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ABSTRACT OF THE THESIS

Design of Bimetallic Complexes for the Cooperative Activation and Reduction of Carbon
Dioxide

By
Steven Andrew Poteet
Master of Science in Chemistry
University of California, Irvine, 2015

Professor Jenny Y. Yang, Chair

Carbon dioxide emission continues to be an important topic regarding the future of
our society, with its primary function being the leading contributor (by amount) to
greenhouse gases. We aim to convert CO2 to useful fuel derivatives, indirectly, by 2Ze-
reduction to carbon monoxide. This thesis details the preparation of complexes
incorporating two metals in a Robson-type macrocycle to be investigated as a method for
the catalytic reduction of carbon dioxide to carbon monoxide. The characterization of these
complexes, as well as alternative methods of their syntheses, is reported herein. The
complexes’ reactivity and interaction with CO; was probed by cyclic voltammetry and
spectrophotometric methods. Comparison to the well studied mono-metallic complexes,
Co(salen) and Ni(salen) (salen = N,N’-ethylenebis(salicylimine)), was used to help establish

the importance of a bimetallic cooperative effect for CO2 activation and reduction.

Xi



CHAPTER 1
The CO2 Problem

1.1 Introduction and scope

The consumption of energy continues to be a growing concern, and the demand for
sustainable and renewable energy sources has become an important topic in the scientific,
political, and commercial sectors.}? Closely related to this lies the concern of climate
change that has dominated research efforts in the past couple of decades.? The impact of
global climate change has far reaching consequences that extends to agriculture, wildlife,
and our general well being. Political efforts have been implemented in Western nations to
restrict the amount of pollutants emitted by industries and automobiles; however, these
restrictions still do not eliminate emissions. More importantly, emerging nations are
expanding their technologies to keep up with demand, and the governments do not
implement the same constraints seen in established countries. The U.S. DOE predicts an
enormous growth period during the next 20 years with the primary contributors being
emerging nations. With this, the world energy demand is expected to rise almost 50% from
573 quadrillion btu to 770 quadrillion btu (Figure 1.1).4

Two serious problems arise from this outlook: Where will this energy come from
and how will we control or eliminate the resulting pollutants? To address these questions,
we can look to control the emission of certain pollutants by converting them into sources of
energy. There are many methods of procuring renewable energy sources, such as sunlight
and wind, but the ability to store the energy generated during periods of low input remains
elusive.> One method of “storing” this energy is in the form of chemical bonds that can be

broken at times of low input.
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Figure 1.1. Left: Projected world energy consumption. OECD= Organization for Economic
Cooperation and Development nations (Quadrillion Btu). Current OEDC countries (2010)
include: USA, Canada, Mexico, Austria, Belgium, Chile, Czech Republic, Denmark, Estonia,
Finland, France, Germany, Greece, Hungary, Ireland, Italy, Luxembourg, the Netherlands,
Norway, Poland, Slovakia, Slovenia, Spain, Sweden, Switzerland, Turkey, UK, Japan, South
Korea, Australia, New Zealand and Israel. Right: World liquids consumption by sector
(million barrels per day). Figure taken from Ref 4.

Traditional sources of energy, such as gasoline and diesel, utilize a combustion
reaction to generate carbon dioxide as a major byproduct. Because of this, carbon dioxide is
being produced at an unsustainable rate. Since the 1960’s, CO has risen nearly 25%, as
indicated in Figure 1.2.6 The rise in CO2 production is intimately linked to the global energy
problem through fossil fuel combustion. Significant progress towards the utilization of CO>
began to develop in the 1970’s, but a system that can effectively scavenge and convert CO>

to useful materials remains largely unsolved.



Atmospheric CO, at Mauna Loa Observatory
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Figure 1.2. The Keeling curve displaying CO; emission data in ppm taken at Mauna Loa.®

Since more than 30 billion tons of carbon dioxide is produced each year, methods
are being developed to convert this pollutant into a potential carbon feedstock for existing
technologies that rely on petrochemical processes.” In addition, it should be noted that the
primary method of energy consumption is projected to remain as transportable fuels, such
as gasoline and diesel (Figure 1.1). If carbon dioxide can be reduced to carbon monoxide in
bulk (Table 1.1), it could be utilized in the Fisher-Trospch (equation 1.1) process along
with H; to produce synthetic hydrocarbons.? These hydrocarbons can then be combusted

to produce COz and H:0, producing a net neutral carbon cycle (Figure 1.4).

2(n+1) H2 + nCO — CnH(2n+2) + N HQO (11)



This is particularly attractive for several reasons: a) the Fisher-Trospch reaction is
already an industrial process b) synthetic hydrocarbons are the main component of
gasoline and would allow us to retain our current infrastructure that relies on liquid fuels
c) the combustion of the resulting hydrocarbons would form COz and Hz0, resulting in a net

carbon neutral cycle.
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Figure 1.3. Simplified flow chart for Fischer-Tropsch fuel processes.?

Figure 1.3 describes a simplified infrastructure for Fischer-Tropsch based
processes. With the mass production of CO, the need for coal would be eliminated thus
lessening our dependence on fossil fuel sources. Higher molecular weight paraffins are
more desired, which represent liquid fuels and diesel. These reactions operate under high
temperatures and pressures that require a catalyst. This catalyst depends on the
preference for the molecular weights desired, where an Fe-based catalyst is most
commonly used with promotors and high surface area binders. Cobalt, while much more
costly, demonstrates lower water-gas-shift reactivity, and is sometimes used to lower the

side reactions to create more diesel products.



2H+ 2¢e CO, H,O

HZO 02

Hy + CO C,H(2n+2)

~_ 7

Figure 1.4. Net carbon-neutral cycle for CO..

The remainder of Chapter 1 will focus on efforts to overcome the thermodynamic
and kinetic barriers of CO2 activation. Section 1.3 will focus on the biological approach,
while section 1.4 will divulge synthetic attempts and current approaches towards CO:
activation and reduction. The remainder of this thesis will focus on synthetic approaches
towards developing models to bind and reduce carbon dioxide. Chapter 2 will describe the
synthesis and characterization of these complexes, detailing the success and challenges of
each ligand design. Chapter 3 attempts to discuss the characterization of the redox events
seen in the synthesized complexes, as well as other important factors such as stability in
the presence of acids. Chapter 4 will act as an introduction into the ability of these

complexes to interact with CO2, and the challenges that remain for this project.



1.2 Thermodynamics of COz reduction

There are many ways to approach the reduction of CO;. The most common
pathways are listed in Table 1.1; however, there are still major challenges to perform these
reactions. For example, CO: is kinetically inert and relatively unreactive, requiring extreme
conditions to convert it into more desired commodity chemicals. The relative inertness of
carbon dioxide lies simply in the bonding geometry. The molecule adopts a linear
geometry, with polar C=0 bonds, yet remains nonpolar overall (Figure 1.5). In general, only
strong nucleophiles can take advantage of these polar bonds, although this is not
necessarily useful since strong nucleophiles result in net loss of energy with respect to the

thermodynamic cycles.

Figure 1.5. Polarity of COx.

The general reduction pathways involve 2, 4, 6 and 8 electron processes, with the
addition of protons necessary to complete the charge balance (Table 1.1). While the
standard free energy values are only mildly endergonic, the actual potentials at which
reduction occurs happens at more negative potentials than the standard potentials listed.
This excess energy required to perform these reactions is called the overpotential.l For
example, the reduction of CO2 to CO on a glassy carbon electrode in the presence of H*
occurs at -2.6 V vs. Fc*/0 in acetonitrile, lying approximately 1.7 V more negative than the

approximate value at pH 7 (equation 1.3).11 Overpotentials are a measure of inefficiency by



measuring the excess energy needed to drive the reaction past the standard potential. The
more energy needed to power this reaction results in lower overall yield of energy, which is
undesirable. This overpotential is a consequence of the large activation barriers in the
reductive process. Therefore, to understand the reasons behind the difficulty of this
reaction, one must consider the kinetic limitations, specifically the activation barriers for
individual steps. For most processes, CO2 must undergo a geometry change upon reduction,
adopting a bent conformation that results in a large endergonic energy penalty, shown in
equation 1.2. It is for this reason that a catalyst must be involved to aid in this first step.
Catalysts increase reaction rates by lowering activation energies through an alternative
mechanism. This thesis mostly concerns electrocatalysts, whereby the catalyst in its resting
state is reduced at an electrode surface, generating a reactive complex that can react with a
substrate such as COz. One can think of this process as an electrode being the source of

electrons, supplied to the catalyst that is responsible for the reduction of the substrate.

Catalyst
e y A

kcat

Electrode

[Catalyst]- A

Where A = substrate

Figure 1.6. General schematic of an electrocatalyst operating at reducing conditions.

Reactions 1.5-1.7 involve processes that incorporate more than 2 e-/H*. While the
endergonic barriers are lower, the kinetics and proton shuttling remain a challenge to drive

these reactions selectively. In addition to the thermodynamic and kinetic barriers



associated with CO; reduction, it is important to remember that protons must be in
solution for most of these processes. The reduction of H* to Hz (equation 1.8) occurs at
more mild potentials than that for the 2 electron process for CO; reduction, presenting a
competitive reaction that must be avoided for efficient catalyst systems. This competition
has limited several catalysis in literature, so the development of CO2 reduction catalysts
needs to be selective to avoid this competitive reaction.1?-14

Table 1.1. COz reduction reactions at pH 7 vs. NHE at 1 atm

E® (V)
CO, + & ——> CO, 1.9 (1.2)
CO, + 2e + 2H* —— > CO + H,0O -0.53 (1.3)
CO, + 2e + 2H* ——— > HCOOH -0.61 (1.4)
CO;, + 4e + 4H¥ ——— > H,CO + H,0 -0.48 (1.5)
CO, + 66 + 6H* ————> H3COH + H,0 -0.38 (1.6)
CO, + 86 + 8H* ————> CH, + 2H,0 -0.24 (1.7)
H*+ 2e ——> H, -0.41 (1.8)

1.3 Biological approaches towards CO; binding

Molecular catalysts are often inspired by active sites found in enzymes that can
perform difficult reactions.15-24 Many enzymes have inspired fascinating work, such as
FeFe-hydrogenase or the Fe-heme center of hemoglobin.25-37 To date, there have been two
enzymes that catalyze the reversible reduction of CO2 to CO: the O:-sensitive enzyme
containing a [FesSsNi] site and the aerobic [MoSCu]-containing enzyme found in
Oligotropha carboxidovorans. Both enzymes contain bimetallic metal centers, incorporating

8



a hard and soft combination of metals. Of interest to our lab is the [Fe4SsNi] active site
found in carbon monoxide dehydrogenase (CODH 1II) of Carboxydothermus
hydrogenoformans, which operates at near thermodynamic potentials (-0.52 V vs. SHE at
pH 7) to reversibly oxidize CO to CO2.38 We want to take inspiration from these sites to
understand how they transfer electrons and protons to catalyze this reaction selectively

and at relatively no overpotential.

Figure 1.6. Left: crystal structure of CODH II dimer of Carboxydothermus
hydrogenoformans refined at 1.3 A (red box indicates the position of the [NiFe] active site.
Right: [NiFe] active site of CODH Il bound to CO.3°

The active site of CODH II was structurally characterized by Dobbek and company
in 2002 and was found to contain an iron-sulfur [3Fe-4S] cluster as well as a Ni and Fe
atom bridged to complete the cluster assembly.33940 A series of four [4Fe-4S] clusters
shuttles electrons to the active site, where the reversible oxidation of CO occurs. X-ray
crystallographic data and spectroscopic methods have revealed that the active site contains
a square planar Ni(Il) ion and an asymmetric high spin, four-coordinate Fe(Il) ion,
separated at a distance of 2.7 A (Figure 1.6). This bimetallic system works cooperatively to

bind COz, and with the help of the secondary coordination sphere, cleaves the C=0 bond to



generate CO. The oxidation, or reverse process, occurs at rates of 40,000 s1 while the
reduction reaction occurs at a modest 45 s-1.38 This cooperative binding is essential to
lowering the activation barrier, as can be seen by the negligent overpotentials observed. It
is generally thought that when reduced, Ni(I) acts as a Lewis base to interact with the
LUMO of CO2, wherby it coordinates to the carbon atom as evidenced by X-ray diffraction.
The resulting negative charges that are localized on the oxygen atoms are then stabilized
by the Lewis acidic iron, along with hydrogen bonding in the secondary coordination
sphere, to help lower the endergonic penalty described in section 1.2.

