atoms are removed for clarity on X-ray framework.

These results inspired us to investigate if these complexes are capable of performing
controlled host-guest chemistry through cyclic voltammetry. With the smaller cavity of the Cu-xpt
complex compared to Cu-npt, we decided to see if this xpt host can bind to halide ions instead of
organic guests. Similar to the Cu-npt with Dabco, our scheme of controlled guest-binding depends

on the oxidation state of the Cu metal centers, which is displayed in Equation 1.

[Cu,(xpt),]*" + w CI- 2 [Cu,(xpt), Cl, |+ + 2e~

Equation 1. Redox reaction and bind/release process of the halide guest ion, CI, to the Cu'-xpt
host.

This method for the bind/release process begins with the behavior of the copper metal
center. Because the Cu metal centers are in the 2+ oxidation state, they should be stable in
coordination numbers of 5 or 6. This makes the [Cuz(m-xpt)2]** host a great prospect for guest to

bind directly to the metal centers using the remaining open sites. When the Cu is in the 1+ oxidation

23



state, the metal center only has four coordination sites, which would all be used by the
pyridyltriazole ligands. Since the halide guest is much more likely to dissociate from the metal
center than the N-donating ligands, the guest is going to be released instead when the Cu'' is
reduced to Cu'. The guest-binding would be controlled when the Cu' is oxidized back to Cu'".

Taking advantage of the known favorable redox properties and the stability of these Cu'
bis(triazoyl-pyridine) frameworks, we decided to test whether the host-guest chemistry of these
structures with chloride-ion guests can be controlled. At least one more CI- guest can promptly
bind to each Cu'' metal center and be released efficiently due to Cu' preferring only 4-coordination
sites. Oxidation back to Cu" would allow the chloride ions to directly coordinate to the host
complex. We intend to analyze and manipulate its bind/release process of ClI- using CV.

In order to prevent interference from other chemicals in our electrochemical system, we
must use a chloride salt that is soluble in the appropriate solvent (DMF in this case). Also, its
cation should not interact with our host. Thus, benzyltriethylammonium chloride (BTAC) was
selected to provide the CI- guest in this study. The bulky cation of the salt inhibits any unnecessary
associations with the host besides the proposed chloride ion guest.

We anticipated that the reduction of the Cu" host would be increasingly more difficult as
more halide guest ions are added. With a large concentration of Cl- guests added, the host complex
is inclined to stay in the 2+ oxidation state since reduction to Cu' would be accompanied by

dissociation of all CI-.
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2.2. Results and Discussion
2.2.1. [Cuy(m-xpt)2(NO3).](PFs), Host with CI- ion Guest

The redox properties of the [Cuz(m-xpt)2(NOs3)2](PFs)2 host (Figure 2.8) was analyzed
without any guest added. The voltammogram displayed quasi-reversible behavior that was in
agreement with literature.®° A slight positive shift in the reduction peak potential (Epc) when 2 mM
CI- (1:2 host/guest ratio) is added and a second oxidation peak (Epa2) appears at 0.070 V (vs. Fc%*),

displayed in Table 2.1.
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Figure 2.8. CV of [Cuz(m-xpt)2(NO3),](PFs). with BTAC (DMF, 0.1 M TBAPFg, 0.1 Vs). The
data were measured using an Ag/AgCl reference electrode, glassy carbon working electrode, but

plotted vs. Fc*’° reference redox couple, which has Ej, = 0.541 V vs. Ag/AgCl under these
conditions.
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Table 2.1. Electrochemical parameters in volts (V vs. Fc*0) of [Cu(m-xpt),(NO3),](PFs), with

added BTAC.
[BTAC] Epa] EpaZ Epc AEp(l) EI/Z(I)
0 mM —0.174 -- —0.342 0.168 —0.258
2mM —-0.199 0.071 —0.330 0.131 —0.265
10mM - 0.062 —0.267 - -
100mM -- 0.034 —0.313 -- --

The two anodic peaks found for the 2 mM concentration of added BTAC is likely from a
mixture of the redox properties of the host complex, alone, and the host-guest redox. This is
evidenced by Epa1 appearing at a similar peak potential as the host complex without any added
chloride guest. This finding also suggests that the host complex would need more than a 1:2
host/guest ratio in order to observe complete host-guest binding.

The next addition is 10 mM CI- to the electrochemical system (1:10 host/guest ratio). Epa:
disappears and only Epa2 remains, which points to full conversion of the host complex. However,
the Epc shifts 0.063 V in the positive direction. This indicates that the reduction is becoming easier
to perform with added ClI-, which is the opposite of what we expected. The redox behavior is also
less reversible with added guest. The AEp increases by 0.161 V, in comparison to the host complex.
This led to our conclusion that our host is becoming a new complex when a large excess of guest
Cl~ is added. When 100 mM of CI- is added, as with 10 mM CI-, only the second oxidation wave
is observed. There is a slight negative shift of both Epc and Epa2 compared to the 10 mM data.

Another Cu'-xpt structure has been synthesized in our group:° [Cuz(m-xpt)2Cl2]Cl2. It is
feasible that this chloride host could be forming with the addition of BTAC to the PFs host
electrochemical system. For example, adding CI- to a solution of the Cu-xpt complexes in DMF
causes a color change from light blue to yellow-green. This color change could be a sign of a new
chloride product being produced. Crystallization of the [Cuz(m-xpt)2(NO3)2](PFs)2 complex with

BTAC (1:5 ratio) produces dark blue-green crystals that were characterized to be [Cuz(m-

26



xpt)2ClI2]Cl2. The redox properties of this complex have not been studied in the aforementioned
literature. Nevertheless, [Cuz(m-xpt)2Cl2](PFs)2 was analyzed through cyclic voltammetry (see
Figure B1) and it was discovered that this structure has a more reversible voltammogram than
[Cuz(m-xpt)2(NOs3)2](PFs)2. Because the only disparity between these two frameworks is the
[NOs]~ and CI- ligands, this signifies that the Cu''-xpt structure binds and releases chloride ions
easier than nitrate ions. This finding also suggests that the Cu-xpt structure has a better binding
affinity for chloride. We decided to explore the electrochemistry of [Cuz(m-xpt)2Cl2]Cl2 to analyze
and compare the redox potential shifts of this complex to that of the PFs hosts.
2.2.2. [Cuz(m-xpt).Cl;]Cl, Host with CI~ ion Guest

Cyclic voltammetry was executed with [Cuz(m-xpt)2Cl2]Clz in the same conditions as the
[Cuz(m-xpt)2(NO3)2](PFs)2 host (Figure 2.9). The black trace shows the redox properties of the
complex without any added chloride. The Epa, 0.072 V, of this host (Table 2.2) is identical to the
Epaz of the 2 mM BTAC (Table 2.1) added in the [Cuz(m-xpt)2(NO3)2](PFs)2 experiment, 0.071 V.
This is evidence of the PFs host being converted into the chloride salt as BTAC is added. The
disappearance of Epa1 as BTAC is added in the [Cuz(m-xpt)2(NO3)2](PFs)2 studies reinforce this
conclusion. The cathodic peak potentials of [Cuz2(m-xpt)2(NOs)2](PFs)2 with the added CI- are also

similar to the Epc of [Cuz(m-xpt)2Cl2]Cl2 (Tables 2.1 and 2.2).
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Figure 2.9. CV of [Cu,(m-xpt).Cl,]Cl, with BTAC (DMF, 0.1 M TBAPFg, 0.1 Vs?).

Table 2.2. Electrochemical parameters in volts (V vs. Fc*0) of [Cu(m-xpt).Cl,]Cl, with added
BTAC.

[BTAC] Epa Epc AEp Ein
0 mM 0.072 —0.237 0.309 —0.083
2mM 0.079 —0.253 0.332 —0.087
10 mM 0.085 —0.297 0.382 —0.106

100 mM 0.058 —0.353 0.411 —0.148

In the voltammogram of the [Cuz(m-xpt)2Cl2](PFs)2 host, a small shoulder appears at an
approximate potential to the Epaz and Epa of the [Cuz(m-xpt)2(NOz)2](PFs)2 and [Cuz(m-
xpt)2Cl2]Cl2 hosts, respectively (Figure B1). This suggests that the shoulder in the [Cu2(m-
xpt)2Cl2](PFes)2 electrochemical data is from excess chloride.

Next, more chloride ions are added to the electrochemical system to observe the host-guest

interaction of the [Cuz(m-xpt)2Cl2]Cl2 host with Cl~. The negative shift of the redox potential as

more CI- is added is the behavior we anticipated for anionic host-guest binding. However, the host
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becomes less reversible throughout this process. This is due to Epc shifting more negatively than
the Epa. This finding exhibits that [Cuz(m-xpt)2Cl2]Cl2 is not an applicable host for halide guest-
binding.

Host-guest interaction is observed in this analysis, but the anodic peak potential shift is not
as prominent as we desired. The oxidation peak potential requires a very large excess of chloride
ions (1:100 host/guest ratio) to display a noticeable negative shift (Figure 2.9). This slight negative
shift of Epa discerned, even in the presence of a large surplus of guest, also is evidence of the
binding of CI- to the Cu''-xpt hosts is not as adequate as we aspired. This means that we would
need to determine a better host in order to perform anion guest interaction. Our work in host-guest
interaction with anionic guests is mentioned in Chapter 4 of this dissertation.

2.2.3. Calculation of the Number of CI-ion Guests Binding with [Cu,(m-xpt).CI,]Cl,

Pourbaix diagrams show changes in redox potentials with pH. These changes can be used
to determine the number of protons involved in redox processes.®*%° In a one-electron/one-proton
transfer reaction, the redox potential is expected to shift —0.0592 V per pH unit.

Redox potentials can also vary with concentration when species other than H* are involved
in the reaction. In the present case, if a Cl~ ion binds in one oxidation state but not the other, the
redox potential should also shift by 0.0592 V for each factor of 10 in [CI7]. The effects of guest
binding on redox potential are further explained using the square schemes in Chapters 3 and 4 of
this dissertation. We can utilize the same method to determine how many more guests bind to the
targeted oxidized or reduced host than the starting state of the host. This can be measured using

Equations 2 and 3.
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[Cu,(xpt),]*" + w Cl- 2 [Cuy(xpt), CL,]*™ + 2¢-

0.0592V | [Cuy(xpt), C1,]*

E=E" - g (Equation 2)
n [CI7]¥ [Cuy(xpt),]*

At E ,, [Cuy(xpt),]** = [Cuy(xpt), CL ], so:

Eip=E - 00592V log 1 (Equation 3)

n [CIT]¥

As mentioned, in a one-electron redox reaction, having a slope of 0.0592 means that one
chloride would be binding in the Cu'' redox. However, the Cu-xpt redox involves a two-electron
transfer. This means that n = 2 and that a slope of 0.0592 is indicative of two chloride ions binding.
Because the host’s cathodic peak potential, Epc, has a reliable negative shift in the reduction peak

potential, we decided to see how many CI- ions are released upon reduction of the complex (Figure

2.10).
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Figure 2.10. Epc (vs. Fc™) vs. —log([CI']) of 1 mM [Cuz(m-xpt)2Cl2]Cl2. Slope for all
concentrations.
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Due to the irreversibility of the voltammograms, we elected to replace the E12 in Equation
3 with Epc. In our theory, we expected the reduction of the Cu-xpt host to release the two CI- ions
and become a 4-coordinate Cuz(m-xpt)2 complex. The slope that was determined was 0.0587,
which signifies that this is what is occurring. This also reinforces that the host is unreliable in
binding back to the guest, likely due to its irreversible redox behavior.

2.3. Experimental
2.3.1. General

All commercially available chemicals were purchased from Aldrich, Alfa Aesar,
BeanTown Chemicals, Sigma-Aldrich, Strem Chemicals, Fischer Scientific, J.T. Baker, and VWR
Chemicals were utilized without further purification. All synthesis were executed in air.

Cyclic voltammetry of the metal-organic complexes was analyzed using an EC Epsilon
EClipse potentiostat/galvanostat (BAS Inc.) with Ag/AgCI reference electrode, a glassy carbon
working electrode, and Pt wire counter electrode under nitrogen. All electrochemical experiments
were performed using a 1 mM solution of the Cu-xpt host in DMF with 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPFs). All scans were performed at 0.1 V s™!. Additions of CI- through
benzyltriethylammonium chloride were made throughout the experiment.

2.3.2. Synthesis of m-Xylylenebis(pyridyltriazole) (m-xpt)

The m-Xylylenebis(pyridyltriazole) (m-xpt) ligand were prepared using previous
literature.?” A white powder was collected and characterization was consistent with what was
found in Crowley et al.?®
2.3.3. Synthesis of Cu''-xpt complexes

The [Cuz(m-xpt)2(NO3)2](PFs)2, [Cuz(m-xpt)2Cl2](PFs)2, and [Cuz(m-xpt)2Cl2]Cl2

complexes were prepared following the procedures in literature from our group.®® A light blue
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precipitate was formed for the [Cuz2(m-xpt)2(NOs)2](PFs)2 host, green-blue solid for [Cuz(m-
xpt)2Cl2](PFe)2, and a light green precipitate for [Cuz(m-xpt)2Cl2]Cl2. Ether vapor diffusion in

DMF produced blue-green crystals of [Cuz(m-xpt)2Cl2]Cl2.
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Chapter 3. Ruthenium B-diketonate Hosts and Alkali-metal Guests

3.1. Introduction

Metal-organic supramolecular frameworks have been analyzed by researchers for decades.
They have discovered that these metal-organic structures can be utilized as hosts that can bind to
guests in a way that enzymes can associate with substrates. These interactions have opened a new
way of exploring supramolecular complexes in a subject known as host-guest chemistry. Host-
guest chemistry has allowed for scientists to investigate metal complexes that exhibit an affinity
for certain guest ions or molecules.% They have found that these host complexes can interact with
these guests through coordination to the metal center,?" 2> 27 g-r interactions,?® 6 or association

with a second-coordination sphere, 1! 68 69

Host Guest Host-Guest
System

Figure 3.1. Diagram of host-guest interaction of a metal-organic host with a guest. Metal centers,
green and ligands, orange.

