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The use of CO2 as a chemical feedstock has been the focus of much research in recent
years due to the promise for carbon neutral fuel storage in chemical bonds. Specifically,
complexes of the type Re(bpy)(CO)3Cl (bpy = 2,2′-bipyridine and analogues thereof) have
been studied for their ability to electrocatalytically reduce CO2 to CO. These catalysts are
among the most active, selective, and robust homogeneous catalysts for CO2 reduction in the
literature.
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Previous work has focused on mechanistic studies and determining the inductive
effect of bipyridine functional groups on catalysis. The work presented in this dissertation
focuses

on

the

structural

and

biomimetic

modification

of

these

catalysts.

In order to determine the optimal point of modification, the CO2 reduction capabilities of
a series of Re(n,n′–dimethyl–bpy)(CO)3Cl (n = 3, 4, and 5) catalysts with a bpy modified at the 3,
4, and 5 positions with methyl substituents were assessed. A decreased catalytic current response
in the n = 3 case can be explained by steric hindrance in the 3,3′- substituted catalyst disfavoring
optimal charge transfer in the catalytic cycle.
A series of rhenium catalysts were synthesized with bpy substituents amenable to
common surface- and bio-conjugation techniques. Specifically, aminomethyl, groups were found
to contribute to competent catalysts and were interrogated further. Interestingly, before the
complex was coupled to amino acids, simple acylated amines (mimicking peptide bonds) on the
4- and 4,4′- positions of the bpy ligand were found to alter the mechanism by the rhenium catalyst
operated electrochemically. Instead of a single metal site catalyzing the proton-dependent
reduction of CO2 to CO and H2O, the bimetallic site, templated by hydrogen-bonding of the
peptide bonds, reduces CO2 to CO and CO32- at potentials up to 240 mV more positive than
previously studied catalysts of this type. The catalysts were then incorporated into amino acids
and short peptides to investigate the advantageous effects of adding proton sources (tyrosine) and
readily modifiable platform (peptides) on catalysis.
In addition to proton sources, Lewis-acids can serve to increase the rates of catalysis;
however insoluble carbonates prevent the reaction from being catalytic with respect to the Lewis
acid. Macromolecules were used to bind the metal Lewis acids to prevent metal-carbonate
formation over the course of the reaction. Furthermore, hydrogen-bonding could be utilized to
template these heterobimetallic interactions and the preliminary work is presented.
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Chapter 1

Motivation for Biomimetic CO2 Reduction and
Introduction to the Rhenium Bipyridyl
Tricarbonyl System

1.1

Importance of CO2 Reduction to Address Increasing Global
Energy Consumption
Global energy consumption is increasing while the common hydrocarbon-based fossil

fuel sources, responsible for over 86% of total energy production, are decreasing rapidly.1 This
dwindling supply of fossil fuels puts efficient and sustainable energy storage and production at
the forefront of the issues that the current generation of scientific researchers must address.2-9 The
catalytic functionalization of CO2 — especially the generation of energy-dense hydrocarbon
molecules — must overcome significant thermodynamic requirements. These barriers to CO2
reduction can be significantly lowered when the reduction is coupled to proton transfer, although
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inherent kinetic aspects of the transformations of interest still prevent the efficient conversion of
CO2 to liquid fuels with minimal energy input.10-12 Despite the significance of these challenges,
there have been many important advances in the conversion of CO2 intermediate molecules for
the formation of liquid fuels such as CO11-16 and formic acid.17,18 These methods continue to
garner interest because they can create a carbon neutral source of liquid fuels compatible with the
current infrastructure for fuel consumption.