The aerobic CODH utilizes a [MoCu] cluster to aid in the oxidation of CO to CO2.4!
The use of a bimetallic system again indicates the importance of the Lewis base/acid pair to
stabilize the carboxylate intermediates. The mechanism by which CO is oxidized has not
been fully described, and the turnover is lower at 100 s! compared to the [NiFe] CODH.
The reducing capability of Cu(I) is not a powerful enough for reaction 1.3, and therefore
has not been studied as intensely as the [NiFe] equivalent.#2-44

Our aim is to utilize first row transition metals and maximize the efficiency of the
catalyst (i.e. turnover number, rate, overpotential, etc). We believe the incorporation of a
bimetallic framework that works with first-row transition metals has the capability to work
cooperatively to bind CO; and stabilize the carboxylate intermediate, similar to the

[Fe4SsNi] cubane shown in Figure 1.7.

10



sl ‘S\ s. I -5
“MoV! Cu - “MoV! \CU CcO
2e ( S co 2e ( o N
< “on , VRN S
s l
H+
A 0 B o o /
s o | Sl n?S\C NI ~Cu-S
S ol Ny s Il -S -S /M \% Usg / N ¢
AN T ( ‘Mo'{ Yoz , S OH %
S OH | < N oo
o /
0=C=0 o> (SStor §u
e H,O / AN /CO H+

Figure 1.8. Proposed catalytic cycle of [MoCu] CODH. Left: Based on isocyanide inhibited
enzyme. Right: Based on CO coordination to Cu. Figure taken from Ref. 3.

1.4 Synthetic approaches towards CO2 binding

Since the 1970’s, CO; utilization has generated a large amount of interest. A vast
number of synthetic systems have been designed, where many focus on the 2e- reduction
processes (equations 1.2 & 1.3, see below for examples). As mentioned previously, one of
the main issues other than chemical inertness, is selectivity, with many of these promising
catalysts more suited for H* over CO2 reduction. Almost all known CO; reduction catalysts
contain metal centers. It is worth noting that many of these metal centers are precious
metals, such as Pt, Ru & Rh and it is desirable to develop catalysts that contain earth
abundant metals when thinking of the costs on a large scale.13.1445-56

For COz reduction by molecular complexes, the mechanism can be separated into
four general reactions: electron transfer to the complex, CO; binding, C-O bond cleavage,

and release of CO. The following breaks down the requirements individually.

11



Electron transfer to the complex is dictated by the reduction potentials of the
complex. The overall reduction of COz to CO is a 2e- process, however, only a single electron
is required to bind CO2 to the complex. During catalysis, a second electron is needed to
complete the reaction. The potential at which this occurs can depend on several factors,
such as the influence of the bound carboxylate on the metal center. This can influence the
second reduction, whereby the potential needed is not necessarily at the potential to
reduce the complex by 2e" in the absence of CO..

After electron transfer to the complex, a binding event occurs between CO; and the
catalyst. As mentioned in Section 1.2, at low overpotentials, binding is generally regarded
as the rate-limiting step. This is true for many complexes with varying metals, such as Nj,
Fe, Co and Pd. The rate constant is dependent on the potentials at which reduction occurs,
where more negative potentials increase the rate of the reaction linearly with k. The rate of
binding does not necessarily dictate the overall catalytic rate, since the binding of CO; with
complexes at higher overpotentials is not the rate-limiting step.

Once bound, the C-0 bond must be cleaved to generate CO and O?%-. This step varies
between complexes and may require a second electron, protons, or solvent rearrangement
in order for the reaction to occur. In the absence of protons, the 0?2 acceptor is a second
equivalent of CO; to generate carbonate and CO. In the presence of protons, water is
formed from this oxide and the rate of C-O cleavage is influenced by proton concentration.
Again, more negative potentials increase the rate of C-O cleavage, but are not desired for
efficient electrocatalysts due to high overpotentials.

Once the oxide has been transferred, it is necessary to release CO. Since CO is

regarded as a strong ligand, this release may impede reaction rates if the M-CO bond is

12



strong. The strength of the M-CO can potentially be modulated by the coordination

geometry of the metal ion that is bound to CO.

1.4.1 Synthetic models utilizing cooperative interactions

Of the complexes that can reduce carbon dioxide, many of the successful examples
utilize a cooperative interaction to aid in the binding of C02.357 Metal cyclams, specifically
Ni(I) and Co(I), have been extensively studied as electrocatalysts since the early 1980’s by
Fujita et. al.58-62 Amine protons in the secondary coordination sphere play an intricate role
in the reactivity of the complex. Substitution of these protons to methyl substituents
prevents this hydrogen bonding to the carboxylate and limited reaction with COz occurs. In
addition, the stereoposition of the protons influences the binding constants of the
substrate, where protons directed towards the binding site increases the rate of reduction

as opposed to protons directed opposite of the binding site.

Figure 1.9. Proposed representation of CO2 bound to a Co(cyclam) complex.

Work done by Dubois and coworkers in the early 1990’s demonstrated the
effectiveness of [Pd(triphosphine)solvent]?* complexes towards CO2 reduction in

acetonitrile.?3-65 The electrogenerated Pd(I) complex at -1.28 V is strong enough to interact
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with CO2, while Pd(0) is required for H* reduction (Figure 1.10). The most productive
[Pd(triphosphine)solvent]?* derivative, containing an ethyl backbone (designated etpC),
showed Faradaic efficiencies of 85% for CO vs. 16% for Hp, displaying high selectivity for
CO2 reduction over H* reduction. Turn over frequencies (TOF) ranged from 1-60 s1, while
the turnover numbers (TON), however, peaked at a modest 130. This is due to the
formation of a Pd-Pd bond with a second equivalent of the complex during electrocatalysis,

where the dimer shows no reactivity towards CO2 reduction.

RRz 2+
R'P——F?\d"—-solv
PR,

+
7 solv  HyO

OH ]+
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LPd—C| OH [+
0 Cx
Lpdl O
solv

Figure 1.10. Proposed catalytic cycle for [Pd(triphosphine)solvent]?* complexes. Figure
taken from Ref 3.

Bipalladium complexes were developed in an attempt to invoke cooperative
effects.#8 The TOF increased by 103 M-1sl, however, the TON decreased dramatically

through rapid deactivation. It is interesting to note that although the TON was still
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hindered, the TOF increased substantially. It is proposed that one Pd center interacts with
the LUMO of carbon while the second Pd binds the oxygen, similar in manner to the
bimetallic interactions seen in CODH II. The Pd-Pd bond formation is likely due to identical
redox potentials for each Pd atom, something that is likely prevented in CODH II by the use
of two varying metals.

R I# RO\ T

/P

solvent"'pdII : %e-. CO O\C/Pd”/T:
2
solvents\\ d" ]/ -2 solvent d" ]/

"3 N

Figure 1.11. Proposed structure of CO2 bound to the bipalladium phosphine complexes
developed by Dubois & co. Figure taken from Ref 3.

In the 1980’s, Floriani, Zanazzi, Pletcher, Lewis, and others observed the reactivity
of Co(salen)®®67 in the presence of alkali ions in DMF solutions.1261.68-72 Reduction of
Co(salen) in the presence of M* (where M = Li, Na, K, Cs) leads to complexation of the alkali
metal with the oxygen atoms of the salen ligand. This Co(I) bimetallic complex is then able
to bind CO2 across the Co-Li interface. Co(I) is a strong enough reductant to interact with
the carbon atom with the Lewis acidic M* available to stabilize the resulting negative
charge as described above. This complex is able to reduce CO; to CO, albeit with low
turnovers. In the absence of H*, the 2e- reduction proceeds via bicarbonate formation using
two equivalents of COz, as shown in Figure 1.13.12 The complex formed upon reduction of
Co(salen) by 1 e in the presence of Li and CO2 was crystallized to show carbon dioxide was

bound across the metal centers. A second equivalent of CO2 binds, where a second electron
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results in the release of bicarbonate. The resulting Co(I)-CO complex then dissociates to
reform the active catalyst. It is believed that the dissociation of CO prevents rapid
turnovers from occurring and low TOF are obtained. In the presence of H*, the Faradaic

efficiencies of CO decrease to < 5%, with Hz as the primary product.

O M2
N O N

N4 Li/CO, Nl 0% .

r o Li

@ AN @N ‘0~

Figure 1.12. Binding of CO2 to reduced Co(salen) in the presence of Li*.

It is to this Co(salen) system that we have modeled our catalyst development from.
Our goal is to expand from the work done on Co(salen) and incorporate a bimetallic
framework consisting of first row transition metals. Our aim is to study the cooperative
nature of bimetallic frameworks in a salen-type macrocycle, whereby controlled
modifications of the ligand and metal combination will enable us to understand the

dynamics involved for CO; binding and reduction.
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L|2C ”o C02

Figure 1.13. Catalytic cycle for the reduction of CO2 by Co(salen) in the absence of H*.

1.5 Lewis acid/base interaction and inspiration of ligand design

As mentioned in section 1.4.1, we want to understand the role of bimetallic
cooperation between metal centers and how this affects CO; reduction processes. Co(salen)
has shown encouraging results displaying the importance of cooperative Lewis effects to
aid in the reduction of CO2. Due to the relatively limited but promising literature of
Co(salen) reactivity, we wanted to start with a system that could model closely to

Co(salen). The addition of two transition metals, plus a ligand scaffold that can readily be
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modified, would allow us to tune the complex to achieve an optimum cooperative design
for COz reduction.

The ligand scaffold we decided to use is a disalen-type ligand first reported by
Robson and coworkers in 1970.73-83 Historically, these complexes have mostly been studied
for their magnetic properties, especially orbital exchange interactions between the two
metal centers.8492 Condensation of 2 equivalents of diaminopropane, diformylphenol, and
MCl; (where M = Zn, Cu, Ni, Co, Fe, Mn) resulted in the homobimetallic complex, denoted
M;L2Clz. Attempts of synthesizing the metal-free ligand were unsuccessful for many years,
resulting in polymeric compounds.®3 Because of this, the ligand is usually synthesized using
a template method, sometimes even by templating around lead, followed by metathesis
with MSO4 to generate the homobimetallic complex.?495. It wasn’t until recently that the
metal-free macrocyclic ligand was successfully made.?6:97

In 1972, Okawa and Kida developed an alternative approach (shown later in Scheme
2.5), opting to use a step-wise procedure.869498-104 Condensation of 2 equivalents of
diformylphenol with only 1 equivalent of diaminopropane resulted in the metal free ligand
L?" (see abbreviations), or noted by the authors as Fsal-3. Reaction with 1 equivalent of
M(OAc)2 deprotonates the phenolic protons to form acetic acid while binding the M(II) ion
to the N;0: site. Condensation of a second equivalent of diaminopropane completes the
macrocycle structure, whereby addition of MCIl; resulted in the bimetallic species
MaMPL2Cl,. Chapter 2 will focus on attempts to synthesize and characterize complexes

inspired by Robson and Okawa/Kida.
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Figure 1.14. Desired characteristics in synthetic bimetallic complexes.