Hydrogen binding®!! and =-n interactions are common methods of achieving host-guest
association. These techniques have potential in being used for drug delivery. For example, the
Therrien Group synthesized cationic ruthenium triangular metallo-prisms that interact with
aromatic compounds through n-stacking.”® Metal-organic hosts have also aided in advancing
chemotherapeutics that only target cancer cells and reduce side effects. Mishra and co-workers
were able to accomplish host-guest studies where a ruthenium complex was stronger against cancer
cells than known anticancer drugs like doxorubicin.”* Heterometallic cobalt-ruthenium
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frameworks were also executed as drugs that can mitigate gastic cancer.”? Although these studies
are promising, a way to further progress research on host-guest chemistry is by developing
modules where the bind and release of the guest can be controlled. However, for most systems, it
is tasking to separate a guest from a host due to factors such as the binding constant being too
strong. This suggests that in order to manipulate the binding constant between a host and guest, a
stimulate is needed.

One technique of controlling host-guest chemistry is light. Through light, the binding
affinity between a host and guest can be influenced by changing the intensity and wavelength.t®
The Leung Group have analyzed host-guest therapeutics of iron oxide core silica nanoparticles and
an antitumor drug and controlled it by using ultrasound.® Other methods of controlling host-guest
properties are through pH and temperature. Reversible guest-discharge of acids and bases from
organometallic hosts was achieved by Chan et al. using pH-response.'® Heat-controlled host-guest
chemistry has been admired by researchers as well due to temperature-sensitive ion channels
occurring in nature. Wang and co-workers developed an artificial temperature-responsive
nanochannel to transport ions using pillar[5]arene-based host-guest association.** However, these
forms of controlled host-guest interaction will lead to adversity for some systems. For example,
temperature and light can cause deterioration of the analyte and pH-response studies involves using
other reagents that can produce less reliable measurements.

One procedure that accomplished manipulative host-guest chemistry is redox stimulation.
There is few known research done on utilizing redox to manipulate host-guest interactions. The
Nitschke Group executed [PFs]~ guest-release by titrating an oxidant to a tetranuclear Fe' host
solution.” Unfortunately, this oxidation collapses the structure of the host, making it a

mononuclear framework. To avoid the need for adding oxidizing and reducing agents to the
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analyte, we decided to look into performing controlled host-guest association through redox using
cyclic voltammetry (CV). Single tripodal ligand manganese hosts were studied electrochemically
and they discovered that their redox potentials, E1/2, shift in the positive direction with the addition
of NH4*, K*, and Na*.*® They have discovered that this AEi. is due the cations’ interaction with
the tripodal ligand’s methoxy and phenolate O atoms from crystallography data.

Redox was implemented on Fe and Ni Schiff-based hosts with K* and Ba?* ions using
CV." They found that the E1 of the hosts had a large positive shift with the introduction of the
guest ions. The alkali-metal ions were able to bind through the host’s crown ether groups. They
believe that the positive shift is due to the stabilization of the host’s metal center.”® The very large
positive shift in the redox potential is indicative that the binding constant between the host and
guest was very strong.

Also, a current study by Sallé and co-workers involved an extended tetrathiafulvalene Pt
host and an organic coronene guest. This work was achieved without collapsing the structure of
the host. Figure 3.2 displays a simple diagram of how oxidation of the host permits it to release a

guest using a four-electron transfer.!®

- 4e-

+ 4e -

Host

Figure 3.2. Schematic of using redox to manipulate the binding affinity between the host and guest.
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For our research, we intend to control the cationic guest bind and release by tuning the
redox properties of the metal-organic host complex. In order to observe this, we must choose a
system where the binding constant between the host and guest is not too strong. A binding constant
that is too large makes the release process very difficult. We also intend to analyze a host-guest
system where the electron transfer is easy to accomplish. This is why we looked into a notable
metal-diketonate host system with sodium ion guests. We took inspiration from proton and electron
transfer coupling reactions to describe the control of the bind and release process using redox
chemistry. We decided to replace the proton coupling with guest bind/release to create a square

scheme (Figure 3.3).

KOX
[M(dikets] + Na* <<—= Na[M(diket);]*
E° EONa
-e” || e -e || e
Kred

[M(diket)s]” + Na* <—= Na[M(diket)s]

Figure 3.3. Square scheme for the coupled redox and cation-binding reactions with the M(diket)s
host complex.

The oxidation state of the host complex, [M(diket)s], is influenced by adding or extracting
electrons from the analyte. When the host is reduced, the Na* guest binds to it a lot better than the
oxidized form, making the binding constant, Kred, greater than Kox. When Na* is added, the
reduction of [M(diket)3] is easier to accomplish, which induces a positive shift in the M'"""" redox
potential. This signifies that the standard potential, E°, of [M(diket)s] is less than E%na, of
Na[M(diket)s]. When Na[M(diket)s] is oxidized, this triggers Na* guest release and the host is

back to the original [M(diket)s] host.
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In the past, our group has studied metal-bis(p-diketonates) as potential hosts for guest
molecules. We researched Cu" diketonate complexes that were found to bind to guests using the
available coordination sites of the metal center and through m-interactions.?%3! Nevertheless, the
copper metal center would have difficulty binding and releasing these guest using
electrochemistry. This is due to the instability of Cu' with electron-deficient O diketonate ligands,
which would affect the Na* guest binding. Because this host-guest chemistry requires a stable
metal center, we determined to examine B-diketonate with a ruthenium metal center. Figure 3.4
illustrates the octahedral host framework. The Ru B-diketonate hosts vary by the R groups placed

on the diketonate ligands.

Figure 3.4. Structure of ruthenium B-diketonate host. Substituent of the p-diketonate ligand is
represented by R.

Endo has studied the redox properties of various ruthenium(III) tris(B-diketonate) and its
effect when Na* is added.3* However, the main focus was on the Ru(acac)s structure. This
framework is a B-diketonate where the R groups are methyl substituents. Ru(acac)s has a larger
positive change in its redox potential than most of the other known B-diketonates. UV-vis studies
of Ru(acac)s were executed with tetraethylammonium (TEAP) and NaClO4 separately and they
discovered that both spectra are identical. This implies that the AE1 is due to the reduced host

interacting with Na*, not the oxidized host. This was further evidenced by a precipitate formed
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from the reduction of Ru(acac)s in the presence of Li*. Elemental analysis showed that the solid
was discovered to be Li[Ru(acac)s3]. It is believed that the cation interacts with the O diketonate
atoms of the host. Endo also deduced that the relationship between AE12 and Kred 1s linear. From
the electrochemical analysis of all the Ru 3-diketonates, it was concluded that the Kred is larger for
hosts that have more electron-donating R groups.

Within the Ru B-diketonates Endo analyzed, Ru(dbm)s (dom = dibenzoylmethane) was
discovered to have a smaller binding constant to Na* than Ru(acac)s. It was concluded that the Kred
of [Ru(dbm)3]~ to Na* to be 3.98 x 10%, much less than that of 6.31 x 10° for the acac host.>* This
is supported by the less positive AE12 when Na' is introduced. It is likely this occurred due to the
phenyl substituent not supplying as much electron density to the diketonate O atoms.

To advance the research done by Endo, we propose to use the Ru(dbm)s structure as a
model host to synthesize new Ru B-diketonate hosts with greater sensitivity to alkali-metal ions.
To succeed in this, we need to construct frameworks that provide a greater local negative charge
to the diketonate O atoms. In turn, this will improve the binding affinity of the reduced dom host,
while maintaining the ability for the host to release the alkali-metal guest. The phenyl rings of dom
ligand were functionalized with attachments that would increase the affinity for cations. The new
B-diketonate complexes prepared were: Ru(dbm)s, Ru(acac)s, Ru(d2nm)s, Ru(dlnm)s, and

Ru(dbm-20Me)s as shown in Figure 3.5.
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Ru(d1nm); Ru(d2nm);
Figure 3.5. Ruthenium B-diketonate hosts.

The redox properties of the new ruthenium(IIl) tris(B-diketonate) complexes were
examined using a one-electron transfer through CV. This one-electron transfer promotes more
analysis on facile bind and release of host-guest systems. The guest-interaction of these new -
diketonates were observed using Na* and K* ions.

3.2. Results and Discussion

Host-guest properties of the Ru p-diketonates and Na* guests were observed using CV. The
electrochemical measurements were analyzed in 0.1 M TBAPFe CH3sCN at 0.1 Vs unless stated
otherwise. The host was increasingly introduced to Na*, starting with 2 mM NaClO4 (1.2

host/guest ratio) and ending with 100 mM (1:100 host/guest).
39



3.2.1. Interaction of Ru(acac)s Host with Na* Guest

Because Endo researched the Ru(acac)s host, we elected to study it and compare it to the
results of our new hosts. Figure 3.6 displays the voltammograms of the host complex for each of
the corresponding guest concentration. The electrochemical parameters of Ru(acac)s at each
concentration of guest added are labeled in Table 3.1. After 2 mM Na* is added to the
electrochemical solution, there is a +0.065 V AEi, which signifies the guest binding that Endo
detected. After 100 mM Na*, the change in the redox potential is +0.264 V. It is notable that there
is a larger positive shift when there is a high guest concentration. This suggests that [Ru(acac)s]

may need a higher amount of guest present in order to display more prominent guest binding.
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Figure 3.6. Cyclic Voltammetry of 1 mM Ru(acac)s with added NaClOa4, 0.1 M TBAPFs CH3CN,
0.1 V s'L. The data were measured using an Ag/AgCl reference electrode, glassy carbon working
electrode, but plotted vs. Fc*/ reference redox couple, which has Ey, = 0.445 V vs. Ag/AgCl under
these conditions.
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Table 3.1. Electrochemical parameters (V) of 1 mM Ru(acac)s with NaClOs, 0.1 M TBAPFs
CHsCN, 0.1V s against Fc*°.

[Na*] Epa Epc AEp =17
0mM -1.138 -1.220 0.082 -1.179
2 mM -1.067 -1.161 0.094 -1.114
10 mM —0.989 -1.074 0.085 -1.032
100 mM —0.868 —0.961 0.093 —0.915

In Chapter 2, we discussed the Nernstian method of using the E1/2 of the host to ascertain
how many more guests bind to the oxidized or reduced host. Using this technique, the number of
how many more Na* are bound to the reduced state than the oxidized state is summarized by

Equations 1 and 2.

. 0.0592V Nay,[Rul!(diket);]™D

E=E - log _
n [Na*]¥[Rulll(diket)s]

(Equation 1)

At E, ), [Rull(diket);]-= [Ru'l!(diket);], so:

_0.0592V log 1 (Equation 2)

Ein=E . Na v

We obtained the number of bound cations in the reduced form by calculating the slope of
the E12 vs —log([Na*]) graph. Unlike the Cu-xpt host system in Chapter 2, [Ru(diket)3]? is a one-
electron transfer, hence, one more Na* binding would have a slope of —0.0592 V. Two ions binding
would double this with a slope of —0.1184 V. Starting with the Ru(acac)s complex, the slope was
determined to be ~0.12, which is indicative that this host is able to bind to two more Na* ions when

it is reduced (Figure 3.7). This analysis is consistent with what was found in Endo’s studies.*
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Figure 3.7. Ex2 (vs. Fc*) vs. -log([Na*]) of 1 mM Ru(acac)s.

3.2.2. Interaction of Ru(dbm)s Host with Na* Guest

As founded in Endo’s work, the Ru(dbm)s host did not display as much sensitivity to Na*
as the acac host. Table 3.2 shows that the AE1.2 is very small (+0.012 V) at 1:2 host/guest ratio. At
100 mM Na* added, the overall change is +0.099 V. Figure 3.8 shows that the AE1. is not very

noticeable until at least there is a 1:10 host/guest ratio.
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Figure 3.8. Cyclic Voltammetry of 1 mM Ru(dbm)s with added NaClOa4, 0.1 M TBAPFs CH3CN,
0.1Vst
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Table 3.2. Electrochemical parameters (V) of 1 mM Ru(dbm)s with NaClO4, 0.1 M TBAPFs
CHsCN, 0.1V s against Fc*°.

[Na*] Epa Epc AEp =17
0mM —0.868 —0.945 0.077 —0.907
2 mM —0.855 —0.935 0.080 —0.895
10 mM —0.827 —0.910 0.083 —0.869
100 mM —0.765 —0.851 0.086 —0.808

Next, the number of bound Na* was calculated for [Ru(dbm)s]". Because the binding
affinity for this host is not as strong as [Ru(acac)s], the data (Figure 3.9) is not linear when all
concentrations are considered (black trace). Nevertheless, at higher concentrations, 10 — 100 mM,
a linear slope is found and discovered to be —0.0606 (green trace). This signifies that one more Na*

binds to reduced host.
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Figure 3.9. E12 (vs. Fc9*) vs. -log([Na*]) of 1 mM Ru(dbm)s, 10 — 100 mM [Na*].

3.2.3. Interaction of Ru(d2nm)s and Ru(d1nm)s Hosts with Na* Guest
The first R group we decided to attach to the phenyl ring of the Ru(dbm)s host is a second
ring to create a naphthyl substituent. We elected to create a naphthyl B-diketonate host to induce

Na* binding by cation-r interaction.”® Starting with the d2nm B-diketonate host, the ring is attached
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in the 2’ position. With this, we intended that the electron density in the second ring would be
strong enough to attract Na* to the reduced host. We also synthesized the d1nm host as well and
this host is expected to have a greater affinity with cations than the d2nm host. That is because in
the d1nm host, the naphthyl ring is attached in the 1’position, which allows the second ring to be
closer to the diketonate O atoms. Through this, the Na* would be attracted to the pi system in the
second ring and thus, makes it easier for it to bind to the O atoms of the host.