1.2

Catalytic Reduction of CO2 to Feedstock Chemicals
Heterogeneous CO2 reduction on metal surfaces such as tin and palladium suffers from

competition with thermodynamically favored proton reduction.19,20 In order to access the
kinetically favorable reduction of CO2, many researchers have turned to using homogeneous
molecular catalysts to enhance substrate selectivity.15 Electrocatalysts of the type Re(bpy)(CO)3Cl
(bpy = 2,2′-bipyridine and analogues thereof), hereafter Re(bpy), are stable and efficient for
reducing CO2 to CO and H2O, which can be turned into energy dense fuels using the FischerTropsch process and related reactions.21-23 It has also been shown that weak acids can serve to
increase the rate of catalysis by increasing the availability of protons for the proton-dependent
reduction of CO2.11,24 Remarkably, Re(bpy)(CO)3Cl catalysts are very tolerant to proton sources
and, even in the presence of weak acids, continue to be selective for the reductions of CO2 rather
than protons.11 Recent research on these catalysts focused on mechanistic studies25-27 as well as
the inductive effect of substituents at the 4- and 4′- positions on the bipyridine ligand.12 The
results of these studies have shown that electron-donating groups shift the potentials at which
these electrocatalysts reduce CO2 to more negative potentials while increasing catalytic current
response and turnover frequencies. These studies also indicate that steric considerations are very
important for both the interaction of the catalyst with CO225,26 and the ability of steric hindrance
to encourage or discourage unfavorable side reactions.28 To probe the electronic and steric effects
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of bipyridine substitution on this class of catalysts further, an investigation was conducted on the
effect of positional substitution on electrocatalytic and structural properties of methyl groups at
two previously unreported positions of the bipyridine ring on electrocatalytic and structural
properties.
The electrochemical reduction of CO2 to liquid fuels or fuel precursors is an attractive
route since it could potentially complete a carbon neutral fuel cycle and some of the reduction
products are capable of being used directly as fuels.1 The utilization of proton-coupled electron
transfer (PCET) could serve as a method to potentially mediate the relatively high energy
thermodynamic energy requirements for the multiproton and multielectron reduction of CO2, the
kinetic penalties associated with higher-order reduction products make these transformations
challenging for small molecule catalysts.10-12,29 (Table 1.1) Advances in the area of CO2 reduction
have been focused on the production of small molecules such as CO,3,17,18 formate/formic
acid,17,18 and oxalate30. The two-electron/two-proton reduction of CO2 to CO and H2O has
garnered particular interest because of the utility of CO as a precursor to liquid fuels useful to the
current energy infrastructure through the Fischer-Tropsch process.31 Small molecule
electrocatalysis offers a way to tune the redox potentials and selectivity of potential catalysts in a
way not possible with heterogeneous materials through the identification of key mechanistic
intermediates and structure/reactivity realtionships.1,15 Several homogeneous electrocatalysts
based on transition metals have been studied in the past few decades for their ability to reduce
CO2 to CO.14,16,19,30,32,33
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Table 1.1 Reduction potentials for electrochemical half-reactions of CO2 at pH = 7 vs. NHE in
aqueous solution. Reproduced from Benson et al.42
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Rhenium Tricarbonyl Bipyridine Catalysts for the Reduction of
CO2
Of particular interest are the robust photo- and electrocatalysts of the type Re(bpy) which

efficiently and selectively reduce CO2 to CO.1,21,32,34 Previous work has shown that this catalyst
showed improved activity when electron-donating tert-butyl groups were introduced at the 4 and
4′- positions of bpy.3,13 These catalysts were also shown to have higher turnover frequencies
(TOF) with the addition of weakly acidic proton sources or Lewis acids and were selective for the
reduction of CO2 over the thermodynamically preferred product, H2.27 As a result, appending
proton sources directly to the backbone of the catalysts has been proven to be a successful method
for improving activity, while not impeding the selectivity, for the proton-dependent reduction of
CO2 to CO by these rhenium-based electrocatalysts.35,36
1.3.1

Study of Rhenium Tricarbonyl Bipyridine Catalysts by Cyclic Voltammetry
Electrocatalysts mediate the transfer of charge in an electrochemical reaction from the

electrode surface to the subtrates of interest. (Figure 1.1).37-40 An electrocatalytic process is
therefore dependent on the relationship between the applied voltage, Vapplied, and the
thermodynamic potential of the reaction, E0(P/S), which can be used to determine the effective
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overpotential, η [Vapplied – E0(P/S)]. Ideal molecular electrocatalysts have a high heterogeneous
electron transfer rate constant, kh, at Vapplied in addition to a redox couple, E0(CATm/m-n), that is
well-matched with E0(P/S) so that η is minimal. Ideal catalysts will have high catalytic rate
constants, kcat, with low η values (Figure 1.1). To study these reactions, isolation of catalytically
relevant species is of the utmost importance to understanding the catalytic mechanism and gives
insight into how electronic structures can be manipulated to improve catalytic activity.