Keeping the mechanism of CODH II in mind, our goal is to have a Lewis basic site
that, when reduced, is a strong enough of a nucleophile to interact with the LUMO of CO..
The second metal site must therefore act as the Lewis acid and stabilize the negative
charge. For the basic site, mid to late metals, such as Ni and Co, are preferred, whereas the
acidic site would consist of mid to early metals, such as Fe or Mn. One must keep in mind
the oxophilicity of the Lewis acidic metal, where early metals generate strong M-O bonds
that may inhibit oxide removal from the catalyst. This would be detrimental to catalysis by
inhibiting turnover. We aim to provide an acidic metal ion that upon oxide formation can
be protonated to form water, which is labile and can be removed. Herein, this manuscript
will describe various attempts to develop these complexes, their characterization, stability

of the complexes in electrocatalytic conditions, and initial reactivity with CO-.
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CHAPTER 2
Synthetic Approaches

2.1 Synthesis and characterization of [NiML!]2* complexes

Initial efforts to yield the bimetallic Robson-type complex began with attempts to
create the metal-free macrocycle, followed by insertion of the desired metals to obtain the
homobimetallic complex. However, this route is not straightforward and the metal-free
ligand was not readily obtained. In an attempt to create the nickel homobimetallic complex,
a monometallic complex was obtained. Condensation of 2 equivalents of 4-tert-butyl-2,6-
diformylphenol with 2 equivalents of o-phenylenediamine in the presence of 1 equivalent
of [Ni(H20)¢] (BF4)2 in refluxing methanol produces a dark red product owing to the mono-
Ni complex [NiH2L!](BF4)2 shown in Scheme 2.1. This is similar to what was observed by
Robson, where it was shown that the template synthesis using [Ni(H20)6](ClO4)2 instead of
NiCl; resulted in the addition of only a single nickel, with the second pocket site consisting

of phenolic protons hydrogen bonded to the imines.”3105106

Scheme 2.1. Synthesis of [NiH;L!](BFa4)>.

NH, N\ /0.,H,N
MeOH, 65°C, 12 h .
2 * 2 @N +  [Ni(H20)6l(BF4), 2 > @[ N H. j@ (BF4)2
Ha N O "N

| | I I
O OH O
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IH NMR, ESI-MS and X-ray crystallography were used to confirm the product. The
complex contains a low-spin four coordinate Ni(II) ion, while the remaining cavity remains
protonated, allowing the complex to be NMR active. The 'H NMR displays a resonance at
13.7 ppm, corresponding to the hydrogen-bonded protons in the non-metallated pocket.
Crystallographic data confirmed that only a single nickel occupied a pocket, with 50%

delocalization across the two coordination sites.

Figure 2.1. Ortep diagram of [NiHzL](BF4)2. Ellipsoids are shown at 50% probability. A
second molecule in the asymmetric unit, hydrogens and BF4 counter ions have been
omitted for clarity. The ortep diagram is shown with no anisotropy and only for structural
representation.

This complex provided us with two advantages: a) Ni remains square planar,
contrary to literature, making characterization more facile b) to create the heterobimetallic
complex, one can simply deprotonate in the presence of a metal salt to yield the
appropriate [NiML!]|(BF4)2 complex. The heterobimetallic complexes with the L! ligand
were synthesized in the following way (Scheme 2.2): [NiH2L1](BF4)2 was dissolved in 5 mL

of DMF under an inert atmosphere of N2. A THF solution (1 mL) of KO'Bu was then added,
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followed by the addition of an acetonitrile solution of [M(CH3CN),](BF4)2 (where n = 4,6).

The products were then precipitated out of DMF using diethyl ether and recrystallized.

Scheme 2.2. Synthesis of heterobimetallic complexes [NiML!](BF4)a.

| | | |
N ° N N (o) N
WO 2KO'B O
@: SN H D (BF)z +  [M(CH3CN),](BF4), =HEENG @: W W] D (BF )2
N OTN -2HO®BU N 0 N

| |
- 2KBF,

Successful attempts were made with M = Ni, Cu, while unsuccessful results were
made with M = Co, Fe, Mn. It should be noted that efforts using M(OAc); resulted with
acetate bound across the metal centers, leading to dimerization, as shown in Figure A1l. The
complexes [NiML!]|(BF4)2 (where M = Zn, Cu, Ni, Co, Fe, Mn) were characterized by ESI-MS,
IH NMR, X-band EPR (when applicable), cyclic voltammetry, and magnetic moment
measurements. X-ray crystallography and ESI-MS revealed two different outcomes
following insertion of the second metal. When metal ionic radii are small (< 88 pm when
high spin, octahedral geometry is considered), stoichiometric insertion is achieved.197 This
is shown with M = Cu and Ni (Figure 2.2, left). Attempts of insertion when the ionic radius
is =2 88 pm results in a dimerized product. It is thought that the pocket size is too small for
metals of this ionic radii, puckering the metal out of the pocket which is then stabilized by

dimerization with a second deprotonated [NiL!] complex. This is observed with M = Fe and
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Mn, as shown in Figure 2.2 (right). 1H NMR of these complexes revealed that Ni retains a

square planar geometry, resulting in a “diamagnetic” side of the complex.

Figure 2.2. Ortep diagrams of (left) [NiCuL!](BF4).*DMF and (right) {[NiL!]z-u-Fe}(BF4)a.
Ellipsoids are shown at 50% probability. Uncoordinated solvent, hydrogens and BF4
counter ions have been omitted for clarity. The ortep diagrams are with no anisotropy and
shown only for structural representation.

The dimerization product is observed as the only product in ESI-MS as well (Figure
A2). Synthesis using metals with ionic radii = 88 pm give a characteristic m/z signal at
~641. This signal has a defined pattern of 0.5 mass-charge units, owing to the M?+/2 ratio.

As mentioned before, it is thought that this dimerization is a direct result of the ionic
radius of the second metal inserted. This difficulty in metallation of Robson-type ligands
has been observed before by Okawa/Kida and others, whereby the authors increased the
ligand flexibility by changing the diamine used in the synthesis. We chose to follow this

method as well, which will be described below for ligands L2-L*.

23



Table 2.1. Magnetic data for select [NiML!](BF4)2 complexes.

Complex Weff / UB g S
[NiCuL1]2* 1.42 2.1 1/2
[NiCoL1]2* 3.69 43 3/2
[NiFeL 1]+ 3.16 i 1

2.2 Synthesis and characterization of [NiML?]2* complexes

The synthesis and characterization of ligands of the L? moiety are described below.
1,3-diaminopropane was used instead of o-phenylenediamine, where complexes with this
linker have been shown to incorporate the larger metal ions such as Mn?* and Fe?*. The

synthesis is analogous to the L! ligand described in Chapter 2.1.

Scheme 2.3. Synthesis of heterobimetallic complexes [NiML?](BF4)a.

| |
N (0] N 1) N N
/ *u’ 2 KO'Bu / /
{ :Ni\ H' ) (BFd2 + [M(CHyCN),](BF), - :Ni\ :M ) (BFa)2
N o ‘IN -2HO'BU NI o N

- 2 KBF,

[NiH2L?](BF4)2 was synthesized in a similar manner to L!, however some
differences were observed. Contrary to L1, [NiH2L?](BF4)2 did not retain a square planar

geometry, resulting in a high spin complex. It has been reported that nickel complexes in
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the L2-type Robson macrocycle bind solvent in the axial positions, resulting in a square
pyramidal or octahedral geometry with S = 1.73105 I1H NMR revealed two broad resonances
at 3.38, 6.68, and 12.18 ppm, corresponding to the uncoordinated, diamagnetic side of the
complex (Figure 2.3). No resonances were observed beyond 15 ppm in the conditions used
during the NMR experiment. ESI-MS displayed signals corresponding to both the mono-Ni
complex and [NizL?](BF4)2, however, no homobimetallic impurities were observed in the 'H
NMR. Crystals suitable for X-ray analysis did not produce a quality structure, although we
were able to confirm structurally that only a single nickel resided in the [NiH:L?](BF4)2
framework with acetonitrile ligands bound to Ni, resulting in a pseudo octahedral

geometry.
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Figure 2.3. H NMR of [NiH;L?](BF4)2in d6-DMSO.

Metallation of the second pocket site resulted in successful complexation via ESI-MS
and X-ray crstallography. Some homobimetallic impurities were observed in mass
spectrometry, although the extent of metal scrambling is not clear. Characterization proved
unexpectedly difficult, with X-ray crystallography and elemental analysis unable to

distinguish the homobimetallic and heterobimetallic purity, while the magnetic orbitals of
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the now high spin Ni(II) allowed antiferromagnetic interactions with the second metal site,
complicating characterization by magnetic methods. Cyclic voltammetry was therefore
employed in an attempt to support the existence of the heterobimetallic species. The cyclic
voltammograms are shown in Figure 2.4. It can be observed that the first cathodic process
for all complexes listed are at similar potentials, which is likely the Ni(II/I) couple based on
reports in literature, which will be described in more in detail in Chapter 3. As can be seen,
[NiCoL?](BF4)2 displays two cathodic events, the first at -1.44 V and the second at -1.61 V
versus the ferrocene/ferrocinium couple, owing to the Ni(II/I) couple prior to the Co(II/I)
couple.100.104 No homobimetallic [Ni2L?](BF4)2 or [CozL?](BF4)2 were observed in this cyclic

voltammogram.
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Figure 2.4. Cyclic voltammograms of [NiML?](BF4)2 complexes. 2.0 mM complex in CH3CN,
0.2 M BusNPFs, 100 mV/s scan rate.

Since characterization of these complexes remained challenging, the diamine used

was changed from 1,3-diaminopropane to ethylenediamine. This has been shown to give
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increased flexibility, presumably more than the phenylene linker, while maintaining a
strong field ligand environment that keeps Ni(Il) square planar, which would allow more

facile characterization compared to the L2 complexes.

2.3 Synthesis and characterization of [NiML3]2* complexes

The synthesis of complexes with the ethylene linker are analogous to L! and L?
complexes. Condensation using one equivalent of [Ni(H20)s](BF4)2 again resulted in the
mono-nickel complex [NiH;L3](BF4)2. Precipitation of orange microcrystals from ethanol

gave the complex in 72% yield, with no further purification needed.

W

14 12 10 8 6 4 2 0
Chemical Shift / ppm

Figure 2.5. H NMR of [NiH,L?](BF4) in d6-DMSO.

Single crystals were isolated by vapor diffusion of diethyl ether into a DMF solution
containing [NiHzL3](BF4)2. Each nickel site was disordered with 50% occupation by a Ni
ion. This delocalization, along with TH NMR, ESI-MS confirmed the identity of the complex.

It should also be noted that no homobimetallic complex was observed via ESI-MS.
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Figure 2.6. Ortep diagram of [Ni:L3](BF4)2. Ellipsoids are shown at 50% probability.
Uncoordinated solvent, hydrogens, and BF4 counter ions have been omitted for clarity.

Deprotonation with LiO'Bu in the presence of M(BF4); (where M = Zn, Cu, Ni, Co)
resulted in the desired heterobimetallic complexes. LiO'Bu was used in place of KO'Bu to
avoid KBF4 impurities upon precipitation from ether. These complexes were isolated using

ether diffusion into an acetonitrile solution containing the complex.

Scheme 2.4. Synthesis of heterobimetallic complexes [NiML3](BF4)a.
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The complexes were characterized by X-ray crystallography, ESI-MS, 1H NMR, cyclic
voltammetry and elemental analysis. As can be observed, Ni(II) adopts a square planar
geometry, resulting in a “diamagnetic” side of the complex. The second metal can be
distinguished due to the adoption of a different geometry upon solvent binding in the axial
positions, in contrast to L? complexes. This also results in simple paramagnets that can be
more easily characterized compared to the L? macrocycle since no magnetic coupling

occurs.

Figure 2.7. Ortep diagram of [NiCoL3](BF4):*DMF. Ellipsoids are shown at 50%
probability. A second structure in the asymmetric unit along with uncoordinated solvent,
hydrogens, and BF4 counter ions have been omitted for clarity.

As can be seen from Figure 2.7, as the ionic radii increases, we still observe a
puckering of the second metal. Insertion of Fe?* and Mn?* resulted in the dimerized
product, similar to what was observed with Ll This is evident by both ESI-MS and single

crystal analysis, shown in Figure 2.8.
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Figure 2.8. Ortep diagram of {[NiL3]2-u-Mn}(BF4)2. Ellipsoids are shown at 50%
probability. Uncoordinated solvent, hydrogens and BF4 counter ions have been omitted for
clarity.

Since the dimerization was still observed with the L3 ligand, we decided to once
again alter the diamine to provide enough flexibility for larger metals. This approach
provides us with a few advantages: a) Ni is smaller and will remain on the ethylene side b)
Ni will thus retain square planar geometry with no magnetic coupling c) the propylene side

will be flexible enough to incorporate the larger metal ions such as Mn?* and Fe?*.