First, the electrochemistry of the Ru(d2nm)s was examined in DMF due to its better
solubility than in acetonitrile. However, Figure 3.10 displays that the AE1. is low and noticeable
until 100 mM Na" is added. Table 3.3 exhibits that the overall change in the redox potential is only
+0.014 V. This signifies that this host does not have as much sensitivity to Na* ions as we
anticipated. One reason for the lack of change in the redox potential is because this experiment
was measured in DMF. In DMF, the host has competition with the oxygen atoms in the solvent,
preventing some Na* from binding to the complex, which is not a problem in CH3CN. This
electrochemical study was also accomplished with Ru(dbm)s in DMF to determine if the second
ring enhanced the binding affinity of Na* (Figure B2). It was found that the AE12 is more distinct

in Ru(dbm)s than Ru(d2nm)s.
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Figure 3.10. Cyclic voltammetry of 1 mM Ru(d2nm)s with NaClO4 added, 0.1 M TBAPFs DMF,

0.1Vst

Table 3.3. Electrochemical parameters (V) of 1 mM Ru(d2nm)s with NaClOas, 0.1 M TBAPFs

Current, | (MA)

10

-10 +

-12

-1.6 -1.4

-1.2

o
Potential, E (V) vs Fc*/

-0.8

—O0OmM —2mM —10mM —100 mM

DMF, 0.1 V st against Fc*°.

[Na*] Epa Epc AEp Eip
0 mM —0.877 —0.953 0.076 —0.915

2 mM —0.880 —0.950 0.070 —0.915
10 mM —0.878 —0.952 0.074 —0.915
100 mM —0.863 —0.938 0.075 —0.901

Afterwards, we analyzed the redox properties of Ru(dlnm)s in CH3CN. After 50 mM
NaClOs is added, the oxidation of the voltammogram becomes distorted. Table 3.4 demonstrates
that the AE12 is smaller than [Ru(dbm)s]~. This suggests that the sensitivity to Na* is less than the
dbm host. This is likely due to the lack of m-conjugation in the naphthyl group.”” This substituent
lacking conjugation prevents the pushing of electrons to chelating diketonate O atoms, reducing

the ability for Na* to bind. This also conveys that the cation-pi interaction in the extra ring may
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not be strong enough to attract Na* ions to the host. Nevertheless, this host does display the ability

to bind to Na* guest when there is a large excess of guest (Figure 3.11).
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Figure 3.11. Cyclic voltammetry of 1 mM Ru(d1nm)s with added NaClOa4, 0.1 M TBAPFs CH3CN,
0.1Vst

Table 3.4. Electrochemical parameters (V) of 1 mM Ru(d1nm)s with NaClO4, 0.1 M TBAPFs
CH3sCN, 0.1V s against Fc*°.

[Na*] Epa Epc AEp Eip
0 mM —0.769 —0.841 0.072 —0.805
2 mM —0.767 —0.837 0.070 —0.802
10 mM —0.748 —0.820 0.072 —0.784
50 mM —0.725 —0.797 0.072 —0.761

Afterwards, the number of bound Na* ions to [Ru(d1nm)s]~ was determined using the redox
potentials for each guest concentration. As seen for [Ru(dbm)s]-, the graph for all concentrations
does not display linear data due to the smaller binding constant between the reduced host and Na*.

Figure 3.12 shows that the guest-binding behavior was detected in the 30 — 50 mM range and the

46



slope was discovered to be —0.0451 (green trace). This implies that some of this host can bind to
one more Na* ion.
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Figure 3.12. Ex2 (vs. Fc*’0) vs. -log([Na*]) of 1 mM Ru(d1nm)s, 30 — 50 mM [Na*].

3.2.4. Interaction of Ru(dbm-20Me)s Host with Na* Guest

Next, we aimed to construct the Ru(dbm-20Me)s host. This structure retains the phenyl
substituent, but has a methoxy group placed in the 2’-position. This complex has great promise in
being a considerable host for binding cations due to its inductive and chelating effects. The
methoxy groups can induce electron density into the ring and thus, to the diketonate O atoms to
attract Na*. Another benefit for this host is that the methoxy groups are near proximity to the
diketonate O atoms, which means that Na* can also interact with the chelating methoxy O atom.

The host-guest properties of [Ru(dom-20Me)3]% in the presence of Na* was measured
using the same experimental conditions. Table 3.5 displays the electrochemical parameters of the
host after each addition of guest. After 2 mM is added, there is a large positive shift in the host’s
redox potential by +0.126 V. This AEi12 can be visually seen in Figure 3.13 when comparing the

black trace (host) and the red trace (host with 2 mM Na™). This change is nearly twice the effect
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seen for the acac host. This result also exhibits that the 2’-methoxy host does not require a large
amount of guest added in order to notice its guest binding affinity. This emphasizes that this host

has more distinguished sensitivity to Na* than any known ruthenium -diketonate.
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Figure 3.13. Cyclic voltammetry of 1 mM Ru(dbm-20Me)s with added NaClO4, 0.1 M TBAPFs
CH3CN, 0.1V st

Table 3.5. Electrochemical parameters (V) of 1 mM Ru(dbm-20Me)s with NaClO4, 0.1 M
TBAPFs CH3CN, 0.1 V s against Fc*.

[Na*] Epa Epc AEp Eip
0 mM -1.016 -1.098 0.082 -1.057

2 mM -0.871 —0.990 0.119 —0.931
10 mM —0.822 —0.941 0.119 —0.882
100 mM —0.735 —0.841 0.106 —0.788

Figure 3.14 displays that the [Ru(dbm-20Me)s]~ complex can bind to two more Na* ions
with a slope of —0.1048. This finding indicates that the binding affinity of [Ru(dbm)s]~ was

improved by the addition of the methoxy groups.
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Figure 3.14. E1p (vs. Fc%) vs. -log([Na*]) of 1 mM Ru(dbm-20Me)s, 1 — 100 mM [Na*].
3.2.5. Interaction of Ru(acac)s and Ru(dbm-20Me)s Hosts with K* Guest

After studying the binding affinities of these Ru -diketonates with Na* ions, we decided
to examine how other alkali-metal ions influence the redox chemistry of these hosts. Hence, we
looked into analyzing how these hosts associate with K* ions using CV. Because KCIO4 has poor
solubility in CH3CN, we elected to use KOSO2(CF2)sCFs as out K* source. We implemented this
inquiry using the Ru(acac)s and Ru(dbm-20Me)s hosts due to their prominent sensitivity to Na*.

In the presence of K*, both hosts exhibit the same behavior that was seen with Na*. Figures
3.15 and 3.16 demonstrates that the acac host showed a greater positive shift at high concentrations
and the 2’-methoxy did at low concentrations. There is a positive AE12 occurs after each addition
of K* guest, however, the change is not as salient as what was discovered with Na*. This is likely
because the K™ ion is larger than Na*, which can reduce the ability for the guest to bind. Tables 3.6
and 3.7 quantifies these findings of Ru(acac)s and Ru(dbm-20Me)s, respectively. At 100 mM K*
added, the [Ru(acac)s]” redox potential was +0.202 V, in comparison to the +0.264 V for Na™. In
correlation, the [Ru(dbm-20Me)3]?~ redox changes by +0.217 V with 100 mM K" added,

indicating that K* has better affinity with the 2’-methoxy complex.
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Figure 3.15. Cyclic voltammetry of 1 mM Ru(acac)s with KOS2(CF2)sCFs, 0.1 M TBAPFs
CHsCN, 0.1V s

Table 3.6. Electrochemical parameters (V) of 1 mM Ru(acac)s with KOSO2(CF2)3CF3, 0.1 M
TBAPFs CH3CN, 0.1 V s! against Fc*.

[K+] Epa Epc AEp Eip
0 mM -1.139 -1.213 0.074 -1.176
2mM -1.091 -1.176 0.085 -1.134
10 mM -1.034 -1.112 0.078 -1.073

100 mM —0.937 -1.011 0.074 —0.974

50



10

Current, | (WA)

-15 4

-25 —— ——t
-1.4 -1.2 -1.0 -0.8 -0.6
Potential, E (V) vs Fc*/?

—0mM —2mM —10 mM —100 mM

Figure 3.16. Cyclic voltammetry of 1 mM Ru(dbm-20Me)s with KOSO2(CF2)sCF3, 0.1 M
TBAPFs CH3CN, 0.1V s,

Table 3.7. Electrochemical parameters (V) of 1 mM Ru(dbm-20Me)s with KOSO2(CF2)3CFs3,
0.1 M TBAPFs CHsCN, 0.1 V s* against Fc*".

[K+] Epa Epc AEp Eip
0mM -1.111 -1.028 0.083 -1.069
2mM —0.945 -1.041 0.096 —0.993
10 mM —0.881 —0.994 0.113 —0.938

100 mM —0.802 —0.901 0.099 —0.852

Next, the number of bound K* ions were ascertained from the electrochemistry data (Tables
3.8 and 3.9) using the same method as the Na* ions. It was discovered that the [Ru(dbm-20Me)s]~
host binds to one more K* (slope =—0.06) between guest concentrations 1 —3 mM and [Ru(acac)s]
between 1 — 5 mM K* added. At high concentrations, both hosts achieve slopes of —0.08 and —0.09
for [Ru(dbm-20Me)s]~ and [Ru(acac)s], respectively. This signifies that both hosts are capable of

binding to two more K* ions, but not as facile as they can with Na*.
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Table 3.8. Electrochemistry of Ru(acac)s; in CH3CN with KO3S(CF2)3CF3 (0.1 M TBAPFg) at 0.1

Vst
[K*] —log([K*]) Eu2 (vs. Fc¥)
0 -—-- -1.176
0.001 3. -1.145
0.002 2.70 -1.134
0.003 2.52 -1.119
0.005 2.30 -1.102
0.01 2 -1.073
0.02 1.70 —-1.046
0.03 1.52 -1.020
0.05 1.30 -0.979
0.1 1 -0.974
Table 3.9. Electrochemistry of Ru(dbm-20Me); in CH3CN with KO3S(CF2)sCF3 (0.1 M TBAPFs)
at0.1Vst
[K*] —log([K*]) Eu2 (vs. Fc)
0 -1.069
0.001 3 -1.011
0.002 2.70 —0.993
0.003 2.52 -0.983
0.005 2.30 —0.965
0.01 2 -0.938
0.02 1.70 -0.915
0.03 1.52 —0.899
0.05 1.30 -0.877
0.1 1 —0.852

As studied previously in literature,3*8 the inductive effect of the diketonate ligands is an
indication of the sensitivity the host will have to the guest. The complex with the more electron-
donating substituent will have a more negative Ei.. This finding implies that Ru(acac)s has the
most negative Ei2 because it has the greatest ligand-to-metal charge-transfer due to its methyl
substituent and thus, have the most sensitivity to the cation. However, the new 2’-methoxy host

demonstrates the importance of the chelating effect in the B-diketonate host framework. Despite
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having a more positive E12 than the acac host, the methoxy O atom chelating with the diketonate
O atom enhances the binding affinity to the alkali-metal ion.
3.2.6. Evaluating Host-Guest Chemistry with *H NMR Analysis

Another technique of examining the host-guest properties of systems is by observing the
chemical shifts in NMR when the host or guest is being slowly titrated. We elected to investigate
the effects of adding Na* on the *H NMR spectra of Ru'"" (Figures B3 and B6) and Ru'' B-diketonate
complexes. In order to study the *H NMR spectrum of the [Ru'(diket)s], the Ru'"" host was reduced
using Cp2Co. This reducing agent is great for this experimentation because it has a very negative
redox potential of —1.33 V (vs. Fc%*),”® meaning that it is strong enough to reduce all the Ru B-
diketonates. Also, Cp2Co has a known *H NMR signal at ~4.8 and Cp2Co* at ~5.7 ppm.”® The
analysis of the [Ru''(diket)s] hosts were done with excess Na* added and the [Ru''(diket)s]
complexes had a 1:1 host/guest ratio.

No change was observed in the [Ru''(diket)3]-CDsCN solutions when Na* is added. After
the *H NMR spectrum of the [Ru'!(acac)s]~ solution was analyzed (Figure B4), Na* was added. A
precipitate is produced from the formation of Na[Ru'(acac)s]. This solid is only a little soluble in
CD3CN, so only a minimal amount was examined for *H NMR. However, for the Na[Ru''(acac)s]
sample, the *H NMR data (Figure B5) is not clear enough to determine what happened to the
chemical shifts when Na* is guest binding. This is likely due to the compound not being soluble
enough in CD3CN. When [Ru''(dbm-20Me)3] is reduced to Ru", the brown solution turns blue
and when Na* is added, the blue solution turns purple, with no precipitate formed.

The 'H NMR spectra for Ru'"" B-diketonates did not change when excess Na* is added. This
suggests that the association of the cationic guest is due to the host’s reduced state. This is further

demonstrated in the changes in the signals for when Na* is added to the [Ru'(dbm-20Me)s]~
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solutions (Figures B7 and B8). There is a clear change in the [Ru"(dbm-20Me)s]- spectra when
Na* is added, however, because the Ru', and Na[Ru'(dbm-20Me)s] complexes are soluble in
CDsCN, it was difficult to achieve clear data of the *H NMR signals.

3.2.7. Inquiring the Na* Interaction on Ru""" B-diketonates using UV-vis Spectroscopy

All UV-vis studies were executed in CH3CN. The Ru(acac)s, Ru(dbm)s, and Ru(dbm-
20Me)s complexes were investigated for this evaluation. The concentrations of the hosts used
were 0.1, 0.03, and 0.025 mM, respectively. The [Ru'"(diket)s] samples were measured alone and
with 20 mM NaClOa4. This was investigated to observe the interaction between the Ru'"' complex
and Na*.

Our [Ru"'(acac)s] spectrum is in agreement with what was reported in literature.®° Figure
3.17(a) displays its UV-vis in spectrum and it has a UV Amax at 347 nm and visible Amax at 504 nm,
black trace. When Na* is added to the solution (green trace) and measured, its UV-vis spectrum
does not change.

The same procedure was executed with [Ru'"'(dbm)z] and its data is consistent with what
was found in the literature’s data in DCM.8! Figure 3.17(b) shows that Ru(dbm)s has a Amax of UV
and visible absorbance at 330 and 427 nm, respectively (black trace). The [Ru"'(dbm)s] host also
has a charge transfer band ~550 nm. The addition of Na* did not affect the spectrum of the Ru'"!
host as well.

For [Ru'"'(dbm-20Me)s] (Figure 3.17(c)), the UV and visible Amax for this host is 338 and
417 nm, respectively with a charge transfer absorbance at ~550 nm. Adding the Na* ions did not
change this spectrum. This study displayed that the binding affinity between Na* and the Ru'"" -

diketonates is, at best, very weak.
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Figure 3.17. UV-vis spectra of Ru'"'(diket)s hosts without NaClO4 (black) and with 20 mM NaClO4
(green) in CHsCN with 1 cm pathlength: a) 0.1 mM Ru'"!(acac)s, b) 0.03 mM Ru'"'(dbm)s, ¢) 0.025
mM Ru(dbm-20Me)s.
3.2.8. Spectroelectrochemistry of Na* with Ru'' B-diketonates

To observe how Na* associates with the reduced host, negative potentials were applied to
the Ru(diket)s electrochemical solutions to reduce the host. Certain potentials were implemented
and after each application, the UV-vis spectrum was recorded. This procedure was done with the
Ru p-diketonates alone and with 20 mM NaClOa. The potentials were selected based on when each
host undergoes reduction so that we can inspect the changes in the spectra as [Ru''(diket)s] is
converted to [Ru''(diket)s] .

First, this analysis was performed with the Ru(acac)s host (Figure 3.18). To reduce the

host, the potentials applied decreases from —0.4 to —1.2 V. The UV-vis spectrum from

[Ru''(acac)s] to [Ru''(acac)s]~ changes as more negative potentials are applied and the UV Amax

decreases in intensity and the visible Amax increases. The [Ru''(acac)s]~ UV-vis spectrum produced
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is in agreement with literature.®9 This same behavior is noticed with the addition of Na* as well.
Nevertheless, the main difference between the [Ru''(acac)s]~ and [Ru''(acac)s]~ with 20 mM Na*
is that the visible Amax blue shifts from 505 to 484 nm due to interaction of Na* to Ru' host. It is
also discerned that the transition of the Ru'"" to the Ru' host occurs at —1.0 V, which is where the
Epc of the acac host occurs. The change in the Ru'! spectrum with Na* happens at a more positive
potential (—0.8 V). This indicates that the UV-vis and electrochemistry data are congruent with

each other.
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Figure 3.18. UV-vis spectra of 0.1 mM Ru''(acac)s host a) without NaClO4, b) with NaClOa4.

For the Ru(dbm)s host, the potentials used to reduce the complex was from —0.1 to —0.9 V
(Figure 3.19). As the cathodic potentials are applied, the UV Amax intensity increases and the visible
Amax decreases. The charge transfer absorbance increases and develops a Amax at 658 nm. In the
presence of Na*, the Ru' host’s charge transfer Amax shifts from 658 to 622 nm. This large change

indicates guest binding to the reduced host that is not found in the Ru'" host.
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Figure 3.19. UV-vis spectra of 0.03 mM Ru''(dbm)z host a) without NaClO4, b) with NaClOa4.
Exceptionally, the [Ru''(dbm-20Me)s]- spectrum displayed the most change with the
addition of Na* (Figure 3.20). Applying potentials —0.3 to —0.9 V, the Ru'" was reduced to Ru'’.
When the —0.7 V potential is applied, the visible Amax absorbance decreases and the charge transfer
band increases at a Amax of 615 nm. There is also a blue shift in the UV Amax from 338 to 329 nm
and it also intensifies in absorbance. This large change in the spectrum is testified by the great
color change from brown to blue. When the Na* guest is added, the UV Amax shifts to 324 nm and
the charge transfer Amax shifts to 548 nm. That large change in the spectrum is evidence by the

color change from blue to purple.
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Figure 3.20. UV-vis spectra of 0.025 mM Ru''(dbm-20Me)s host a) without NaClOa, b) with
NaClOa.

Accomplishing spectroelectrochemistry with the Ru"' B-diketonates has permitted us to
analyze the air-sensitive Ru'' compounds and its interaction with Na* guests. The difference in the
spectra of the Ru'' complexes when Na* is added that is not seen in the Ru'"' spectra signifies that
the AE12 is due to the Na* association with the Ru'' host. The [Ru'/(dbom-20Me)s]~ spectrum had

the most significant change when Na* is added. This is evidence that this new Ru p-diketonate has

the most sensitivity to the Na*.
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3.2.9. Crystal Analysis of the Naz[Ru''(dbm-20Me)s] Host-Guest System

After achieving quantitative data of host-guest binding of [Ru"'(dbm-20Me)s] -, we decided
to attain a depiction of the host-guest system using crystallography. Due to the [Ru''(dbm-
20Me)s]™ host being air-sensitive, the sample must be prepped inside a glovebox. The Ru(dbm-
20Me)s was dissolved in degassed CH3sCN and then reduced using excess Cp2Co, producing a
dark blue solution. Afterwards, NaClO4 is added (1:5 host/guest ratio) and the blue solution turns
dark purple. The sample was sealed and placed under a very low flow of nitrogen gas to execute
slow evaporation. After 4 days, dark purple crystals were developed.

Figure 3.21 demonstrates the Naz[Ru''(dbm-20Me)s] host-guest system. This crystal
structure shows that this host is able to bind to two Na* ions, which was indicated by the large
positive shift in the redox potential and from the Nernstian calculations. The host being able to
bind to two Na* ions is also a testament of how important the size of the host is. The [Ru''(dbm-
20Me)s]  is large enough to be able to bind to two Na* ions. The methoxy groups in the 2’-position
aided in greater Na* interaction as well. The crystal structure displays the importance of the

chelating and inductive effects in improving the binding affinity of the reduced host and Na™.

61



Figure 3.21. Crystal structure of the new Naz[Ru''(dbm-20Me)3]ClO4 host-guest system.
3.2.10. Calculation of the Binding Constant of Ru'' B-diketonates

Nernstian calculations were accomplished to obtain the binding constant of the Ru'' B-
diketonates to Na*. This is measured by utilizing the AEi2 from the electrochemical studies.
Equation 3 has been used previously in literature®? to determine binding constants of host-guest

systems using the change in redox potentials:

AE;;, =0.0592 log(K;y,) + 9 0.0592 log([Na*]), q is the number of Na* binding (Equation 3)
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With Kina being the binding constant of Na* to [Ru(diket)s]", the log(Kina) for the
[Ru''(d1nm)3]~ host was calculated to be ca. 2.0. The Kina of [Ru''(dbm-20Me)s]~ host was
determined to be ca. 4.5. For [Ru''(dbm-20Me)z], this yields an approximate value of Kina of
~30000. This value is approximately five times as high as the K1 for [Ru(acac)s] -, and nearly two
orders of magnitude higher than that of [Ru(dbm)s]~. This discovery is reflected in the AE1., the
changes in the chemical shifts in the "H NMR spectrum, and the change in the UV-vis spectrum
when Na* is added. Table 3.10 presents the log(Kina), of each [Ru(diket)s]” to Na* in CH3CN. The
log(Kina) Of the [Ru(dbm)s]- and [Ru(acac)s]™ hosts we measured are in agreement with the

measurements found in Endo’s work.3*

Table 3.10. Measurements of log(K1) of each host to Na* in CH3CN.

Reduced Host log(Kina)
[Ru(acac)s] 3.8
[Ru(dbm)s] 2.6
[Ru(d1nm)s]- ca. 2.0

[Ru(dbm-20Me)s]- ca. 4.5

Through this research, we have discovered that the Ru(dbm-20Me)s host has stronger
interaction with the Na* guest because of the inductive and chelating effects from the methoxy
groups. Nevertheless, we aimed to synthesize the Ru(dbm-40Me)s complex (Figure 3.22) to
determine the importance of the inductive effect in cation binding. In the Ru(dbm-40Me)s host,
the methoxy groups are far from the O diketonate atoms, eliminating the chelating effect. However,
we had difficulty in synthesizing this complex and we were not able study how the methoxyphenyl

substituent can inductively increase guest binding.
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Figure 3.22. Chemical diagram of Ru(dbm-40OMe)s.

The application of controlling host-guest interactions has tremendous potential in
providing advances in fields such as medicinal chemistry and water purification. Studying this
technique using a simpler system is essential for learning about how one can tune the binding
constant of host-guest systems. This research demonstrates that a simple host-guest system can
easily be manipulated using redox control. The large AE1. that is observed with the addition of
Na" ions is due to the reduced host’s sensitivity to the cation and the Na* ion(s) is facilely released
upon oxidation. This is shown in the changes seen in the Ru'! host’s spectra when Na* is added and
not observed when added to the Ru' host. This is further proven in the crystallography data of the
Naz[Ru(dbm-20Me)3] host-guest system. Our work has also resolved that exploiting the
substituents of the diketonate ligand can improve the binding affinity of the host to the alkali ion
guests. We also confirmed that chelating effects of the O atoms in the structure can greatly enhance
the sensitivity of the host to the guests. These techniques are vital in being utilized in constructing

exceptional hosts that have good affinity for the desired guest.
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3.3. Experimental
3.3.1. General

All solvents and reagents were procured from Pressure Chemicals, Aldrich, Strem
Chemicals, Alfa Aesar, TCI, Eastman Organic Chemicals, and BDH Chemicals without further
purification. All Electrospray mass spectrometry (ESI-MS) data were done using an Agilent 6230
instrument. All *H NMR data were executed with Bruker AV1I1 400 MHz spectrometer in CDCl3
or CD3CN. The assignment of the signals was based on the data of Ru(dbm)s.8*

CV  experiments were accomplished using an EC Epsilon EClipseTM
potentiostat/galvanostat with Ag/AgCl reference electrode, glassy carbon working electrode, and
Pt wire counter electrode. These electrochemical data was achieved by using 1 mM Ru(III) B-
diketonate host in a 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFs) CH3CN solutions.
The scan rate for all experiments is 0.1 Vs1. Na* and K* sources are from NaClOs and
KOS2(CF2)3CFs, respectively.

Crystallography data was attained using a Bruker Kappa Apex-11 DUO diffractometer, with
MoKuoa radiation. Spectroelectrochemistry of the Ru hosts were carried out on an Avantes
spectrometer with an Ag/Ag* reference electrode and a Pt honeycomb working electrode from
Pine Research Instrumentation under nitrogen gas. Ru(acac)s was obtained from STREM
Chemicals, Inc. without further purification. The other Ru complexes were composed using
techniques from Munery et al.2*and Endo et al.®
3.3.2. Synthesis of Ru(dbm)s

A 125 mL mixture of ethanol and water (4:1) was purged with N2. Afterwards, RuCl;-xH20
(1.0 g, 4.1 mmol as Ru) was added and refluxed for 4 - 5 hr until the solution turns blue.

Dibenzoylmethane (dbm) (3.3 g, 14.7 mmol) was added in excess and the reaction was refluxed
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for 1.5 hr until the mixture turned green. Then, the solution was cooled and the first portion of
KHCO3(0.78 g, 7.8 mmol) was introduced to the solution and refluxed for 1 hr. The second portion
of KHCO3 (0.75 g, 7.5 mmol) was added and refluxed for 2 hr. Then the solution turned orange.
Black precipitate was filtered and washed with cold ethanol and pentane to remove excess ligand.
Silica column chromatography was executed using toluene as the eluent. The resulting black solid
was collected through evaporation with a yield of 30 - 40%. Crystals were obtained through slow
evaporation of DMF. ESI-MS (Figure 3.23): m/z = 772.1394 (calcd: 772.1406). The 'H NMR data

was in agreement with what was found in literature.®!
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Figure 3.23. ESI mass spectra of [Ru(dbm)s] + H]*, m/z 772.1394 (calcd: 772.1406). Inset display
calculated relative intensities.
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3.3.3. Synthesis of Ru(d2nm)s

This complex was composed by dissolving RuCl;-xH20 (0.25 g, 1.2 mmol as Ru) in a
degassed 55 mL 1-propanol/water (4:1) solution and refluxed for 4 — 5 hr until the color turned
blue-green. Excess 1,3-di(2-napthyl)propane-1,3-dione (d2nm) (1.4 g, 4.3 mmol) was introduced
quickly and the reaction was refluxed for 2 hr. KHCO3 (0.23 g, 2.3 mmol) was added and refluxed
for another hour and the solution turned light green. The mixture was then cooled to room
temperature. Another portion of KHCOs (0.22 g, 2.2 mmol) was added and the mixture was
refluxed for 2 hr and the solution turned light brown. The black precipitate was filtered and in a
separate flask, the solid was washed with DMF to collect the crude product. Silica column
chromatography with benzene was performed to separate the dark brown complex from the excess
yellow d2nm ligand. The complex was collected and dried using evaporation (yield: < 1%). ESI-

MS (Figure 3.24): m/z = 1072.2345 (calcd: 1072.2307).
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Figure 3.24. ESI mass spectra of [Ru(d2nm)s] + H]*, m/z 1072.2345 (calcd: 1072.2307). Inset
display calculated relative intensities.