2.4 Synthesis and characterization of [NiML#]2* complexes

As mentioned previously, Okawa/Kida developed a method around the same time as
Robson to synthesize the heterobimetallic complexes with the same macrocycle. This was
achieved using a step-wise synthesis. First, condensation of two equivalents of
diformlyphenol with only one equivalent of ethylenediamine produces the ligand L%, or

denoted by the authors as Fsal-2. Deprotonation and sequential metallation with Ni(OAc):
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forms the complex NiL¥. A second condensation with 1,3-diaminopropane forms the

asymmetric NiL#, shown in Scheme 2.5

Scheme 2.5. Synthesis of [NiML#](BF4)x2.

2 EN 298 K, ethanol [ Ni(OA) [”\ /
Hy

OH O

B
b4

NiL4*

HNTN""NH,

-

NiL4

This step-wise synthesis can be monitored by 'H NMR until insertion of the second
metal ion, whereby the complex becomes paramagnetic. Ni(Il) retains square planar
geometry throughout the synthesis, similar to what was seen in the L3 complexes, which
allows more facile characterization. Condensation of 1,3-diaminopropane results in a loss

of the aldehyde resonance at 10.5 ppm for NiL#, confirming the completion of the
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macrocycle. Metallation of NiL* with [Mn(CH3CN)4](BF4)2 in dichloromethane yields a color

change, with a precipitate formed upon addition of diethyl ether. Suitable crystals for X-ray

analysis were not obtained and is still under investigation.
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Figure 2.9. 'H NMR following the synthesis of NiL# in CD3CL
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CHAPTER 3
Redox characterization of NiM bimetallic systems

3.1 Stability of Schiff-base macrocycle to acidic environments

Since reduction of CO; generally involves the presence of H*, it was pertinent to
examine the stability of these complexes in acidic environments. The ligand series
described above contains four imines, brought together in a condensation reaction.
Generally speaking, imines in the presence of acid reverses the condensation. This would
be detrimental to the complex stability under CO2 reduction conditions.

The diamagnetic complexes [NiH2L1](BF4)2 and [NiH:L3](BF4)2 were probed via 'H
NMR for decomposition in the presence of the acids [NH4][BF4] (pKa = 16.5 in CH3CN, 10.5
in DMSO and c.a. 11.6 in DMF) and [HDBU][BF4] (pKa = 24.3 in CH3CN, 12 in DMSO, c.a. 13.1
in DMF).108-110 No noticeable changes were observed upon exposure to these acids within
24 h (Figure 3.1). Stronger acids, such as [CeHsNH3][BF4] (pKa = 10.6 in CH3CN, 3.6 in
DMSO, c.a. 5 in DMF) and [HDMF][BF4] (pKa = 6.10 in CH3CN), result in decomposition as
seen by 1H NMR. [NiCoL3](BF4)2, [NiCuL3](BF4)2, [Ni2L3](BF4)2 also displayed no changes in
the absorbance spectrum, indicating no decomposition in mild acidic conditions. It should
be noted that exposure of the heterobimetallic complexes in the presence of strong acids
such as anilinium or [HDMF][BF4] replaces the non-Ni atom with H*, supported by changes
in the absorption spectrum. It is unclear of the extent of decomposition following

demetallation = when stoichiometric amounts of strong acid are added.
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Figure 3.1. 'H NMR probing the acid stability of [NiH;L3](BF4)2 in d®-DMSO. [NH4][BF4]
added and the solution was allowed to come to equilibrium for 24 hr.

3.2 Spectroscopic determination of [NiML]* species

As mentioned, the complexes are designed to be electrocatalysts for reduction
processes. The initial method use to probe interaction with CO; was monitored by cyclic
voltammetry. The complexes described in Chapter 2 all display cathodic waves in the CV,
indicative of reduction of the complex. It is desirable then to identify what occurs upon
reduction. All of the complexes described contain not only redox-active metals, but also
redox-active ligands.?395>111 In order to understand the reductive behavior, we used
Ni(salen) as a control since it contains a similar ligand field while having a known Ni(II/I)

reduction. The identification of the Ni(salen) family has been established in the literature
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producing mixed results.112113 [Ni(salen)]- has been identified containing a Ni(I) center,
which displays a rhombic signal with g values of 2.25, 2.08, and 2.04 (DMF) in X-band EPR,
while also giving rise to d-d transitions at 806 nm and 637 nm.!1# This d-d band structure
has been shown in the literature to describe the axial distortion from a d° Ni(I) species by
comparison to the isoelectronic Cu(salen)-type systems. The band shown in Figure 3.4
(right) is actually comprised of three features that are close in energy. The transitions are

assigned as dxy=>dx2.y%, d2>dx?-y2, and dyz, dyz> dx2-y2.
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Figure 3.2. d-orbital splitting and transitions for axially distortedd Ni(I) species. Allowable
transitions shown with red arrows.

Conversely, Ni(salp), which contains a phenyl linker, gives drastically different
results. Upon reduction, Ni(salp)- gives rise to a pseudo isotropic signal with a g = 2.01
(DMF) and transitions in the visible spectrum at 622 nm and 462 nm. It is thought that this
reduction generates a radical, not Ni(I), and that at low temperatures remains monomeric
Ni(II) while at room temperature dimerizes to [Ni(salp)z]?-. This difference observed upon
reduction with similar ligands shows the importance of understanding the redox processes

of the complexes we are studying. In addition to distinguishing the difference between
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Ni(II/I) and ligand reductions, many of the bimetallic complexes contain redox-active

metals that must be identified as well.
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Figure 3.3. Cyclic voltammograms of Ni(salen) (solid line) and Ni(salp) (dashed line). 0.2
M BusNPFs in DMF, 100 V/s scan rate.

In this section, the complexes will be separated into two sections: those containing
one redox active metal and those containing two redox active metals. The ligand
framework does not appear to affect the redox processes and will not be separated from
one another to describe the system.

The cyclic voltammogram of Ni(salen) displays a scan rate-dependent, reversible
couple at -2.11 V vs. Fc*/° with AEp = 99.6 mV. Chemical (or electrochemical) reduction
using one equivalent of potassium graphite results in a color change from orange to dark
brown, with absorption bands shown in Figure 3.4. X-band EPR displays a rhombic signal

with the same g-values described in the literature.
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Figure 3.4. (Left) EPR spectrum of Ni(salen)- at 77 K. 1e- reduced species was prepared by
addition of 1 eq KCg in DMF. 2.0 mM in DMF/THF (1:1). (Right) Absorption spectrum of

Ni(salen)- (black) and Ni(salen) (blue). Potential held at -2.2 V vs. Fc*/9, 50 uM, 0.2 M
Bu4PFe in DMF.

Knowing that a Ni(Ill/I) reduction of salen complexes results in the spectra
described above, we decided to look at the characteristics of the reduced NiH:L products to
understand the nature of the reduced species. [NiH;L1](BF4)2 displays a cathodic wave
similar to Ni(salp) but at c.a. 800 mV more positive. The reduction of Ni(salp) gives rise to a
cathodic wave at -1.86 V, with a distinct anodic feature at -0.94 V, much too far positive to
be related to a simple reoxidation event. This is likely due to the oxidation of the dimer
complex formed upon ligand reduction. [NiH;L!](BF4)2 displays similar characteristics with

cathodic features at -1.08 V and -2.00 V, with a separated anodic event at-0.49 V.
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Figure 3.5. Cyclic voltammogram of Ni(salp) (black) and [NiH:L]|(BF4)2 (red). 2.0 mM
complex, 0.2 M BusNBF4 in DMF, 100 mV/s scan rate.

The EPR of the chemically reduced species features an isotropic signal at g = 2.0
with no observed hyperfine at 77 K. Spectroelectrochemical reduction to the 1le- reduced
species did not result in the low energy d-d band associated with Ni(Ill/I), but rather a

growth of in the x> nt* region of the spectrum, likely due to ligand reduction.
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Figure 3.6. (Left): EPR spectrum of [NiH;L1]* at 77 K. 1e- reduced species was prepared by
addition of 1 eq KCg in DMF/THF (1:1). (Right): Absorption spectrum of [NiHzL]* (black)
and [NiH2L1]2* (blue). Potential held at -1.2 V vs. Fc*/9, 50 uM, 0.2 M Bu4PFs in DMF.
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Reduction of [NiH2L3](BF4)2 also does not display the Ni(II/I) characteristics seen in
Ni(salen). Two irreversible cathodic events at -1.41 and -1.65 V are observed in the cyclic
voltammogram of [NiHzL3]?*. The EPR spectrum of the 1le- reduced species give an isotropic
signal at g = 2.0 with no observable. SEC-UV-Vis displays a shoulder upon reduction in the

n—>w* region, similar to what was observed for [NiH2L1]?+.

= Ni(salen)
— [NiH,L 1(BF4);

Current / A
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. +/0
Potential / V vs. Fc

Figure 3.7. Cyclic voltammograms of Ni(salen) (black) and [NiHzL3](BF4)2 (red). 2.0 mM
sample, 0.2 M BusNPFs in DMF, 100 mV/s scan rate.

The reduction of both [NiH:L!|(BF4): and [NiH:L3](BF4)2 do not display the
characteristics of Ni(I) as seen in Ni(salen) but more closely resemble the features seen in
Ni(salp). It is likely that the reduction of the [NiHzL]?* complexes does not happen at the

metal center, but on the ligand, which is influenced by the phenolic protons in the second

pocket.
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Figure 3.8. (Right): EPR spectrum of [NiH;L3]* at 77 K. 1e- reduced species was prepared
by addition of 1 eq KCg in DMF/THF (1:1). (Left): Absorption spectrum of [NiHzL3]* (black)
and [NiH2L3]2* (blue). Potential held at -1.5 V vs. Fc*/9, 50 uM, 0.2 M Bu4PFs in DMF.

The bimetallic complexes [NiML]?* present more difficulty with regards to
characterizing the intermediates. Reduction of Ni(Il) to Ni(I) generates a magnetic orbital
for which a paramagnetic metal can then couple to. This is generally the case for these
complexes, resulting in antiferromagnetic coupling through the phenoxo bridge. Since
magnetic coupling makes EPR characterization difficult, the absorption spectrum can then
be used to help identify the reduced species. The absorption features seen in Ni(salen) have
also been observed by Okawa for [NiMnL#]*, which gives us a method for assigning Ni(II/I)
couples.100104 [Unlike the [NiH:L]?* complexes, reduction of the complexes [NiMLn]2*
complexes (where n = 1,3 and M = Nj, Co, Fe) resemble Ni(II/I) reductions. As can be seen
in Figure 3.9, [Ni2L3]?* and [NiCoL3]?* have reversible couples at -1.20 V and -1.24 V,
respectively, while [NizL3]?* has a second, irreversible couple at -1.52 V and [NiCoL3]?* has
a quasireversible couple at -1.65 V. Reduction of each complex by le- generates a low

energy d-d band, similar to what is observed for Ni(salen). The reduction of [NiCoL?](BF4):
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has been described in this same manner, with the first reduction corresponding to Ni'/Co!!

and the second reduction as the NilCo! species.100.104

*
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Figure 3.9. Cyclic voltammograms of [NiML3](BF4)2 {M = Co (green), Ni (blue)}. 2.0 mM
complex, 0.2 M BusNPF¢ in DMF, 100 mV/s scan rates.