3.3.4. Synthesis of Ru(d1nm)s

The 1,3-di(1-naphthyl)propane-1,3-dione (d1nm) ligand was synthesized according to
literature.* The Ru(dlnm)s was prepared using the ruthenium blue method with a slight
variation.828 A 4:1 mixture of ethanol and water was degassed with N2. Then RuClz-xH20 (0.25
g, 1.2 mmol) was introduced to the solution and refluxed for 4 — 5 hr until the color turned deep
blue. A little amount of black precipitate was observed on the flask, which is likely ruthenium
metal or oxides. An excess amount of the ligand (1.4 g, 4.3 mmol) was added and refluxed for 2
hr and cooled to room temperature. The first portion of KHCOs3 (0.23 g, 2.3 mmol) was added and
refluxed for an hour. The rest of the KHCOs3 (0.22 g, 2.2 mmol) was added and the reaction mixture

turned orange. Gas was seen after each addition of KHCOs. Then solution was cooled, filtered,
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and washed with ethanol. In a separate flask, the collected solid was washed with DMF and the
product was obtained in the filtrate. Column chromatography with silica was executed with DCM
to collected the complex. Dark brown solid was received through evaporation (yield 4 — 5%). ESI-
MS (Figure 3.25): m/z = 1072.2364 (calcd: 1072.2307), *H NMR (CDCls): 7.53 — 7.69 (m, 6H),

6.51 (d, 2H), 8.41 (d, 2H), 8.63 (d, 2H), 9.07 (d, 2H), —31.01 (s, 1H) ppm.
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Figure 3.25. ESI mass spectra of [Ru(d1lnm)s] + H]*, m/z 1072.2364 (calcd: 1072.2307). Inset
display calculated relative intensities.
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3.3.5. Synthesis of Ru(dbm-20Me)s

The 1,3-bis(c-methoxyphenyl)propane-1,3-dione  (dbm-20Me) compound  was
synthesized using the procedure form Dubrovina and co-workers.2* The Ru(dbm-20Me)3 was
composed following the ruthenium blue synthesis with a slight modification.8%8 The
ethanol/water mixture (4:1) was purged with nitrogen and RuClsz-xH20 (0.65 g, 3.1 mmol) was

quickly added and refluxed for 4 — 5 hr until the color turned blue. Black solid formed on the side
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of the flask. After, the ligand was added and the solution was refluxed for 1.5 hr, then the now
green mixture was cooled. KHCO3 (0.59 g, 5.9 mmol) was added and refluxed for one hour and
the solution turned orange. A second portion of KHCOs (0.57 g, 5.7 mmol) was introduced to the
mixture and the reaction was refluxed for another 2 hr. The solution was cooled to room
temperature and filtered. To separate the product from black ruthenium oxide, the solid was filtered
with DMF into a new flask and the product was collected in the filtrate. The complex was purified
using silica column chromatography with DCM/methanol (7:3). Dark red-brown precipitate was
obtained from evaporation (yield 28 — 43%). Crystals were grown using air evaporation in CH3zCN.
ESI-MS (Figure 3.26): m/z = 952.2057 [M+H]* (calcd 952.2042), 974.1878 [M+Na]* (calcd
974.1852), 'H NMR (CDCls): 3.53 (s, 3H), 8.86 (s, 6H), 12.35 (s, 6H), 4.20 — 4.29 (m, 6H), 7.53

—7.74 (dd, 6H), ~36.85 (s, 3H) ppm.
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Figure 3.26. ESI mass spectra of [Ru(dbm-20Me)s] + H]*, m/z 952.2057 (calcd: 952.2042). Inset
display calculated relative intensities.
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Chapter 4. Inducing Guest Binding with Cationic Ruthenium Hosts

4.1. Introduction

As mentioned in Chapter 3, redox chemistry has been used to increase the affinity of hosts
to guests. This technique allows for the opportunity to produce inexpensive and quantitative
evaluation of molecular recognition in real-life applications.®® Like what was performed with the
cationic guests, cyclic voltammetry (CV) can be executed to promote anionic binding. With this
technique, the anions are able to bind and release from the hosts at the interface of the electrodes.
A negative shift in the host’s redox potential, E1/, is observed due to the higher oxidation state of
the host being stabilized by the guest anion.8

Complementary to the cationic guest binding in Chapter 3, the behavior anion interaction
can be compared to the pairing of proton and electron transfers and redox reactions. We decided
to replace the proton transfer with anion guest binding as well. Our aim is to use oxidation to
increase the binding affinity of the host complex with a guest ion or molecule using a redox

stimulus. Figure 4.1 expresses this coupling reaction as a square scheme.

EO
[ML;]" — [ML3]"*1 + e~

Kred KOX
A" | [ A -A" | |A”

=
AMLs™  «——  A[MLs]" + e

Figure 4.1. Square scheme of a cationic host’s bind/release process with an monoanionic guest
being manipulated by the host’s redox properties.
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The interaction of an anionic guest with the cationic host, [ML3]", where n is the oxidation
state of the host, is controlled by utilizing the electrodes to oxidize or reduce the host complex.
This is executed to allow for the oxidized host, [ML3]"*, to have greater sensitivity to the guest,
A, than [MLs]". The anion would associate much easier to the oxidized host than that of the
starting host. This means that the binding constant, Kox, of [ML3]"*! to A~ is greater than that of
[ML3]" to A, Kred. Complementary to the behavior of cations to a reduced host, the M'"'"" redox
potential of the host shifts due to stabilization of the oxidized host that has more affinity for the
guest. This causes the removal of electrons to become easier to accomplish. In turn, this provokes
the redox potential to shift in the negative direction. This suggests that the standard potential of
[MLs]", EY, is greater than the redox potential of A[MLs]", E°A~. Afterwards, the A[MLs]" host-
guest system is reduced to a less positive oxidation state and A~ is released.

Because anion guests are known to associate with hosts through hydrogen binding and
electrostatic interactions,® we elected to explore hosts that are redox-active and can hydrogen
bond with anion guests. For example, the Yamatera Group developed a crystal structure where
they discovered that chloride ions are interacting with a [Co(hexaen)]®* host through a second
coordination sphere.®® The host has ethylenediamine (en) ligands that are able to interact with CI-
through its NH2 hydrogen bond donors. The en ligand’s acidity permits the NH2 groups to achieve

NH---A- binding (Figure 4.2).

HoN NHg,,

Co A~

Figure 4.2. Second sphere interaction of ethylenediamine ligand of Co(en)s complex with an
anion, A,
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This system can also enhance anion binding using electrostatic affects. Our group decided
to look into the [Co(en)s]>*3* system. The cobalt host has the capacity to be in the 2+ and 3+ state,
which means that the host-guest association can be controlled by changing the oxidation state.
Even though the [Co(en)s]?*3* hosts are both cationic, the chloride ion would have greater
sensitivity for the 3+ state than the 2+. Previously, our group has studied the redox properties of
[Co(en)s]**"3* to indicate if it can undergo redox-control. Unfortunately, the voltammogram of
[Co(en)s]?*3* was found to be irreversible due to ligand dissociation.*°

Instead, we decided to study this host system using a metal center that is more reliable in
redox chemistry. We elected to study the Ru(en)s framework because of ruthenium’s known
stability in redox chemistry. Another facet that is promising about the Ru(en)s host is that it can
be synthesized in the 2+ and 3+ form. The [Ru(en)s]**?* redox potential is also known to be
approximately —0.4 vs. Fc*/0.43.87 This makes the host attractive for chloride guest binding. If E12
for a host is too positive, then oxidation of the host might also promote oxidation of Cl~ guest to
Cl2 gas.** However, [Ru(en)s]?* is subject to oxidation in air much more than the 3+ framework.
Air can oxidize the ethylenediamine ligand into an imine as shown in Figure 4.3. Oxidation of en

into imine can decrease the affinity of the anion guest due to a loss of hydrogen.

H 1+ B ot
B 12+ \ H H
/ \ —H* —2€ / \:
HoN \ NH - HoN \ .‘\\NH ——H+> HzN\ NH
Ru' Ru' Ru"

Figure 4.3. Oxidation reaction of ethylenediamine ligand of Ru-en framework to imine.
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Even though the imine ligand might still bind to anions with its remaining hydrogens, these
reactions would complicate studying the [Ru(en)s]**/?* system. Thus, we looked for host systems
that can incorporate ethylenediamine, maintain air stability, and has practical synthesis.

In Chapter 2, we briefly discussed how bpy is popularly used as an N-donor ligand. For
example, one stable octahedral ruthenium framework is the [Ru(bpy)s]?* complex,® but its H
atoms are unlikely to bind strongly to anions. Instead, a mixture of bpy and en ligands provides a
good redox potential and the capability of anion binding to NH groups. Curtis et al. demonstrated
the redox behaviors of ruthenium(Ill) ethylenediamine structures.** We focused on
[Ru(bpy)(en)2](PFs)2 (Figure 4.4).

(PFeg)2

Figure 4.4. Chemical diagram of [Ru(bpy)(en)z](PFe)a.

This en-bpy structure has two ethylenediamine ligands that can induce hydrogen bonding
with anions, but instead of a third en ligand, this host has a bpy ligand in its place. The bpy ligand
aids in enhancing the host’s stability by preventing it from being oxidized by air. This host also
has a much more feasible synthesis to execute than Ru(en)s. Although this host has one less en
ligand, it still has a promising aspect of binding to two chloride ions with its two en ligands,

particularly where the two en NH2 groups come together. Another encouraging facet of this
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complex is that its redox properties have been studied. The Eu2 of en-bpy complex was discovered
to be 0.226 V (vs Fc%*) in CHsCN, according to the Curtis Group.*®

More complicated techniques were developed to attract anions, such as assembling hosts
that have binding sites.*® Previously, the Crabtree Group showed that diamides bind greatly to
acetates and halides through NH--- A~ interactions.*”*8 To associate with the anion, the diamide
distorts into an abnormal syn-syn conformation, which forms a binding pocket out of the two
hydrogen bonding NH substituents. This study emphasizes how the arrangement of the ligand is
important for binding guests.*” 8 If the architecture of the ligand does not form a good binding
site, the guest will have difficulty binding to the host.*°

The synthesis of octahedral complexes may produce two types of isomers: facial (fac, Cs
symmetry) and meridional (mer, C2v symmetry). Asymmetric chelating tris metal frameworks can

have these fac and mer conformations (Figure 4.5).

a) b)

-lll|||><

XI“'I.. ‘\\\X

<

Figure 4.5. Illustration of a) mer and b) fac isomers of octahedral metal complex. Red marking
displays how the fac isomer brings all three L groups together, which could allow them to interact
more strongly to the guest than the mer isomer.

The fac isomer is able to bind much better to guests than the mer cage due to its lack of
steric hindrance. What also makes the fac isomer the better host is that this configuration creates a

binding pocket on one face of the structure.® For anionic binding, the hydrogen donor site is

75



induced on one face of the structure. The mer isomer, however, does not have the binding pocket
formed due to the ligands being on the same plane. This displays the importance of separating the
mer and fac isomers.

Ward et al. have prepared a series of mononuclear ruthenium(ll) tris(pyrazoyl-pyridine)
complexes.®* They discovered that the fac isomers of these structures have a hydrogen donor
pocket. This recognition site interacts with the guest, leading to changes in the protons” NMR
signals. Host-guest interaction can be examined using NMR and the change in chemical shifts
signifies guest binding.®® °* This occurrence does not happen with the mer isomers due to it not

having the hydrogen recognition site (Figure 4.6).

(PFe)2

Fig_ure 4.6. Chemical diagram of fac-[R?(pypz)s](P_Fe)z (left) and mer-[Ru(pypz)s](PFe)j(right).

One of the pyrazolyl-pyridine hosts they synthesized is fac-[Ru(pypz)s](PFs)2. This host
has NH groups that makes a hydrogen bond donor site that can be using for guest binding. The fac
configuration creates the donor site by have the NH groups point in the same direction, which
induces guest binding. In the literature, they measured the host-guest interaction between the fac-

[Ru(pypz)3](PFs)2 host and isoquinoline-N-oxide guest. They observed that the guest association
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is between the electron-rich O atom of the guest and the hydrogen bonding in the recognition site.5!
We aim to use oxidation of the 2+ metal center to 3+ to increase guest binding. We have selected
~SO3(CF2)3CFs, TPPO, and HF2~ as guests, which have potential in displaying good guest
association with this host through ionic or hydrogen bonding.
4.2. Results and Discussion
4.2.1. [Ru(bpy)(en)2](PFs)2 Host with CI- ion Guest

We looked into performing redox-controlled host-guest interaction with the
[Ru(bpy)(en)2](PFs)2 host due to its good redox properties and the potential for hydrogen bonding
with anionic guests. We also wanted to see if oxidizing the complex to Ru"! leads to an increase
in the number of anions bound. Using cyclic voltammetry, we determined the redox properties of
[Ru(bpy)(en)2](PFs)2 with and without added chloride ions. First, we studied the electrochemistry
of the host in CH3CN to compare the Ei2 with the literature value. Then, we added CI- using
benzyltriethylammonium chloride (BTAC). Figure 4.7 shows the voltammograms of this analysis.

The electrochemical parameters are quantitatively shown in Table 4.1.
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Figure 4.7. CV of [Ru(bpy)(en)z](PFs)2 with the addition of BTAC (CH3sCN, 0.1 M TBAPF, 0.1
Vs1). The data were measured using an Ag/AgCl reference electrode, glassy carbon working

electrode, but plotted vs. Fc*/ reference redox couple, which has Ey, = 0.445V vs. Ag/AgCl under
these conditions.

Table 4.1. Electrochemical parameters in volts (V vs. Fc*) of [Ru(bpy)(en)2](PFs), with added
BTAC.

[BTAC] Epa Epc AEp | AT
0 mM 0.253 0.177 0.076 0.215
2mM —-0.010 -0.192 0.182 —0.101
10 mM -0.079 —0.175 0.096 —0.127

The black voltammogram of the host, without any BTAC added, displays the redox
potential of the complex. The Ei2 of this framework is at 0.215 V, which is near the recorded
potential from the Curtis Group.*® Then 2 mM of CI- guest was added (1:2 host/guest ratio) and
immediately, distortion in the voltammogram of the host was observed. The green trace represents

10 mM BTAC added and the voltammogram remains altered. We believe that the cause of the
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obscure voltammogram is due to deprotonation of the en ligands. This could likely be from the
large amount of chloride increasing the pH.
To inhibit H* loss from the Ru complex, in subsequent CV experiments, the electrolyte

solution had 5% of 0.1 M HNOs added (Figure 4.8).