This d-d band was also observed upon the reduction of {[NiL!]z-u-Fe}?* and {[NiL!]-
u-Co}?* at the first reduction potential. The similarities in reduction potential as well as the

appearance of the d-d band may indicate that the first reduction is likely the Ni(Il/I) couple.
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Figure 3.10. (Top left): Absorption spectrum of [NiCoL3]* (black) and [NiCoL3]?* (blue).
(Top right): Absorption spectrum of [NizL3]* (black) and [Ni:L3]?* (blue). (Bottom left):
Absorption spectrum of {[NiL1]z-u-Fe}* (black) and {[NiL1]2-u-Fe}?* (blue). (Bottom right):
Absorption spectrum of {[NiL!]z2-u-Co}* (black) and {[NiL!]z-u-Co}?* (blue). Potentials held
at past the first reduction potential vs. Fc*/9, 50 uM, 0.2 M BusPF¢ in DMF.
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CHAPTER 4
Interaction with CO:

4.1 Influence of Na* on Co(salen)

It has been observed since the 1980’s that the Co(salen) family, upon reduction in
the presence of alkali metals, can bind and reduce carbon dioxide by two electrons to
carbon monoxide, albeit at low turnovers.1268-71 Figure 4.1 shows the cyclic
voltammograms of Co(salp) in the presence of CO; and acid. It is observed that minimal
changes occur with CO2 alone, and that addition of acid results in a positive shift in the first
reduction with a slight increase in current. This is attributed to H* reduction, which is
known to occur. However, with the introduction of Na*, a new cathodic wave arises which
has been reported to be the reduction of the bicarbonate bound intermediate (see Figure
1.13).12 Again, there is a large current increase in the presence of H*, indicative of H:
production with small amounts of CO2 reduction. Ni(salen) and Ni(salp) do not show

interactions with CO; with or without the presence of alkali metals.
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Figure 4.1. (Left): Cyclic voltammogram of Co(salp) under CO; in the absence of Na*. 0.2 M
BusNPF¢ in DMF, 100 mV/s scan rate. NH4* = [NH4][BF4] (Right): Cyclic voltammogram of
Co(salp) under COz in the presence of Na*. 0.2 M NaPFs in DMF, 100 mV/s scan rate.
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4.2 Interactions of [NiML!](BF4)2 with CO-

Complexes with L! ligands displayed some interaction with CO2. Of note are the
complexes {[NiL!]z-u-Co}(BF4)2 and {[NiL!]z-u-Fe}(BF4)2, shown in Figure 4.2. Our interest
in {[NiL1]z2-u-Fe}(BF4)2 was due to the elemental similarity to CODH II, where no synthetic
NiFe bimetallic complex has displayed reactivity with CO2 or CO0.115>119 (Cyclic
voltammograms of {[NiL!]z-u-Fe}(BF4): in DMF displayed an irreversible cathodic event at
-1.38 V. Upon exposure to carbon dioxide, no current increase is seen at this potential;
however, an onset increase in current occurs at potentials past the first reduction event.
This displays scan rate dependent behavior, with onset potentials becoming more positive
as the scan rate is decreased (Appendix Figure A5). This scan rate dependent behavior is
also seen in {[NiL!]z2-u-Co}(BF4): at approximately the same potential. It should be noted
that increases in current beyond -1.9 V were not investigated due to direct reduction of CO>

on the glassy carbon working electrode in DMF.

Current / uA
1

N/, ~ | | CO; in DMF
] = [NiFeL](BF,4), under N,
=— [NiFeL](BF4), under CO,

-2.5 -2.0 -1.5 -1.0

Potential / V vs Fc+/0
Figure 4.2. Cyclic voltammogram of {[NiL1]2-u-Fe](BF4)2 under CO;. 2.0 mM complex, 0.2 M

BusNBF4 in DMF, 25 mV/s. Interaction of CO2 on a glassy carbon electrode in the absence of
complex shown in dotted black line.
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[NiH2L1](BF4)2 and [NiZnL!](BF4); also showed onset current increases in the
presence of COz, though at more negative potentials (Appendix Figure A8 & A10). This too
showed scan rate dependent behavior, with [NiH:L!](BF4)2 showing only slightly more
positive onset potentials at slow scan rates (< 25 mV/s) and [NiZnL!](BF4)2 showing
modest potential shifts.

These results were corroborated wusing bulk chemical reduction and
spectroelectrochemistry to monitor the reaction with CO; by molecular spectroscopy.
Holding the potentials past the first cathodic event generates the le- reduced product,

whereby introduction of CO; induces change in the absorption spectrum shown Figure 4.3.
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Figure 4.3. (Top left): Electrolysis of {[NiL!].-u-Fe}2+*. Potential held at -1.6 V vs. Fc*/0. 0.2
M Bu4NBF; in DMF under Ar. (Top right): Addition of CO2 to electrolyzed {[NiL!]z-u-Fe}*.
Inset: time vs. absorbance at 371 nm after the addition of CO2. (Bottom left): Addition of
CO: to electrolyzed [NiZnL!]*. Inset: time vs. absorbance at 385 nm after the addition of
COz. (Bottom right): Addition of CO; to electrolyzed [NiH:L!]*. Inset: time vs. absorbance at
376 nm after the addition of CO-.

Although these results indicate an interaction with CO2, no CO was detected during
bulk electrolysis. This could be explained by the structure of the complexes. As stated
throughout the text, we believe that CO2 reduction is facilitated by cooperation among the
metal ions. With respect to the structure shown in Figure 2.2, a cooperative interaction

between the Ni and Fe ions of {[NiL!]z-u-Fe}(BF4)2 is not likely unless the complex
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dissociates upon reduction. It is due to this structural interference that we pursued

complexes containing the L? ligand to avoid the hindrance made by complex dimerization.

4.3 Interactions of [NiMLZ](BF4)2 with CO-

Of the complexes containing the L2 ligand, [NiCoL?](BF4)2 displayed the most
promising results. The cyclic voltammogram of [NiCoL?](BFs)2 contains two
quasireversible reduction events at -1.41 V and -1.59 V pertaining to the Ni(II/I) couple
and Co(II/I) couple, respectively.190 Introduction of carbon dioxide does not result in a
current increase, but perturbations in the cyclic voltammogram are observed. A reductive
event at -1.79 V appears, while the anodic wave associated with Co(I/II) couple disappears.
Introduction of a protic source, [NH4][BF4] induces a large current increase with an onset
potential of -1.4 V. The maximum current starts at -1.61 V and increases linearly with the

concentration of H*, plateauing at a maximum current at -1.82 V, shown in Figure 4.4.
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Figure 4.4. (Left): Cyclic voltammogram of [NiCoL?](BF4)2 under Nz (black) and CO; (blue).
0.2 M BusNPF¢ in DMF, 25 mV/s. (Right): Cyclic voltammogram of [NiCoL?](BF4)2 under N;
(black), CO2z (blue), and increasing equivalents of [NH4][BF4] (red-purple). Inset: Current vs.
[H*] for the addition of [NH4][BF4].
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Introduction of protic sources in the absence of CO2 likewise results in an increase
in current. Figure 4.5 illustrates this; however, after 2 equivalents of acid have been added,
the addition of CO: still produces an increase in current. Furthermore, the reversibility of

the Co(II/I) couple diminishes only in the presence of both H* and CO., indicating catalytic

behavior.
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Figure 4.5. Cyclic voltammogram of [NiCoL?](BF4)2 under N2 (black), 1-2 equivalents of
[NH4][BF4] under N2 (red), and the addition of CO2 (blue). 0.2 M BusNPFs in DMF, 25 mV/s.

Attempts to characterize the intermediates formed upon electrocatalysis did not
yield carbonyl stretches in the IR. COz is known to reduce on Pt electrodes at-1.7 V vs. Fc*/0
to carbonate, with stretching frequencies around 1650 cm1, while the other product CO is
not seen due to the cell used, so care must be used in interpretation of SEC-IR results.11.120
Bulk electrolysis was run at potentials held past the first and second reduction potential at
-1.4 and -1.65 V, respectively. Large amounts of hydrogen were detected via gas
chromatography, indicating that the catalysis observed during cyclic voltammetry is a
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result of H* reduction to Hz; no carbon monoxide was detected. FT-IR of the sample

following electrolysis did not result in the detection of carbonyl stretches.
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Figure 4.6. (Left): Cyclic voltammogram of [NiCoL?](BF4)2 before electrolysis. 1.0 mM
complex, 0.2 M BusNPF¢ in DMF, 2.0 mM [NH4][BF4], 100 mV/s. (Right): Time vs. current of
[NiCoL?](BF4)2 during electrolysis.

It has been mentioned that of the complexes containing the L? ligand, only
[NiCoL?](BF4)2 displayed promising cyclic voltammograms in the presence of CO. It should
be noted that similar complexes, such as [NiFeL?](BF4)2 showed only subtle changes in the
reversible behavior upon the introduction of CO2; however, in the presence of acid, the only

activity that was observed is likely due to H* reduction (Figure A14).

4.4 Interactions of [NiML3](BF4)2 with CO-

Complexes containing the L3 ligand did not show promising behavior for reduction
of COz. Introduction of CO; into solutions containing [NiML3](BF4)2, such as [NiCoL3](BF4)2,
did not show features in the cyclic voltammogram indicative of interaction. Addition of
[NH4][BF4] resulted in a current increases beyond the Co(II/I) couple. Activity with protons
under inert atmosphere was noticed, however, the sample displayed crossover behavior in

the cyclic voltammogram under these conditions. Interestingly, the addition of carbon
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dioxide caused the crossover event to be noticeably absent, indicating possible
interference/reaction with CO2 in protic conditions. This possible interaction of CO; with

these complexes remains undetermined.
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CHAPTER 5

Summary and Conclusions

Our aim was to develop bimetallic complexes that acted in a way similar to CODH II
that work cooperatively to reduce carbon dioxide by 2e. The complex design was
influenced by the Co(salen) system, utilizing a Robson-type macrocycle to bring two metal
ions into close proximity that could be tuned to work together to bind and reduce COz. The
synthesis and characterization detailed in Chapter 2 presented surprising results that
required ligand modifications to address unforeseen issues. It was shown that template
syntheses involving [Ni(H20)6](BF4)2 incorporated a single nickel ion, leaving the second
binding site available to add a different metal ion. However, the diamine used (phenyl,
propyl, ethyl) controlled the flexibility of the pocket, with 1,3-diaminopropane (L?)
allowing stoichiometric insertion while o-phenylenediamine (L) and ethylenediamine (L3)
were too rigid to allow addition of larger metal ions (e.g. Fe(II) and Mn(II)). Synthetically,
complexes containing the L2 ligand present challenges regarding characterization. Nickel
adopts a 6-coordinate geometry in L?, allowing a magnetic orbital on Ni to interact with
magnetic orbitals of the second metal through the phenoxo-bridge, leading to
antiferromagnetic coupling. Complexes containing L3 were the best characterized, with the
complexes easily crystallized. It was shown that these complexes retained square planar
geometry for Ni(II), resulting in a simple paramagnet upon insertion of a second metal ion.

The complexes displayed varying redox behavior, with compounds of the formula

[NiH2L"](BF4)2 (with n = 1 & 3) displaying ligand reductions, while bimetallic complexes

[NiML"](BF4)2 (with M = Ni, Co, Fe and n = 1 & 3) displaying what appears to be Ni(Il/I)

reductions as the first reduction process, with this assessment supported in the literature.
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Complexes containing L' and L3 did not show promising reactivity with CO; for
reduction. {[NiL!]z-u-Fe}(BF4)2 displayed interaction with CO; after reduction of the
complex by le-. The details of this interaction are not yet understood, but it does not lead
the production of CO. Of the complexes made in Chapter 2, the most promising example
was the complex [NiCoL?](BF4)2, which displayed catalytic behavior in the cyclic
voltammogram in acidic conditions; however, H2> and not CO was detected during bulk
electrolysis.

Although these complexes did not result in CO production, we believe that the right
combination of acid and base, along with contributions from the ligand macrocycle, could
lead to an effective method to bind and reduce CO; at low overpotentials. Although nature
has had much more time to tune CODH II, our understanding of the importance of
cooperative effects has increased dramatically in the last two decades, and should continue

to develop as more complexes display these properties.
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CHAPTER 6

Experimental

6.1. Synthetic Methods & Materials

Many of the complexes described below are air-sensitive, and must be handled
under an inert atmosphere of nitrogen using standard glovebox and Schlenk techniques.
Unless otherwise noted, all procedures were performed at ambient temperature (21-24
°C). All solvents were sparged with argon and dried using a solvent purification system.
Acetonitrile, ethereal, and halogenated solvents were passed through two columns of
neutral alumina. DMF and alcohol solvents were passed through columns of activated
molecular sieves. The ligands salen, salophen, sal-pren and the metal starting materials
[M(CH3CN)4.¢][BF4]2 were synthesized according to established procedures. Potassium
graphite (KCg) was synthesized by heating stoichiometric amounts of potassium and
graphite in drybox until a homogenous bronze-colored powder was obtained. All other
materials, including CO2 (99.999%) and CO (99.5%), were purchased from commercial

sources and used without further purification.