20

10

Current, | (pA)

-0.2 —(;.1 0 Otl Oj2 Oj3
Potential, E (V) vs. Fc*/0

_0mM —1mMM —2mM —10mM —100 mM

Figure 4.8. CV of [Ru(bpy)(en)2](PFs)2 with the addition of BTAC (CH3CN with 5% 0.1 M HNOs,
0.1 M TBAPFs, 0.1 Vs™?). The data were measured using an Ag/AgCl reference electrode, glassy

carbon working electrode, but plotted vs. Fc*© reference redox couple, which has E12 = 0.388 V
vs. Ag/AgCl under these conditions.

Table 4.2. Electrochemical parameters in volts (V vs. Fc*?) of [Ru(bpy)(en)2](PFs). with added
BTAC in acidic solution.

[BTAC] Epa Epc AEp Ei2
0mM 0.198 0.118 0.080 0.158
1mM 0.177 0.101 0.076 0.139
2mM 0.161 0.084 0.077 0.123
10 mM 0.104 0.028 0.076 0.066

100 mM 0.063 -0.014 0.077 0.025

The voltammogram for the complex (black trace) retains its reversibility in the solution
with HNOs(aq) added. After the 1 and 2 mM BTAC concentrations were added, small negative
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shifts in the voltammogram could only be observed. This indicates some anion guest binding.
However, when more chloride ions are added, the voltammogram is distorted. This signals that
studying the host-guest interaction using redox for this system may not be suitable with a higher
concentration of guest. Nernstian calculations were performed to determine how many more

cations bind to the 3+ state than the 2+ using the Eu2 for the 1 mM and 2 mM traces (Figure 4.9).
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Figure 4.9. E12 (vs. Fc*0) vs. —log([CI-]) of 1 mM [Ru(bpy)(en)2](PFe)s.

Likewise in Chapter 3, the number of more bound CI~ ions to the oxidized state were
ascertained between the 1 mM and 2 mM redox potentials. In this one-electron transfer reaction,
Eu2 should shift by —0.0592 V for each factor of 10 increase in [CI] if there is one more chloride
ion binding to the oxidized host. This should appear as a slope of 0.0592 V in Figure 4.8, because
its x axis is —log([CI]).

Between the first two concentrations of added guest, the slope was found to be —0.0532 V.
This finding shows that the oxidized host can bind to one more CI- than the starting 2+ host. It is
reasonable that the 2+ complex can bind to CI~ as well. We decided to perform crystallography on

the 2+ state to see if it can interact with CI~ ions. Thus, we make a solution of 1:100 host/guest
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ratio of [Ru(bpy)(en)2](PFs)2 and BTAC in CH3CN in 5% 0.1 M HNOs. The crystal was grown in

a closed vial in the solution (Figure 4.10).

Figure 4.10. Chemical diagram and X-ray crystal structure of [Ru(bpy)(en)2](PFs)2. CI- guest ions
(lime green) associate with the N—-H groups in the en ligands.

The crystal structure shows that the NH groups in [Ru(bpy)(en)2]>* can associate with
chloride ions. This interaction is in the solid state, and may not be very strong in solution. However,
it is likely that association with Cl- would be stronger if the complex is oxidized. This is consistent
with the decrease in E12 for [Ru(bpy)(en)2]**/?* that we observe when CI- is added. The Ru—Nbpy
bond distances were 2.0337(9) and 2.0210(9) and the Ru—Nen has 2.1385(9), 2.1296(9), 2.145(1),
and 2.1204(9). This is comparable to measurements found in the literature of Ru(en)s and Ru(bpy)s
structures.%2-94
4.2.2. fac-[Ru(pypz)s](PFs)2 Host with Guest lons and Molecules

As with the previous host in this chapter, we aim to achieve better guest binding with fac-
[Ru(pypz)s3](PFs)2 by oxidizing the host. In order to execute controlled host-guest chemistry using
redox, we had to investigate whether this complex has good redox properties. We first scanned the
complex alone and discovered that it has a reversible voltammogram with a AEp of 0.072 V and a

E12 of 0.788 V. Although this framework has good redox behavior, its E12 is too positive for
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studying CI~ binding (because oxidation of CI~- would probably compete with oxidation of Ru(ll)).
Instead, we decided to use other guests to analyze its capabilities in controlled guest association.
First, we chose to utilize "SO3(CF2)3CF3 as a guest (Figure 4.11). It is a weak base, but its three O

atoms may be well matched for the fac-NH groups in [Ru(pypz)s]?*.
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Figure 4.11. CV of fac-[Ru(pypz)3](PFs)2 with KOSO2(CF2)3CFs added (CH3CN, 0.1 M TBAPFs,
0.1Vs?).
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Table 4.3. Electrochemical parameters in volts (V vs. Fc*%) of 1 mM fac-[Ru(pypz)s](PFe)2 in
CHsCN with added KOSO2(CF2)3CFs, 0.1 V s,

[[SO3(CF2)3CF;] Epa Epe AEp | WY)
0 mM 0.788 0.716 0.072 0.752
1 mM 0.782 0.708 0.074 0.745
2 mM 0.779 0.706 0.073 0.743
3mM 0.776 0.705 0.071 0.741
5mM 0.775 0.699 0.076 0.737
10 mM 0.763 0.690 0.073 0.727

20 mM 0.749 0.674 0.075 0.712
30 mM 0.738 0.664 0.074 0.701
50 mM 0.723 0.652 0.071 0.688
100 mM 0.705 0.633 0.072 0.669

A gradual negative change in the redox potential is discerned as more guest is added, as
expected if the guest binds preferentially to Ru'"'. Throughout the experiment, the Ru''/Ru"! redox
process remains reversible, with AE, < 0.080 V. A plot of E12 vs. —log([ OsS(CF2)sCFs) (Figure
4.12) is clearly curved at low concentrations, where there is a limited supply of guest and the
fraction of guest bound is probably small. At high concentrations (10 - 100 mM), the plot is nearly

linear, with a slope as expected for one more guest bound in Ru'"" than in Ru'’.
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Figure 4.12. Ei2 (vs. Fc*0) vs. —log([SO3(CF2)3CF37]) of 1 mM fac-[Ru(pypz)s](PFe)2. All
concentrations (black). Slope for 10 — 100 mM concentrations (green).

The Ward Group succeeded in binding isoquinoline-N-oxide to the fac-[Ru(pypz)s](PFs)2
host.>! They showed that this neutral guest can bind weakly to the Ru'" host. To follow up on this
result, we were interested in whether a neutral guest would exhibit enhanced binding to the Ru'"!
complex. We first attempted to do this by studying the electrochemistry of the host with added
pyridine-N-oxide (Appendix B9). However, the electrochemistry with this guest was poor. We
next tested triphenylphosphine oxide (TPPO). We expected that its electron-rich O atom would
bind to the hydrogen donor site. In this, the guest acts as a hydrogen bond acceptor.>* The results

are shown in Figure 4.13 and Table 4.4.
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Figure 4.13. CV of fac-[Ru(pypz)s](PFs)2 with TPPO added (CHsCN, 0.1 M TBAPFs, 0.1 V s71).

Table 4.4. Electrochemical parameters in volts (V vs. Fc*0) of 1 mM fac-[Ru(pypz)3](PFs)2 in
CH3CN with added TPPO, 0.1V s

[TPPO] Epa Epc AEp =17
0mM 0.794 0.716 0.078 0.755
1mM 0.789 0.713 0.076 0.751
2 mM 0.784 0.709 0.075 0.747
3 mM 0.781 0.701 0.080 0.741
5 mM 0.779 0.698 0.081 0.739
10 mM 0.772 0.686 0.086 0.729
20 mM 0.763 0.667 0.096 0.715
30 mM 0.755 0.655 0.100 0.705
50 mM 0.739 0.626 0.113 0.683

The host-guest interaction of this system is reminiscent of what was discovered with the
KOSO2(CF2)3CFs guest. In this study, there is a steady negative shift in the redox potential as more
TPPO is added. When higher concentrations of guest than 50 mM are added, the solubility of the
TPPO becomes difficult. At 50 mM, the AE12 is—72 mV. This overall change can be compared to

the “O3S(CF2)sCFs guest at 50 mM (—64 mV). This host-guest system also displays an obvious
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better TPPO guest affinity for the oxidized state than the starting 2+ host. The Nernstian

measurements that were performed likewise for the ~O3S(CF2)3sCFs guest (Figure 4.14).
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Figure 4.14. E12 (vs. Fc*) vs. —log([TPPO]) of 1 mM fac-[Ru(pypz)z](PFs)2. All concentrations
(black). Slope for 5 — 50 mM concentrations (green).

Lastly, we utilized another guest for controlled binding with the fac-[Ru(pypz)s](PFs)2. We
decided to look into other anions. We first looked into fluoride guests through
tetrabutylammonium fluoride (TBAF), however, TBAF is very hygroscopic. The other option is
utilizing NBusHF2. This is a more promising guest due to it not being as hygroscopic as TBAF.

We studied the electrochemistry of fac-[Ru(pypz)s](PFs)2 with NBusHF2 (Figure 4.15).
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Figure 4.15. CV of fac-[Ru(pypz)s](PFs)2 with the addition of NBusHF2 (CHsCN, 0.1 M TBAPFs,
0.1V s,

Table 4.5. Electrochemical parameters in volts (V vs. Fc*?) of 1 mM fac-[Ru(pypz)3](PFs)2 in
CH3CN with added NBusHF2, 0.1 V s2.

[NBusHF,] Epai Epet Epas Epe AEp3 E’1n
0 mM 0.791 0.714 - - -—-- -
1 mM -—— ---- —0.118 —0.192 0.074 —0.155
2 mM ———- ———- —0.122 -0.209 0.087 —0.166
3 mM -—-- -——- -0.125 —0.231 0.106 —0.178

The voltammogram of the complex is identical to what is shown in the other experiments
and is labeled as 1 in the figure. The yellow trace represents the electrochemistry of 5 mM of
NBusHF2 guest alone. The activity symbolized by 2 on the voltammograms is from the
electrochemical properties of NBusHF2 and not related to the host-guest interaction. Starting with
1 mM (1:1 host/guest ratio), there was an immediate color change from the yellow host solution
to bright orange. When scanning the analyte for this concentration, there is a large negative shift
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in the redox potential of the host. The negative AE12 is over 0.9 V and this new voltammogram is
represented by 3. This voltammogram produced is from a possible host-guest system where the
NBusHF2 remains attached to the host. This is further evidenced by the lack of change in the Epa2
and the broadening of Epc2 as more guest is added. The instant color change that is observed when
NBusHF: is first added also shows this as well. This indicates that the same number of guest is
binding to Ru" and Ru"". To analyze the sensitivity this guest has with the 2+ complex, UV-vis

studies were accomplished (Figure 4.16). The quantitative results of this experimentation are listed

in Table 4.6.
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Figure 4.16. UV-Vis spectra of 0.125 mM of fac-[Ru(pypz)z](PFs)2 in CH3CN and additions of
small 1 mM solutions of NBusHF2.
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Table 4.6. UV-vis data of the Amax (nm) for each addition of guest solution (uL).

Guest added Host : Guest Amax
0 402

15 33:1 407

30 17:1 425

45 11:1 430

60 8:1 431

90 6:1 432

120 4:1 432

180 3:1 433

360 1.5:1 434

The Amax of yellow host appears at 402 nm. This is in agreement with similar hosts that
were studied by the Ward Group.>! To slowly introduce the guest to the host, small microliter 1
mM NBusHF2 solutions were added to the analyte. The UV-vis spectrum was recorded after each
addition of guest solution. Small solutions were added so that the host-guest behavior can be
slowly examined since a host/guest ratio higher than 1:1 displays no change in the E12. A gradual
decrease in absorbance of the host’s 402 nm Amax IS observed and a new Amax appears at 407 nm.
Between the 15 and 30 pL guest concentrations, an obvious color change occurs from yellow to
gold. After more additions of NBusHF2 solution, the Amax Stops at 434 nm, even when excess guest
is added, a difference of the 32 nm. However, another possibility is that HF2~ is only deprotonating
the complex, creating a Ru'-HF2 adduct, likely fac,fac-[Ru(pypz)sRu(pypz-)s](HF>).

Overall, this host is promising for analyzing host-guest chemistry. Its binding pocket is
strong enough to even attract bigger anions such as “O3S(CF2)sCFs. However, as seen by the
bifluoride guest, the recognition site can be capable of being too sensitive for controlled host-guest
interaction. Nevertheless, this structure has potential to be further studied in this application
because of its exceptional reversibility. One method can be to modify a pyrazole ligand with an

amide group to promote greater anion binding. Work from Liu et al. has shown that having too
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many hydrogen donors in the recognition site can cause guest binding to be so strong that the anion

cannot be released.!! To prevent the guest binding from being too strong, only one of the pyrazole

ligands can be modified with the amide group (Figure 4.17).

3+/2+

— N/NH\\
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Ru o0
——N N\NH,

\ /' \F

Figure 4.17. Chemical diagram of the fac-[Ru(pypz)s]®*/?* structure associating with A-, where
one of the pyrazole ligands are modified with an amide group.

4.3. Experimental

4.3.1. General

Commercially available reagents were purchased from Pressure Chemicals, Alfa Aesar,
BeanTown Chemicals, Sigma-Aldrich, and J.T. Baker and were used without further purification.
Trifluoroacetic acid and ethylenediamine were purified by distillation before use. Electrospray
ionization mass spectra (ESI-MS) were measured by using an Agilent 6230 instrument. UV/vis
spectrometry was performed with an Aviv 14DS spectrometer. *H NMR experiments were
executed with Bruker AVI11 400 MHz spectrometer in CD3CN. Crystallography was implemented

using a Bruker Kappa Apex-11 DUO diffractometer, with MoKa radiation.
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Cyclic voltammetry of the metal host complexes was determined using an EC Epsilon
Eclipse potentiostat/galvanostat with glassy carbon working electrode, Pt wire counter electrode,
and Ag/AgCl reference electrode. Cyclic voltammetry was done using 1 mM Ru hosts ina 0.1 M
tetrabutylammonium, hexafluorophosphate (TBAPFs) acetonitrile electrolyte solution, at a scan
rate of 0.1 V s72, unless stated otherwise.