6.2. Physical Methods

Elemental analyses (EA) were performed on a Perkin Elmer 2400 Series Il CHNS/O
analyzer. Electrospray ionization mass spectrometry (ESI-MS) was performed with a
Micromass LCT mass spectrometer. Gas chromatography (GC) was performed on an Agilent
Technologies 7890A GC system with a front TCD inlet and detector. Samples were run
using a 500 mL injection using a 5:1 split injection method. The column used was a

isothermally at 40 °C. Nuclear magnetic resonance (NMR) spectra were recorded on a
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Bruker GN500 spectrometer with a BBO probe ('H and !3C). 'TH NMR spectra were
referenced to TMS using the residual proteo impurities of the solvent; All chemical shifts
are reported in the standard 6 notation in parts per million; positive chemical shifts are to a
higher frequency from the given reference. Solution magnetic moments were determined
by Evans Method using a sealed capillary containing either 5% CH:Cl>/d®-DMSO as an
internal reference.?! Perpendicular-mode X-band electron paramagnetic resonance (EPR)
spectra were collected using a Bruker EMX spectrometer. Infrared (IR) absorption
measurements were taken as liquid films on a Varian 1000 spectrophotometer.
Spectroelectrochemical experiments were performed using a 3-electrode cell with gold
working, silver reference, and gold counter electrodes. Background spectra were taken
before electrolysis, and difference spectra were collected while applying a controlled
potential. For each experiment, potentials were measured and applied relative to an
internal ferrocene reference. Electrochemical experiments were carried out with a Pine
Wavedriver 10 potentiostat. Electrochemical experiments were carried out in an
acetonitrile or DMF solution with ~ 2.0 mM analyte and 0.20 M BusNPFs or BusNBF4. The
working electrode was a glassy carbon disc with a diameter of 3 mm or 1 mm; the counter
electrode was a glassy carbon rod; and the reference electrode was a silver wire in 0.20 M
BusNPF¢ or BusNBF4 in CH3CN separated from the bulk solution by a Vycor frit. Potentials
were referenced at 100 mV/s (unless otherwise noted) to the ferrocene/ferrocenium
couple at 0 V using ferrocene as an internal reference. M(salen) and Fsal-n-M (where M =

Co, Ni, n = 2,3) were prepared according to literature methods.67.9899.101,122
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6.2.1. Detection of products by GC

Bulk electrolysis was carried out using a single compartment cell with a working
electrode (vitreous carbon), reference electrode (silver wire in 0.2 M BusNPF¢ in CH3CN
separated by Vycor frit) and a counter electrode (vitreous carbon). The working
compartment contained > 2.0 mM, 0.20 M BusNPFs, and 2.0 mM NH4BF4 in acetonitrile. The
headspace of the working compartment was sampled by syringe. The method for CO
detection utilized a split 5:1 split injection, operating under isothermal conditions at 40°C,
helium carrier gas and 500 uL injections. CO was detected at a retention time of c.a. 11 min,

with adequate separation from Nz and O2.
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6.3. M(SALEN) SYNTHESIS

6.3.1. HzSalen (salen = N,N’-ethylenebis(salicylimine)).

EtOH N OH
H,N > [
+ 2
2 g K, 2h, 60°C
N OH
O OH

To a solution containing salicylaldehyde (8.26 mmol) in 15 mL of ethanol was added
ethylenediamine (4.48 mmol) in minimal ethanol. The solution was heated to 60°C for 5
minutes, whereby the yellow crystals were filtered and washed with cold ethanol. (Yield

93.4%). 1H NMR (500 MHz, d6-DMSO0) &: 13.37 (2H, s), 7.41 (2H, dd), 7.31 (2H, td), 6.86

(4H, m), 3.92 (4H, s).
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6.3.2. HzSalpn (salpn = N,N’-propylenebis(salicylimine)).

EtOH N OH
0 + HN">"WH, >

, 2h, 60°C N OH
O OH I

To a solution refluxing ethanolic solution containing salicylaldehyde (4.21 mmol) was
added 1,3-diaminopropane (in 5 mL CH30H, 2.10 mmol). The solution was kept at reflux
for 2 h, whereby the solution was concentrated under vacuum until precipitate formed. The
precipitate was filtered and washed with diethyl ether (5 mL, 3X). (Yield 79.8%) H NMR

(500 MHz, d6-DMSO0) &: 13.48 (2H, broad s), 8.58 (2H, s), 7.42 (2H, d), 7.32 (2H, dd), 6.88

(4H, m), 3.68 (4H, t), 2.02 (2H, q).
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6.3.3. HzSalp (salp = N,N’-phenylenebis(salicylimine)).

NH; EtOH ~_N OH
2 * @[N ameoc &
H, ' N OH

o=
o
I

To a solution containing salicylaldehyde (16.5 mmol) in 15 mL of ethanol was added o-
phenylenediamine (8.48 mmol) in minimal ethanol. The solution was heated to 60°C for 30
minutes, whereby the orange crystals were filtered and washed with cold ethanol. (Yield
83.5%). TH NMR (500 MHz, d®-DMSO0) 6: 13.09 (2H, s), 8.78 (2H, s), 7.52 (2H, dd), 7.39 (4H,

m), 6.98 (4H, m).
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6.3.4. Co(salen). Hzsalen (1.18 mmol) was dissolved in hot ethanol for 30 min under No.
Co(C2H402)2*4H20 (1.17 mmol) in water was added dropwise over 10 min and the solution
was allowed to reflux for 5 minutes. The red product was filtered, washed with water and

ether and dried en vacuo.

6.3.5. Co(salpn). Hzsalpn (0.560 mmol) was dissolved in hot ethanol for 30 min under No.
Co(C2H402)2*4H20 (0.592 mmol) in water was added dropwise over 10 min and the
solution was allowed to reflux for 5 minutes. The tan precipitate was filtered and washed

with water (Yield = 75.0%).

6.3.6. Co(salp). Hzsalp (0.959 mmol) was dissolved in hot ethanol for 30 min under No.
Co(C2H402)2*4H20 (0.950 mmol) in water was added dropwise over 10 min and the
solution was allowed to reflux for 5 minutes. The red product was filtered and washed with
water (Yield = 82.5%). ESI-MS m/z: 372.98 (M*), 746.03 (2M*). CV (BusNBF4): E1/2, V vs

Fc/Fct =-0.34 (Co3+/2+),-1.57 V (Co2*/*).

6.3.7. Ni(salen). Hzsalen (0.887 mmol) was dissolved in hot ethanol for 30 min.
Ni(C2H402)2*4H20 (0.899 mmol) in water was added dropwise over 10 min and the
solution was allowed to reflux for 5 minutes. The orange product was filtered and washed
with water. 1H NMR (500 MHz, d6-DMSO) &: 7.91 (2H, s), 7.28 (2H, dd), 7.16 (4H, td), 6.71

(2H, d), 6.52 (2H, t). CV (BusNBF4): E1/2, V vs Fc/Fct =-2.11 V (Ni2+/+),
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6.3.8. Ni(salpn). Hzsalpn (0.446 mmol) was dissolved in hot ethanol for 30 min.
Ni(C2H402)2*4H20 (0.467 mmol) in water was added dropwise over 10 min and the
solution was allowed to reflux for 5 minutes. The pea green product was filtered and

washed with water.

6.3.9. Ni(salp). Hzsalp (0.493 mmol) was dissolved in hot ethanol for 30 min.
Ni(Cz2H402)2*4H20 (0.516 mmol) in water was added dropwise over 10 min and the
solution was allowed to reflux for 5 minutes. The red product was filtered and washed with
water. Recrystallization from vapor diffusion of diethyl ether into a chloroform solution
yielded red needles of Ni(salp). ESI-MS m/z: 373.01 (M-H*), 395.02 (M-Na*), 746.03 (2M-
H*), 767.02 (2M-Na*). 'H NMR (500 MHz, d®-DMSO) 6: 8.89 (2H, s), 8.15 (2H, dd), 7.60 (2H,

d), 7.31 (4H, m), 6.89 (2H,d), 6.67 (2H, t). CV (BusNBF4): E, V vs Fc/Fc* = -1.85 V (Ni2*/+).
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6.4. NIM HETEROBIMETALLICS
6.4.1. [NiH2L!] (BF4)2
|
O.. .N

|

NH, N .

MeOH, 65°C, 12 h s/ "H

2 * 2 @:N + IN(H,0)cl(BF), — > @: N n. (BFa)2
H NI o IN
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Modified from a previously reported procedure.”? A solution containing o-
phenylenediamine (5.94 mmol) and [Ni(H20)s](BF4)2 (2.94 mmol) in a minimal amount of
methanol was added to a warm solution of 4-tert-butyl-2,6-diformylphenol (5.92 mmol) in
100 mL of methanol. The solution was brought to reflux for 8 h, filtered, washed with cold
methanol, and dried under vacuum (yield 70%). Crystals suitable for X-ray analysis were
grown from vapor diffusion of diethyl ether into a concentrated DMF solution containing
the compound. ESI-MS m/z: 613.12 (M*). 1H NMR (500 MHz, d®-DMSO) 6: 13.65 (1H, s),
8.74 (2H, s), 8.30 (2H, s), 7.71 (2H, dd), 7.66 (2H, broad s), 7.62 (4H, dd), 7.56 (2H, dd), 7.31
(2H, dd), 1.38 (18H, s). CV (BusNBF4): E¢, V vs Fc*/0 =-1.06 V (Ni2+/*),-2.05 V.
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6.4.2. [NiZnL1](BF4)2. To a vigorously stirred solution of [NiH2L1](BF4)2 in DMF was added
solid KOtBu followed by the addition of solid [Zn(H20)x](BF4)2. This reaction was allowed

to stir at room temperature for approximately 2 hours. The red-brown solution was poured
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into 40 mL diethyl ether, and the resulting precipitate was filtered, washed with diethyl
ether and dried under vacuum. ESI-MS m/z: 713.10 (M*2H;0*). 1TH NMR (500 MHz, dé-
DMSO0): 8.57 (2H, s), 8.46 (2H, s), 7.86 (2H, dd), 7.76 (2H, d), 7.68 (2H, d), 7.60 (2H, dd),

7.40 (2H, dd), 7.13 (2H, dd), 1.43 (18H, s).
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6.4.3. [NiCuL](BF4)2. To a suspension containing [NiH2L1](BF4)2 (0.188 mmol) was added
a solution containing [Cu(MeCN)4](BF4)2 (0.193 mmol) in a minimal volume of methanol.
The reaction was allowed to stir for 15 h at 65°C, and the product was filtered and washed
with cold methanol (Yield 81.6%). Alternatively, the method described for [NiZnL!](BF4)2
provides the product in nearly the same yield. Single crystals suitable for X-ray analysis
were grown from vapor diffusion of diethyl ether in a DMF solution containing the product.
ESI-MS m/z: 337.55 (M2*/2). 'H NMR (500 MHz, d°-DMSO) &: 21.48, 15.20, 11.02, 9.94. X-

band EPR (DMF/THF 1:1, 77 K): g1 = 2.1. No EA was collected.
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6.4.4. [NizL1](BF4)2. A suspension of [NiH:Ll](BF4)2 (0.197 mmol) in methanol was
brought to reflux. To this suspension was added a solution of [Ni(H20)s](BF4)2 (1.2 eq) in
minimal methanol dropwise. The mixture was allowed to reflux for 72 h, where the product
was filtered and washed with cold methanol. ESI-MS m/z: 335.0 (M?*/2), 757.1 (M-BF4*).

'H NMR (500 MHz, d®-DMSOQ) 6: 21.62, 15.18, 11.00, 9.89. No EA was collected.
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6.4.5. {[NiL1]z-u-Co}(BF4)2. In an O: free glovebox, [NiH:L!](BF4): (0.0674 mmol) was
dissolved in 5 mL DMF. Solid KO'Bu (0.146 mmol) was added with vigorous stirring,
followed by the addition of solid [Co(CH3CN)s](BF4)2 (0.0691 mmol). The reaction was
stirred at room temperature for 2 hrs, where the solution was poured into 40 mL of diethyl
ether and the precipitate was collected and dried under vacuum to yield an orange powder.

'H NMR (500 MHz, d°-DMSO) &: 17.80, 12.45, 9.44, 5.93, 5.10, 4.65. ESI-MS m/z: 641.58
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(M2+/2). EPR (DMF/THF 1:1, 77 K): g1 = 4.16. E, V vs Fc*/0 =-1.40 V (Ni'Co"). No EA was

collected.
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6.4.6. {[NiL1]z-pn-Fe}(BF4)2. Analogous to [NiCoL!](BF4).. Suitable crystals for X-ray
analysis were grown from vapor diffusion of diethyl ether into a saturated solution of
analyte in CH3CN. 'TH NMR (500 MHz, d®-DMSO) 6: 26.52, 17.26, 16.68, 10.72, 9.22, 8.26.

ESI-MS m/z: 640.09 (M2*/2). E, V vs Fc*/0 =-1.45V (Ni'Fe''). No EA was collected.
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6.4.7. [NiHzL2](BF4):
| |
MeOH, 65°C, 12 h N\ /0"H'N
2 + HNT"NH, +  [Ni(H;0)6](BF,); A < N o > (BF4),

OH O | |

Analogous to [NiH:L!](BF4)2 substituting 1,3-diaminopropane for o-phenylenediamine.
After refluxing for 12 h, the solvent was removed under vacuum. The resulting precipitate
was washed with 5 mL of diethyl ether (3X) to remove excess diformylphenol and dried to
produce a tan powder. Suitable crystals for X-ray analysis were grown from vapor diffusion

of diethyl ether into a saturated solution in methanol. 1H NMR (500 MHz, d®-DMSO) é:
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29.28, 12.54, 11.99, 7.81, 7.13, 4.07. ESI-MS m/z: 273.08 (M2+/2), 545.13 (M-H*), 633.15

(M-BF4*). E, Vvs Fc*/0 =-1.42 V. No EA was collected.

6.4.8. [NiCoL?](BF4)2. To a solution of [NiHzL?](BF4)2 (0.178 mmol) in acetonitrile was
added a THF solution (0.359 mmol) of KO'Bu, followed by the addition of
[Co(CH3CN)s](BF4)2 (0.195 mmol). After stirring for 30 min, the solution was concentrated
and precipitated from diethyl ether. Crystals suitable for X-ray analysis were grown from
ether diffusion into a saturated solution of sample in acetonitrile. Crystals were
isomorphous with [NiFeL?](BF4)2. ESI-MS m/z: 302.03 (M?*/2), 322.54 (M?**CH3CN/2),
343.06 (M2+*2CH3CN/2), 691.06 (M-BF4*), 717.02 (M*2CH3CN*CH30H*). E., V vs Fc*/0 = -

1.44 V (NilCo), -1.62 V (Ni!Co'). No EA was collected.

6.4.9. [NiZnLZ?](BF4)2. To a solution of [NiH;L?](BF4)2 (0.121 mmol) in acetonitrile was
added a THF solution (0.265 mmol) of KO'Bu, followed by the addition of [Zn(H20)x](BF4)2
(0.280 mmol). After stirring for 30 min, the product was precipitated with diethyl ether,
filtered, and washed with ether. ESI-MS m/z: 689.05 (M-BF4*). E¢, V vs Fc*/0 = -1.42V

(Ni'Zn'"). No EA was collected.

6.4.10. [NiCuL?](BF4)2. Analogous to [NiCoL?](BF4)2. Precipitated with diethyl ether. ESI-

MS m/z 30353 (M2+/2), 344.56 (M*2CH3CN/2), 694.12 (M-BF+), 720.03

(M*ZCHgCN*CHgOH*).
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6.4.11. [NiFeL?](BF4)2. Analogous to [NiCoL?](BF4)2. ESI-MS m/z: 301.04 (M?*/2), 320.06
(M2+*CH3CN/2), 340.57 (M*2CH3CN/2), 686.09 (M-BF4*), 714.05 (M*2CH3CN*CH30H*). E,,
Vvs Fc*/0 =-1.42 V (Ni'Fel!). Structure represented as 2 Ni ions, since symmetry prevented

the identification of the metal ions. No EA was collected.

6.4.12. [NiH:L3](BF4)2

| |
N O.. .N
MeOH, 65°C,12 h N/ H
> Ni (BF 4)2
/ \_.H_
N (o] N

2 + HN Ay, + INi(H-0)6](BF,),

I |
O OH O
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A solution containing ethylenediamine (1.50 mmol) and [Ni(H20)6](BF4)2 (0.696 mmol) in
a minimal amount of ethanol was added to a warm solution of 4-tert-butyl-2,6-
diformylphenol (1.37 mmol) in 50 mL of ethanol. The solution was brought to reflux for 12
h, filtered, washed with cold methanol, and dried under vacuum (yield 76.2%). Crystals
suitable for X-ray analysis were grown from vapor diffusion of diethyl ether into a
concentrated DMF solution containing the compound. 50% Ni disorder in both pocket sites.
ESI-MS m/z: 519.18 (M*), 259.09 (M?*/2). 'H NMR (500 MHz, d6-DMSO0) 6: 13.1 (1H, s), 8.71
(2H,s), 8.15 (2H, s), 7.75 (2H, s), 3.93 (4H, s), 3.64 (4H, s), 1.29 (18H, s). CV (BusNPFs): E., V

vs Fct/0 =-1.41V,-1.65V.
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6.4.13. [NiZnL3](BF4)2. To a solution of CH3CN and DMF (5 mL, 1 mL respectively)
containing [NiH2L3](BF4)2 (0.279 mmol) was added LiO'Bu in THF (.611 mmol), followed by
a solution containing [Zn(H20)x](BF4)2 (0.472 mmol) in a minimal volume of acetonitrile.
The reaction was allowed to stir for 2 h at room temperature, and the product precipitated
with diethyl ether. Single crystals suitable for X-ray analysis were grown from vapor
diffusion of diethyl ether in an acetonitrile solution containing the product. ESI-MS m/z:
332.08 (M2**2CH3CN/2), 599.14 (M*H:0%), 617.10 (M*2H20%), 667.14 (M-BF4*), 693.08

(M*2CH3CN*1CH30H").
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6.4.14. [NiCuL3](BF4)2. To a solution of CH3CN and DMF (5 mL, 1 mL respectively)
containing [NiH2L3](BF4)2 (0.193 mmol) was added LiO'Bu in THF (.405 mmol), followed by
a solution containing [Cu(MeCN)4](BF4)2 (0.1928 mmol) in a minimal volume of
acetonitrile. The reaction was allowed to stir for 2 h at room temperature, and the product
was precipitated with diethyl ether. Single crystals suitable for X-ray analysis were grown
from vapor diffusion of diethyl ether in an acetonitrile solution containing the product. ESI-
MS m/zz 289.54 (M?*/2), 616.09 (M*2H.0*), 666.12 (M-BFs+*), 692.08
(M*2CH3CN*1CH30H*). EPR (DMF/THF 1:1, 77 K): g1 = 2.17 Anal. Calc. (Found) (%): C

44.58 (44.12), H 4.54 (4.83), N 7.43 (7.37).
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6.4.15. [Ni:L3](BF4)2. Analogous to [NiCuL3](BF4).. Suitable crystals were grown from
diffusion of diethyl ether into a saturated solution in acetonitrile. ESI-MS m/z: 287.03
(M2+/2), 611.10 (M*2H20"*), 661.13 (M-BF4+), 689.11 (M*2CH3CN*1CH30H*). 'H NMR (500
MHz, d6-DMSO0) &: 8.16, 7.77. Anal. Calc. (Found) (%): C 44.86 (45.23), H 4.57 (4.58), N 7.47

(7.15). CV (BusNPFe): E¢, Vvs Fc*/0 =-1.41V,-1.65 V.
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6.4.16. [NiCoL3](BF4)2. Analogous to [NiCuL3](BF4)2. Suitable crystals were grown from
diffusion of diethyl ether into a saturated solution in acetonitrile. Single crystals for X-ray
analysis were grown from diffusion of diethyl ether into a saturated solution in acetonitrile.
1H NMR (500 MHz, d®-DMSO) &: 17.78, 14.01, 9.99, 8.67, 6.70, 5.42. ESI-MS m/z: 287.56
(M2+/2), 610.09 (M-*2H:0%), 688.09 (M*2CH3CN*1CH30H*). Anal. Calc. (Found) (%): C
45.25 (44.99), H 5.02 (5.08), N 8.51 (8.36). EPR (DMF/THF 1:1, 77 K): g1 = 3.88. E1/2, V vs
Fct/0 = -1.24 V (NilCo"), Ec V vs Fc*/0 = -1.65 V (NilCo!). X-ray data resolved to two
structures, with only one shown in Figure 2.7. The second structure (not shown) revealed
partial nickel and cobalt in each coordination site, with a single (partial) DMF coordinated

to the cobalt atom.
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6.4.17. {[NiL3]2-u-Fe}(BF4)2. Analogous to [NiCuL3](BF4)2. Suitable crystals were grown

from diffusion of diethyl ether into a saturated solution in acetonitrile. Single crystals for X-

ray analysis were grown from diffusion of diethyl ether into a saturated solution in
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acetonitrile. Isomorphous crystals with {[NiL3]2-u-Mn}(BF4)2 indicate dimerization. ESI-MS

m/z: 543.65 (Mz2*/2), 684.12 (M*2CH3CN*1CH30H*). No EA was collected.

6.4.18. {[NiL3]2-n-Mn}(BF4)2.. Analogous to [NiCuL3](BF4)2. Suitable crystals were grown
from diffusion of diethyl ether into a saturated solution in acetonitrile. EPR (DMF/THF 1:1,
77 K): g1 = 853, g2 = 478, gz = 2.84. ESI-MS m/z: 543.67 (M:%**/2), 684.11

(M*2CH3CN*1CH30H*). No EA was collected.

6.5. STEP-WISE HETEROBIMETALLICS

6.5.1.Fsal-2 / L¥
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4-tert-butyl-2,6-diformylphenol (1.03 mmol) was dissolved in ethanol. Ethylenediamine
(0.666 mmol) was added and the yellow solution was stirred for 5 min. The solution was
concentrated under vacuum and the precipitate was filtered, dried and washed with

ethanol. For a second crop, the remaining filtrate is evaporated to dryness, where the solid
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is collected and washed with ethanol to afford clean product. 'H NMR (500 MHz, CDCls):

10.51 (2H, s), 8.45 (2H, d), 7.90 (2H, d), 7.49 (2H, d), 4.00 (4H, m), 1.28 (18H, s).
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6.5.2. Fsal-2-Zn / ZnL¥

To a warm ethanolic solution of Fsal-2 (0.145 mmol) was added solid Zn(0Ac)2*2H-0
(0.148 mmol). The reaction was allowed to stir an additional 5 minutes. The resulting
precipitate was then filtered and washed with ethanol to yield yellow microcrystals. 1H
NMR (500 MHz, CDCls): 10.39 (2H, s), 8.28 (2H, s), 7.58 (2H, s), 7.16 (2H, s), 1.58 (4H, s),

1.16 (18H, s).
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6.5.3. Fsal-2-Ni / NiL¥
Analogous to Fsal-2-Zn to yield orange microcrystals. 'TH NMR (500 MHz, CDClz): 10.53 (2H,

s), 7.93 (2H, s), 7.58 (2H, s), 7.34 (2H, s), 1.54 (4H, s), 1.27 (18H, s).
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6.5.4. NiL*
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Fsal-2-Ni (0.225 mmol) was dissolved in 5 mL chloroform. 1,3-diaminopropane (0.425

mmol) was added dropwise with stirring. The solution was stirred for 10 min and dried
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under vacuum. 'H NMR (500 MHz, CDCl3): 8.91 (2H, s), 8.08 (2H, s), 7.53 (2H, s), 7.13 (2H,

s), 1.26 (18H, s). ESI-MS m/z: 531.16 (M-H*).
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4-tert-butyl-2,6-diformylphenol (1.84 mmol) was dissolved in ethanol. 1,3-diaminopropane
(0.920 mmol) was added and the yellow solution was stirred for 5 min and left to stand
overnight. The resulting precipitate was filtered and dried under vacuum. For a second
crop, the remaining filtrate is evaporated to dryness, where the solid is collected and
washed with ethanol to afford clean product (Yield = 84.3%). 'H NMR (500 MHz, d6-DMSO0):