4.3.2. Synthesis of [Ru(bpy)(en)2](PFs)2

This compound was prepared using the method from Curtis and co-workers.** RuClz-xH20
(0.25 g, 1.2 mmol) was dissolved in 40 mL of an ethanol/water (1:5) solution. 2,2’-bipyridine (0.19
g, 1.2 mmol) was slowly added throughout a 1-hr period to the 40 — 50 °C reaction mixture. The
solution was refluxed for 4 hours and cooled to room temperature. A dark-red brown solution is
observed. The reaction was placed in the fridge overnight in a salt-ice bath. Ethylenediamine (0.6
mL, 12.1 mmol) was added while stirring and refluxed for 6 hr, then cooled. 2.5 equivalents of
NH4PFs were added while stirring to get the PFs salt. EtOH was removed from the solution using
rotovap. Dark red solid precipitate was observed after filtration. Then the solid was dissolved in a
small amount of acetone, then reprecipitated out using diethyl ether (crude: yield 46%).

Afterwards, the product was further purified in alumina column chromatography. The
neutral alumina was treated with HCI of a 10% slurry (w/v in water). Two bands that are red and
pink were observed in the column. The red band was collected first using a 3:1 toluene/acetonitrile
eluent and it represents the [Ru(bpy)z(en)](PFs)2 complex. Then a 2% MeOH aqueous solution
was added and the pink band was collected as [Ru(bpy)(en)2](PFs)2 (yield 15% of crude). UV-vis
is in agreement with the aforementioned literature. Dark red crystals of [Ru(bpy)(en)2]Cl2 was

grown using a solution of [Ru(bpy)(en)2](PFs)2 with BTAC in acetonitrile solution with 5% 0.1 M
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HNO3z added in a sealed vial. ESI-MS (Figure 4.18): m/z [Ru(bpy)2(en)]** 189.0559 (calcd:

189.0549). ESI-MS (Figure 4.19): m/z [Ru(bpy)(en)2]** 189.0559 (calcd: 189.0549).
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Figure 4.18. ESI mass spectra of [Ru(bpy)2(en)]]?*, m/z 237.0562 (calcd: 237.0296). Inset
display calculated relative intensities.
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Figure 4.19. ESI mass spectra of [Ru(bpy)(en)2]]>*, m/z 189.0559 (calcd: 189.0549). Inset
display calculated relative intensities.
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4.3.3. Synthesis of fac-[Ru(pypz)s](PFs)2
fac-[Ru(pypz)s](PFs)2 was prepared using the procedure from literature.>* Yellow solid
was achieved in this synthesis and *H NMR analysis is in agreement with Ward (yield 15% of fac

isomer).
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Chapter 5. Facilitating Anion Guest Binding with Ruthenium Hosts

5.1. Introduction

Anionic sensing is essential for many environmental and mechanical applications,
however, it continues to be more difficult to examine because of how its easily manipulated by
water, pH, and its intricate geometry.8 %% Anionic binding is usually performed by hydrogen-
bonding and electrostatic interactions.®> Vasdev and co-workers noticed that a ferrocene-
containing palladium triangular cage, [Pds(L4erc)s]®*, have good binding to p-toluenesulfonate
(OTs) due to electrostatic interactions and hydrogen bonding between 3-pyridyl arms and sulfonate
O atoms.®” %8 Using 'H NMR studies, they also concluded that this host has better binding affinity
to OTs than the [Pd2(Lserc)4]** counterpart due to it having a more positive charge.®’

Researchers have had much success in increasing the sensitivity of hosts to anionic guests
by producing hosts that have anionic receptors attached to it. Previously, Li and co-workers have
also implemented a study on the anion sensing of a tetrathiafulvalene (TTF) compound with F~
and noticed a negative redox potential shift with each addition of fluoride.®® An increase in the
host’s absorption band is also induced as more fluoride guest is added. They were able to
accomplish this due to the hosts having boron-based receptors that have good affinity for fluoride
guests.

In Chapter 2, | discussed performing redox chemistry of Cu-xpt to allow direct
coordination of CI~ guest to the copper(ll) center, which could then be released by reduction to
copper(l). However, this system was not suitable for studying redox control via electrochemistry,
because the host’s voltammogram became increasingly irreversible as more ClI- was added.
Because of this, we searched for a system that can execute anionic guest binding through a second

coordination sphere. We decided to manipulate the oxidation state of the host complex to increase
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the host’s affinity for the guest through electrostatic interactions. In this chapter, we will discuss
other potential hosts for redox-controlled guest binding.

Taking advantage of the versatility of the en-bpy host system, a way to advance this is by
substituting the en ligands with diphenylethylenediamine (dpen). The phenyl attachments can be
used to place groups in the ortho position to increase the affinity of anions to the host. Amide
groups can be placed on the phenyl rings to induce more hydrogen bonding with the guest. This

can be accomplished by having the anion interact with the NH2 and amide groups (Figure 5.1).

a) b)
/\ RCO—-NH H[}I—COR
H2N\ /NH2,,’/ HZN\ /NHQ,,;-,,
Ru A~ Ru A~

Figure 5.1. Diagram of hydrogen bonding between the anionic guest, A, and the aminyl ruthenium
hosts. a) Association between A~ and ethylenediamine, b) Amide-substituted (R,R)-1,2-
diphenylethylenediamine ligand interacting with A~.

According to literature, the [Ru(bpy)(dpen)2](PFs)2 complex has not been synthesized. In
order to expand this host system, the [Ru(bpy)(dpen)z](PFs)2 host’s redox properties need to be
examined. This must be accomplished so that the benefits of the substituted dpen structures can be
observed by comparing the experimental results with [Ru(bpy)(dpen)2](PFe)2.

Another way to attract anions using hydrogen bond donors is through OH--- A~ interactions.
For example, in the crystal structure of ruthenium(ll) dimethylgloxime (dmgH2) dichloride,

[Ru(dmgH2)3]Clz, (Figure 5.2) the oxime OH groups interact with chloride ions (Figure 5.3).%
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Figure 5.3. Crystallography of the interaction of CI- guest ions (green) with the O---H bonds of
the [Ru(dmgH:)3]** host viewed down the c-axis.*®

We studied this complex as a host because of the stabilization, potential electrostatic effects
from oxidation, and the near proximity of the OH groups can promote better anion interaction. The
weak intermolecular H bonding between the OH groups and Cl- stabilizes the structure. The

greater positive charge on the complex through oxidation is also capable of attracting anion guests.
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Another advantage of studying this framework as a host is that the OH groups are close to the
metal center and can get the anions to bind to the host using a second coordination sphere.

5.2. Results and Discussion

5.2.1. [Ru(bpy)(dpen)z](PFs)2 Host

As mentioned, the [Ru(bpy)(dpen)2](PFs)2 complex was synthesized in order to be able to
enhance the tunability of the [Ru(bpy)(en)2](PFs)2 system. This structure has potential for
substituents to be attached to the phenyl rings to increase guest sensitivity that the en host cannot
accomplish. The electrochemistry was executed using cyclic voltammetry (CV), as in the previous
chapters. In the first study, the [Ru(bpy)(dpen)2](PFs)2 complex was separated using a column as
what was described in the [Ru(bpy)(en)2](PFs)2 synthesis.** However, isolating the pure compound
has been challenging using this method.

Because we had difficulty in separating the host using column chromatography, we decided
to execute thin-layer chromatography (TLC), but with the crude [Ru(bpy)(dpen)2]Clz instead. This
form of chromatography is known to create better separation between the two bands.?° This time,
a small pink band appeared, which is reminiscent of what was discovered to be
[Ru(bpy)(en)2](PFe)2 in its chromatography. Afterwards, the host was converted to a PFe salt. Mass
spectrometry and *H NMR have displayed that it is the correct host complex. Figure 5.5 and Table
5.1 shows the electrochemical properties of [Ru(bpy)(dpen)2](PFs)2. This analysis was determined
using CV in an acidic solution. Due to a small amount of product available, the CV was measured

with a minimal amount of host present.
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Figure 5.5. CV of [Ru(bpy)(dpen)2](PFs), with the addition of BTAC (CH3CN with 5% 0.1 M
HNOs, 0.1 M TBAPFg, 0.1 Vs). The data were measured using an Ag/AgCl reference electrode,

glassy carbon working electrode, but plotted vs. Fc*/° reference redox couple, which has E12 =
0.388 V vs. Ag/AgCI under these conditions.

Table 5.1. Electrochemical parameters in volts (V vs. F¢*9) of 0.3 mM [Ru(bpy)(dpen)2](PFe)2 in
CH3CN with 5% 0.1 M HNO3 with added BTAC, 0.1V s ..

[BTAC] Epa Epc AEp Eip
0mM 0.297 0.195 0.102 0.246
1mM 0.286 0.184 0.102 0.235
2mM 0.273 0.175 0.098 0.224
10 mM 0.240 0.150 0.090 0.195

A small voltammogram is displayed, representing the [Ru(bpy)(dpen)2](PFs)2 complex. Its
redox potential (0.246 V vs. Fc*’?) is near that of the [Ru(bpy)(en)2](PFs)2 host mentioned in
Chapter 4 (0.215 V vs. Fc*'0). This makes it a reasonable E1/2 of the host. We elected to study how
the CI~ guest is able to bind with the host throughout redox. In comparison to [Ru(bpy)(en)z2](PFs)z2,
the AE12 of this host is smaller. This may be due to the NH2 groups in dpen being more electron-
rich than those in en, due to the phenyl substituents. At the addition of 100 mM BTAC, the

electrochemical solution turns turbid. However, it behaves well with added guest up to higher guest
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concentrations than [Ru(bpy)(en)2](PFs)2 (see Chapter 4). This suggests that modified dpen ligands
could be useful in future host-guest studies (see Figure 5.1(b)).

As mentioned in the previous chapters, the number of more bound cations in the oxidized
state was determined using Nernstian calculations (Figure 5.6). This figure shows that with a slope
of —0.0415, some of the new [Ru(bpy)(dpen)z](PFs)2 host can bind to one more CI- ion when

oxidized to Rus*.
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Figure 5.6. E12 (vs. Fc*0) vs. —log([CI7]) of 1 mM [Ru(bpy)(dpen)2]Cl2.

5.2.2. [Ru(dmgH3)3](PFs)2 Host

The redox properties of this host are unknown. In order to see how the electrostatic effects
can increase the affinity of the chloride guest, we intend to oxidize the ruthenium(lIl) center to IlI.
We tried to accomplish this using CV, but this complex appears to be unable to perform oxidation

in our potential window. Instead, reduction of Ru" to Ru' is detected (Figure 5.7).
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Potential, E (V) vs Fc*/0
Figure 5.7. CV of [Ru(dmgH2)s](PFes)2 (CH3CN, 0.1 M TBAPFs, 0.1 V s™). The data were

measured using an Ag/AgCl reference electrode, glassy carbon working electrode, but plotted vs.
Fc*/0 reference redox couple, which has E12 = 0.445 V vs. Ag/AgCl under these conditions.
Although the host-guest interaction cannot be analyzed by comparing the binding affinity
between 2+ and 3+ states, we can still monitor how well the 2+ starting material associates with
CI~in correlation to the 1+ form. Figure 5.8 displays the chloride guest association of the 2+ host

in comparison to the 1+ complex. Table 5.2 shows how much host’s redox potential changes due

to chloride guest association.
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Figure 5.8. CV of [Ru(dmgH2)3](PFs)2 with BTAC added (CH3sCN, 0.1 M TBAPFg, 0.1 V s1).

Table 5.2. Electrochemical parameters in volts (V vs. F¢*?) of 1 mM [Ru(dmgH2)s](PFs). in
CH3CN with added BTAC, 0.1V s ™.

[BTAC] Epa Epc AEp | AT)
0 mM —0.510 —0.675 0.165 —0.593
2mM —0.537 —0.693 0.156 —0.615
10 mM —0.582 —0.703 0.121 —0.643

100 mM —0.609 —0.701 0.092 —0.655

This structure displays quasi-reversible behavior at a redox potential of —-0.593 V (black
trace). The anodic peak back to the 2+ state is more pronounced than the cathodic peak, which
appears to be broadened out. The E12 of the host begins to shift more negatively as CI- is added,
signaling that more guest is binding in the 2+ state than 1+. What is also noticed is that the
voltammogram of the host becomes more reversible as BTAC is added. This is likely because the
complex is more stabilized when interacting with chloride. After the addition of 100 mM CI-
(purple trace), the voltammogram is reversible. The AE12 is —62 mV, suggesting that the chloride

is able to be released in the 1+ state and bind back to the host when oxidized to 2+.
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Afterwards, Nernstian measurements were done to determine the number of more bound
anions in the 2+ than the 1+ structure (Figure 5.9). Due to the lack in the reversibility in the host’s

redox potential, the Epa was measured to determine the number of bound anions.
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Figure 5.9. E12 (vs. Fc*) vs. —log([CI]) of 1 mM [Ru(dmgHz2)s](PFs)..

The slope of the Epa for each —log([CI]) unit for the overall experiment displays a slope of
—0.0413, which means that most of the host in the starting state is able to bind to one more guest
than the reduced state. The slope suggests that some of the host is able to bind and release CI- for
this system. This figure shows that with a slope of —0.0415, some of the new [Ru(dmgH2)2](PFs):
host can hind to one more CI- ion when oxidized to Ru3".

Chapters 4 and 5 display that we can utilize redox to manipulate the host-guest binding
between supramolecular complexes and anions. This is displayed in the negative shift of E12 of

the host and the Nernstian calculations.
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5.3. Experimental
5.3.1. General

Commercially available reagents were purchased from Pressure Chemicals, Combi-
Blocks, Alfa Aesar, BeanTown Chemicals, Sigma-Aldrich, VWR Chemicals, AmBeed, and J.T.
Baker were used without further purification. Dimethylgloxime (dmgH2) was purified using the
method from Merritt and co-workers.1%* Electrospray ionization mass spectra (ESI-MS) were
measured using the Agilent 6230 instrument. UV/vis spectrometry was implemented with an Aviv
14DS spectrometer. 'H NMR experiments were performed with a Bruker AVIII 400 MHz
spectrometer in CD3CN. [Ru(dmgH2)3](PFs)2 was characterized by *H NMR analysis, where the
downfield shifts of the ligands from complexation were in comparison to Ni, Zn, and Pd
dimethylgloxime complexes.1%?