14.80 (2H, s), 10.36 (2H, s), 8.71 (2H, s), 7.75 (4H, dd), 3.75 (4H, t), 2.11 (2H, quin.), 1.24
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6.5.6. Fsal-3-Zn. To a warm ethanolic solution of Fsal-3 (0.107 mmol) was added solid
Zn(0OAc)2*2H20 (0.140 mmol). The reaction was allowed to stir an additional 5 minutes and
left to stand overnight, whereby crystals that precipitated were filtered and washed with
ethanol. 1H NMR (500 MHz, d6-DMSO0): 10.47 (2H, s), 8.37 (2H, s), 7.58 (4H, dd), 3.82 (4H,

t), 1.98 (2H, quin.), 1.18 (18H, s).
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6.5.7. Fsal-3-Cu. Analogous to Fsal-3-Zn. Olive green crystals began to form immediately
upon the addition of Cu(OAc);*H20. ESI-MS m/z: 534.20 (M-Na*). Anal. Calc. (Found) (%): C
63.33 (63.36), H 6.30 (6.27), N 5.47 (5.46). X-band EPR (DMF/THF 1:1, 77 K): g1 = 2.05; A1

=1.85x10%cm!?
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6.5.8. CuL?
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A solution containing Fsal-3-Cu in DMF is heated to 70°C. To this solution is added 1,3-
diaminopropane and the solution is stirred for 10 min. The solution is allowed to sit
overnight, where dark olive green crystals had formed. These crystals were filtered,
washed with water and dried under vacuum. ESI-MS m/z: 550.16 (M-H*); X-band EPR

(DMF/THF 1:1, 77 K): g1=2.04; A1 = 1.78 x 10-° cm1. No EA was collected.
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6.5.10. [NizL?](BF4)2. To a solution Fsal-3-Ni (0.0830 mmol) in CH3CN was added
[Ni(H20)6](BF4)2 (0.0876 mmol) in CH3CN, in which the solution becomes a burnt orange
color. After stirring at room temperature for 10 min, 1,3-diaminopropane (0.0830 mmol)
was added dropwise and the solution was left to stir for 0.5 hr. The solvent was removed en
vacuo to produce a golden brown powder. ESI-MS m/z: 301.03 (M?*/2), 321.49
(M*CH3CN?2+/2), 716.12 (M*2CH3CN*CH30H*). CV (BusNBF4): E1/2 or E if irreversible, V vs

Fc+/0 = 1.24 (Nil'INil') 1.04 (Ni'INil') -1.44 V (Ni!Ni), -1.75 V (Ni!Ni!). No EA was collected.

6.5.11. [Co2L?](BF4)2. Analogous to [NizL?](BF4)2 via the method described above. ESI m/z:

302.02 (M2+/2), 322.59 (M*CH3CN2+/2), 677.19 (M*CH3CN*CH30H*). E,, V vs Fc*/0 = -1.55

V (ColCo'), -1.89 V (Co!Co'). No EA was collected.
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APPENDIX A

Figure A1l. Ortep diagram of [Ni-u-OAc-NiL!]z(BF4)2. Ellipsoids are shown at 50%
probability. BF4 counter ions have been omitted for clarity.
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Figure A2. ESI-MS of {[NiL!]z-u-Fe}(BF4)2. m/z of 640 corresponds to the dimer.
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Table A1. Absorbance data for {[NiL]2-u-Fe}"* (n = 0-2) complexes

A /nm (e / Mlcm1)

{[NiL1]2-u-Fe}z+ 365 (1.2x10%), 467 (6.6x103)
{[NiL!],-pA-Fe}* 412 (1.1x104), 515 (5.6x103), 697 (2.2x10%)
{[NiL!],-pA-Fe}0 414 (8.2x103), 516 (4.4x103), 622 (2.7x10%)

1.0
0.5
0.0
= ]
o ]
£ 05-
3 - 1
© ] — {[NiL ]J-p-Fe}(BF4):
1.0 — {[NiL']-u-Co}(BF4),
1.5x10°

-2.0 -1.5 -1.0 -0.5 0.0 0.5
Potential / V vs. Fc+/o

Figure A3. Cyclic voltammograms of {[NiLl]>-u-Fe}(BF4)2 (purple) and {[NiLl]z2-u-
Co}(BF4)2 (green). 0.2 M BusNBF4 in DMF, 100 mV/s.
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Scan rate dependence under N,
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Figure A4. Scan rate dependent cyclic voltammogram of {[NiL!]z-u-Fe}(BF4)2. 0.2 M Bu4BF4
in DMF, Scan rate ranges from 5 mV/s (Black) to 500 mV/s (pink).
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Figure AS5. Cyclic voltammograms of {[NiL!],-u-Fe](BF4)2 varying by scan rate under N;
(solid line), CO2, (dotted line), and the addition of 1 eq. [NH4][BF4] under CO: (dotted-
dashed line). 0.2 M BusNBF4 in DMF.
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Figure A6. Scan rate dependent cyclic voltammogram of {[NiLl]2-u-Co}(BF4)2. 0.2 M
BusBF4 in DMF, Scan rate ranges from 5 mV/s (Black) to 500 mV/s (pink).
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Figure A7. Cyclic voltammograms of {[NiLl]z-u-Co](BF4)2 varying by scan rate under N;
(solid line), CO2, (dotted line), and the addition of 1 eq. [NH4][BF4] under CO: (dotted-
dashed line). 0.2 M BusNBF4 in DMF.
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Figure A9. Scan rate dependent cyclic voltammogram of [NiHzL!|(BF4)2. 0.2 M Bu4BF4 in
DMF, Scan rate ranges from 5 mV/s (red) to 200 mV/s (pink).
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Figure A10. Cyclic voltammograms of [NiH2L1](BF4); varying by scan rate under N: (solid
line) and COg, (dashed line). 0.2 M BusNBF4 in DMF.
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Figure A12. Cyclic voltammograms of [NiZnL?](BF4)2 under N (black line), CO3, (blue line),
and the addition of 1 eq. [NH4][BF4] under CO; (red line). 0.2 M BusNBF4 in DMF, 25 mV/s
scan rate.
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scan rate.
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APPENDIX B
[NiH:L3](BF4)2

Table 1. Crystal data and structure refinement for jyy37.

Identification code jyy37

Empirical formula C31 H43 B2 F8 N5Ni 03

Formula weight 766.03

Temperature 88(2)K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a=20.4789(7) A o=90°.
b =16.2596(6) A f=105.3032(4)°.
c=10.6419(4) A v =90°.

Volume 3417.9(2) A3

Z 4

Density (calculated) 1.489 Mg/m3

Absorption coefficient 0.652 mm-1

F(000) 1592

Crystal color orange

Crystal size 0.45 x 0.31 x 0.27 mm3

Theta range for data collection 1.62 to 29.15°

Index ranges -27<=h<=26,-21<=k<=22,-14<=1<=14

Reflections collected 21054

Independent reflections 4386 [R(int) = 0.0202]

Completeness to theta = 25.50° 100.0 %

Absorption correction None

Max. and min. transmission 0.8461 and 0.7596

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 4386 /0 / 249

Goodness-of-fit on F2 1.167

Final R indices [[>2sigma(I) = 4207 data] R1 = 0.0703, wR2 = 0.1693

R indices (all data, ? A) R1=0.0725, wR2 = 0.1704

Largest diff. peak and hole 0.574 and -0.483 e.A-3
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[NiCuL3](BFa4)2.

Table 5. Crystal data and structure refinement for jyy38.

Identification code jyy38

Empirical formula C31 H41 B2 CuF8 N5 Ni 03

Formula weight 827.56

Temperature 133(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/c

Unit cell dimensions a=11.7841(6) A a=90°.
b=15.2267(8) A B=90.6542(7)°.
c=19.3190(10) A v =90°,

Volume 3466.2(3) A3

Z 4

Density (calculated) 1.586 Mg/m3

Absorption coefficient 1.241 mm-1

F(000) 1700

Crystal color red

Crystal size 0.57 x 0.34 x 0.26 mm3

Theta range for data collection 1.70 to 28.76°

Index ranges -15<=h<=15,-19<=k<=19,-25<=1<=25

Reflections collected 40763

Independent reflections 8469 [R(int) = 0.0209]

Completeness to theta = 25.50° 100.0 %

Absorption correction None

Max. and min. transmission 0.7402 and 0.5397

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 8469 /0 /511

Goodness-of-fit on F2 1.110

Final R indices [[>2sigma(I) = 7745 data] R1 = 0.0404, wR2 = 0.0946

R indices (all data, ? A) R1=0.0447, wR2 = 0.0964

Largest diff. peak and hole 1.249 and -0.879 e.A-3
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| [NizL3](BF4)-.

Table 8. Crystal data and structure refinement for jyy34a.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal color

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.80°
Absorption correction
Refinement method

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

jyy34a

C14H17BF4N2NiO

374.82

133(2) K

0.71073 A

Monoclinic

P2(1)/n

a=6.9448(6) A a=90°.
b=10.2880(9) A p=91.3330(10)°.
c=20.9612(18) A y=90°.
1497.2(2) A3

4

1.663 Mg/m3

1.343 mm-1

768

orange

15x.194 x.317 mm3

1.94 to 28.80°
-9<=h<=8,-9<=k<=12,-28<=1<=16
4876

3256 [R(int) = 0.0244]

83.1 %

None

Full-matrix least-squares on F2
3256 /0 /211

0.943

Final R indices [[>2sigma(I) = 2626 data] R1 = 0.0375, wR2 = 0.1081

R indices (all data, ? A)
Largest diff. peak and hole

R1=0.0474, wR2 = 0.1141
0.530 and -0.616 e.A-3
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[NiC0L3] (BF4)2.

Table 11. Crystal data and structure refinement for jyy36b.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal color

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.34°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

jyy36b

C47.50 H48 B4 Co2 F16 N7 Ni2 03

1347.45

296(2) K

0.71073 A

Triclinic

P-1

a=11.5681(11) A o=106.1990(10)°.
b=16.2209(15) A f=105.7400(10)°.
c=18.1038(18) A v =104.2350(10)°.
2943.7(5) A3

2

1.520 Mg/m3

1.279 mm-1

1360

orange

0.42 x 0.41 x 0.09 mm3

1.26 to 28.34°
-15<=h<=7,-13<=k<=21,-23<=1<=23
15696

12282 [R(int) = 0.0598]

83.5 %

None

0.8936 and 0.6164

Full-matrix least-squares on F2

12282 /0/776

1.021

Final R indices [[>2sigma(I) = 7134 data] R1 = 0.0745, wR2 = 0.2292

R indices (all data, ? A)
Largest diff. peak and hole

R1=0.1205, wR2 = 0.2523
3.093 and -0.600 e.A-3
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[NiZnL3] (BF4)2.

Table 14. Crystal data and structure refinement for jyy50a.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal color

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

jyy50a

C31 H41 B2 F8 N5 Ni 03 Zn
829.39

173(2) K

0.71073 A

Monoclinic

P2(1)/c

a=12.7304(6) A a=90°.
b =13.9945(7) A p=105.3933(6)°.
c=21.1155(10) A y=90°.
3626.9(3) A3

4

1.519 Mg/m3

1.261 mm-1

1704

orange

0.51 x 0.48 x 0.40 mm3

1.66 to 29.21°

-17<=h<=17,-19<=k<=19,-27 <=1<=28

44198

9282 [R(int) = 0.0509]

100.0 %

None

0.6358 and 0.5662

Full-matrix least-squares on F2
9282 /0 /496

1.077

Final R indices [[>2sigma(I) = 7503 data] R1 = 0.0606, wR2 = 0.1888

R indices (all data, ? A)
Largest diff. peak and hole

R1=0.0715, wR2 = 0.1950
1.555 and -1.327 e.A-3
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