Cyclic voltammetry of the ruthenium complexes was studied using an EC Epsilon Eclipse
potentiostat/galvanostat with Pt wire counter electrode, glassy carbon working electrode, and
Ag/AgCI reference electrode. Most cyclic voltammetry experiments were done using 1 mM Ru
hosts in a 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFs) acetonitrile electrolyte
solution with 5% 0.1 M HNOs added. The [Ru(dmgH2)s](PFs)2 experiment was executed without
the acidic solution. All scans were performed at 0.1 Vs, unless stated otherwise. Additions of CI-
or TBAHSO4 were accomplished throughout the experimentations.

5.3.2. Synthesis of [Ru(bpy)(dpen)2](PFes)2

[Ru(bpy)(dpen)2](PFs)2  was  synthesized using the same procedure for
[Ru(bpy)(en)2](PFes)2, using a Ru:dpen mole ratio of 1:10, like that of Ru:en.'°! The NH4PFs step
in the literature procedure was not done. Instead of the column chromatography mentioned in the

literature, alumina thin-layered chromatography with 2% MeOH was performed and the complex
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was collected as a pink band. The product was extracted from the alumina using an acidic aqueous
solution. Then, the complex was extracted as a PFs salt using KPFs (aq) solution and DCM (yield
19 — 31%). ESI-MS crude (Figure 5.10): m/z [(Ru(bpy)(dpen)z) + 2H]?* 341.1178 (calcd:
341.1179) ESI-MS purified complex (Figure 5.11): m/z [(Ru(bpy)(dpen)z2) — 2H]?* 339.1043
(calcd: 339.1020). 'H NMR (CDsCN): 2.24 (s, 4H), 3.18 (m, 9H), 4.21 (m, 3H), 4.34 (s, 3H), 7.06

(d, 3H), 7.32 (m, 6H), 7.52 (m, 6H), 7.62 (M, 3H), 7.73 (m, 3H).
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Figure 5.10. ESI mass spectra of [(Ru(bpy)(dpen)2)]>*, m/z 341.1178 (calcd: 341.1178). Inset
display calculated relative intensities.
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Figure 5.11. ESI mass spectra of [(Ru(bpy)(dpen)2) — 2H]?*, m/z 339.1043 (calcd: 339.1020). Inset
display calculated relative intensities.
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5.3.3. Synthesis of [Ru(dmgH-)3](PFe)2

The literature procedure for this complex involved a simple reflux of Ru"(dmso)4Cl2 with
dmgHz in methanol under an inert environment.*> However, this reaction did not produce the host
complex and instead yielded unknown orange material. [Ru(dmgH2)3](PFs)2 was synthesized
using a modified ruthenium blue technique. A mixture of ethanol and water (4:1) was degassed
with N2. Then, RuCls-xH,0 (0.5 g, 2.4 mmol) was added immediately and refluxed for 4 — 5 hr
until the solution turned blue. While still being refluxed, Dimethylgloxime, dmgH2 (0.9 g, 7.7
mmol) was added in excess and refluxed for 2 hr. The normal next step for the Ru blue method is
to add KHCOs, but that was not done because the dmgH2 ligand does not need to be deprotonated
to coordinate. Afterwards, the reaction mixture was allowed to cool to room temperature and
filtered. Black solid was collected in the filter. The precipitate was washed with DMF into a
separate flask, the product was collected in the filtrate. Silica column chromatography was
executed using methanol as the eluent. Dark brown solid was received through evaporation. The

product was dissolved in the smallest amount of acetone, then a red solid was precipitated out with
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diethyl ether. The precipitate was washed with KPFes and extracted using DCM (yield 7%). ESI-
MS (Figure 5.12): m/z [Ru(dmgH2)3]?* 449.0709 (calcd: 449.0726), *H NMR (400 MHz, CDsCN,

ppm): 2.29 (s, 18H), 3.63 (s, 6H).

x104 |+ESI Scan (rt: 0.111-0.179 min, 5 scans) Frag=110.0V 33351_POS_2uL_110V.d Subtract
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Figure 5.12. ESI mass spectra of [Ru(dmgH2)s]?*, m/z 449.0709 (calcd: 449.0726). Inset displays
calculated m/z values and relative intensities.
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Chapter 6. Conclusions

The integral target of this dissertation is to propose tunable host-guest chemistry using
redox reactions. This is demonstrated in Chapters 2 — 5 of various host-guest systems that were
able to bind and release guest ions or molecules using redox. However, in Chapters 2 and 5, the
importance of the host’s redox properties is displayed as well. The host systems discussed in
Chapters 3 — 5 have promising aspects that can be utilized in future applications.

In Chapter 3, the ruthenium B-diketonates are able to bind to alkali ions through reduction
of the host. This guest binding was observed with the positive change in E12 and UV-vis data. This
was visibly seen in the crystal structure of the reduced [Ru(dbm-20Me)s]~ interacting with two
Na* ions. Out work ultimately displays how modifying the substituents of the host can increase
the binding constant with its guest.

Other techniques that can be executed with this host system is attaching other activating
groups on the phenyl rings, such as amines and hydroxy groups. These substituents can inductively
increase the affinity of the host to cations. Another method of constructing new hosts for cationic
binding is through the use of 2’-methoxyethoxy substituents to the ring.1%® This introduces one
more O atom for each cation to bind than the 2°-methoxy host, which can be effective in interacting
with guests at low concentrations.

Chapters 4 and 5 demonstrated that the approach used in Chapter 3 can be implemented
with anionic guests. The [Ru(bpy)(en)2](PFs)2 and [Ru(pypz)s](PFs)2 hosts exhibit good redox
properties and that advantage aided in accomplishing controlled host-guest chemistry using redox.
The TPPO experiments show that this procedure can be studied with neutral guest molecules.

[Ru(bpy)(dpen)2](PFs)2 also shows encouraging results in its ability to remain stable in the
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presence of high guest concentration. This finding was not exhibited in the analysis with the
[Ru(bpy)(en)2](PFs)2 host.

Likewise with the Ru B-diketonates, these hosts can be used as host systems to create
frameworks that have greater sensitivity to a particular guest. The [Ru(pypz)s](PFs)2 host can be
functionalized by attaching substituents on the pyrazole to increase hydrogen binding to guests.
[Ru(bpy)(en)2](PFs)2 can be improved by using the dpen structure. The stability of
Ru(bpy)(dpen)z](PFs)2 prompts the conception that this host can be tuned by composing new
structures that can associate with guests. This host has phenyl groups that can be modified with
amide or OH groups to enhance anion binding.

The host-guest systems we have selected are simple to observe and can be evaluated in
real-time measurements. Tuning the ligands of these structures is a promising method in advancing
the association of the host and guest. In the future, scientists can construct new supramolecular
complexes that have great affinity for guests and utilize redox chemistry to manipulate their

interactions.
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Appendix A. X-ray Crystallography and Structure Refinement

Table Al. Crystallographic Data and Structure Refinement Parameters for Ru complexes

in Chapter 3.

Empirical formula CasHs306RU Cs1H45012Ru
Formula Weight 770.78 950.94
Temperature 150 K 90.0(5) K
Wavelength 0.71073 A 0.71073 A
Crystal system Monoclinic Triclinic
Space Group P 2i/c P-1

Unit cell dimensions

a=16.9929(6) A
b=9.7251(4) A
¢ =21.4202(9) A

a=12.1893(13) A
b = 18.4266(17) A
c=19.728(2) A
o = 102.479(4)°

PR p=or o
8=90.146(4)°
Volume 3536.2(2) 4323.6(8)
Z 4 4
F(000) 1580 1964
Theta 2.301t0 33.10 2.26 t0 21.27
Index Ranges —26<:h<:26,_—1:1<=k<:14, —16<=h<=16,_—2_4<=k<=24,
—32<=1<=32 —26<=I<=26
Reflections 13494 21733
Independent Reflections 9784 11175
Completeness to theta 0.999 0.988
Refinement method SHELXL 2018/3 (Sheldrick, | SHELXL-2017/1 (Sheldrick,
2015) 2017)
Data/restraints/parameters 9784/0/469 11175/0/1165
GooF 1.059 1.045

Final R [I1>2sigma(l)]

R1=0.0308, wR2 = 0.0781

R1=0.0871, wR2 = 0.1611

AllR

R1=0.0464, wR2 = 0.0894

R1=0.1906, wR2 = 0.1957

Largest diff. peak and hole

0.699 and —0.965 /A3

1.888 and —1.358 /A3
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Table A2. Crystallographic Data and Structure Refinement Parameters for Ru(dbm-
20Me)s and 2 Na* host-guest system in Chapter 3.

Empirical formula

Cs1Ha5CINa2016Ru, C2H3N

Formula Weight 1137.42
Temperature 100.0(5) K
Wavelength 1.54184 A

Crystal system Orthorhombic
Space Group Pbca

Unit cell dimensions

a=19.0031(13) A
b =19.3358(11) A
c=27.208(2) A
a=p= 8=90.000°

Volume 9997.4(12)
z 8
F(000) 4672
Theta 3.249 10 59.009
Index Ranges —21<:h<:21,_—2_1<:k<:21,
-30<=1<=26
Reflections 7175
Independent Reflections 3360
Completeness to theta 0.997
Refinement method SHELXL-2018/1
Data/restraints/parameters 7175/0/675
GooF 0.985
Final R [1>2sigma(l)] R1=0.0724, wR2 = 0.1558
AllR R1=0.1759, wR2 = 0.2108

Largest diff. peak and hole

0.684 and —0.651 e/A3
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Table A3. Crystallographic Data and Structure Refinement Parameters for Ru complex in

Chapter 4.

Empirical formula C14H26CI2NsORuU
Formula Weight 466.38
Temperature 100.0(5) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space Group Pn

Unit cell dimensions

a=8.4870(10) A
b=28.1191(10) A
c=14.1496(17) A

a=90°
B =94.421(2)°
8=90°
Volume 972.1(2)
Z 2
F(000) 476
Theta 2.51 to 38.56
Index Ranges -14<=h<=12, -14<=k<=14, -
24<=|<=24
Reflections 32727
Independent Reflections 9237
Completeness to theta 0.995
Refinement method SHELXL-2017/1 (Sheldrick,
2017)
Data/restraints/parameters 9886/3/247
GooF 1.068
Final R [1>2sigma(l)] R1=0.0126, wR2 = 0.0305
AllIR R1=0.0129, wR2 = 0.0306

Largest diff. peak and hole

3
0.564 and -0.378 e/A
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Figure Al. New Ru(dbm)s X-ray structure that is isomorphous with Mn, Co, and Cr analogues.
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Figure A2. Ru(dbm-20Me)s X-ray structure.
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Figure A3. X-ray structure depicting Naz[Ru(dbm-20Me)3]CIOs host-guest system. CHsCN
solvent molecule was omitted for clarity.
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Figure A4. X-ray structure of [Ru(bpy)(en)2](PFs)2 interacting with CI~ ions through hydrogen
bonding.
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Appendix B. Electrochemical and *H NMR Analysis of Metal-Organic Hosts
with Guests
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Figure B1. CV of [Cuz(m-xpt)2Cl2](PFs)2 with the addition of BTAC (DMF, 0.1 M TBAPFs, 0.1
Vs1). The data were measured using an Ag/AgCl reference electrode, glassy carbon working
electrode, but plotted vs. Fc*/° reference redox couple, which has Ey, = 0.541 V vs. Ag/AgCl under

these conditions.

Table B1. Electrochemical parameters in volts (V vs. Fc*/?) of [Cuz(m-xpt)2Cl2](PFs)2 with added
BTAC.

[BTAC] Epal Epa2 Epc AEp E12
0 mM —0.187 -- —0.314 0.127 —0.251
1 mM —0.210 0.066 —0.301 0.091 —0.256
3 mM -- 0.069 —0.240 0.309 —0.155
10 mM -- 0.071 —0.281 0.352 —0.176

100 mM -- 0.043 —0.332 0.375 —0.188
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Figure B2. CV of Ru(dbm)s with the addition of NaClO4 (DMF, 0.1 M TBAPFg, 0.1 Vs1).

Table B2. Electrochemical parameters in volts (V vs. Fc*?) of Ru(dbm)s with added NaClOa.

[Na*] Epa Epc AEp E1p
0mM —0.914 —0.989 0.075 —0.952
2mM —0.913 —0.987 0.074 —0.950
10 mM —0.913 —0.985 0.072 —0.949
100 mM —0.894 —0.975 0.081 —0.935
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Figure B5. 'H NMR spectrum of Ru'(acac)s with NaClO4 in CDsCN.
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Figure B9. CV of fac-[Ru(pypz)s](PFs)2 with the addition of pyridine N-oxide (CH3CN, 0.1 M
TBAPFg, 0.1 Vs™?). The data were measured using an Ag/AgCl reference electrode, glassy carbon
working electrode, but plotted vs. Fc*’ reference redox couple, which has Ej, = 0.445 V vs.
Ag/AgCl under these conditions.

Table B3. Electrochemical parameters in volts (V vs. Fc*) of fac-[Ru(pypz)s](PFs)2 with added
pyridine N-oxide.

[pyridine N-oxide] Epa Epc AEp | WY)
0 mM 0.790 0.721 0.069 0.756
1 mM 0.745 0.615 0.130 0.680
2 mM 0.706 0.555 0.151 0.631
3 mM 0.676 0.466 0.210 0.571
5 mM 0.661 0.469 0.192 0.565
10 mM 0.616 0.437 0.179 0.527

20 mM 0.567 0.416 0.151 0.492
30 mM 0.521 0.400 0.121 0.461
50 mM 0.475 0.387 0.088 0.431
100 mM 0.436 0.223 0.213 0.330
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