Figure 1.1 Generic mechanism of an electrocatalytic process. Vapplied = applied potential;
kh = heterogeneous rate transfer constant; kcat = catalytic rate constant.41
Electrochemical studies can directly elucidate the redox properties of molecules of
interest through interrogation with a variety of potential sweeping methods. These experiments
generate information on the kinetic and thermodynamic aspects of electron transfer. The
supplemental use of bulk electrolysis to quantitatively reduce or oxidize analyte in solution
quantitatively can also allow for the direct characterization of the molecules generated during
standard

electrochemical

surveys

by

molecular

spectroscopic

methods.

Spectroelectrochemistry42,43 (vida infra) incorporates a spectroscopic element into these methods
for study of molecular structure before and during catalysis utilizing ultraviolet-visible (UV-Vis)
absorbance,44 nuclear magnetic resonance (NMR),45 fluorescence,46 electron paramagnetic/spin
resonance (EPR/ESR),47,48 and infrared (IR) spectroscopies.49,50
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1.3.2

Study of Rhenium Tricarbonyl Bipyridine Catalysts by IR-SEC
The electron transfer and catalytic properties of a range of transition metal compounds

with different characteristic infrared frequencies have been studied in recent decades.37,51-59 The
study of the Re(bpy) class of catalysts has been investigated using Fourier-Transform Infrared
Reflectance Spectroelectrochemistry (IR-SEC), which has allowed for the simultaneous
generation of different redox states of molecules and characterization of their IR spectra at
applied potentials. In order to meet the experimental needs, a system capable of operating both in
anaerobic and temperature-controlled conditions for use with a thin-layer specular reflectance cell
(Figure 1.2A) has been developed.60 The cell design consists of a circular working electrode
(WE; Pt, Au, or glassy carbon) that is polished to a mirror finish within concentric rings of Ag
and Pt electrodes that serve as the pseudo-reference electrode (RE) and counter electrode (CE),
respectively, embedded in Teflon with an aluminum cover where the electrode leads attach. The
cell is placed with the electrodes facing down on a Teflon spacer of variable thickness (0.1 mm –
1mm) on top of a calcium fluoride (CaF2) window so that a small chamber is created at the
surface of the electrodes for a thin –layer controlled potential electrolysis experiment. This
chamber is airtight and small in volume so the experiment can be set up under controlled
atmospheric conditions. The platform is set on top of a commercially available two-mirror
reflectance accessory with mirrors that can attach to a standard IR sample cell compartment. In a
typical experiment incident light from the spectrometer is directed off a mirror to the polished
WE surface which distributes the current potential radially outward from the center of the disk.
The reflected incident light passes through the solution before being reflected back through to the
detector (Figure 1.2B). The use of a potentiostat allows controlled potential changes to be made
and immediately characterized by FTIR so that the IR signature can be monitored over the course
of time in an experiment. The nature of the small volume (~ 0.25 mm3) and the radial distribution
of the potential gradient maximize the ability to observe species in solution experiencing the same
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bias and thus allowing for the identification of individual species rapidly over the course of an
experiment.

Figure 1.2 Disassembled view of the spectroelectrochemical cell: (1) tightening brass cap
(threaded inside); (2) brass ring required to tighten the cell; (3) WE; (4) auxiliary/CE; (5) pseudoRE; (6, 7) injection ports; (8) cell body, top part aluminum, lower part Teflon (all three electrodes
and both filling ports are press fitted into the cell body, so that they can be replaced if needed);
(9) Teflon spacer; (10) CaF2 window; (11) rubber gasket; (12) hollow brass cell body with
threaded inlet and outlet ports (Swagelock) for connection to circulating bath; (13) mirrors; (14)
two-mirror reflectance accessory (Thermo-SpectraTech FT-30; not shown in cross-sectional
view). This figure was adapted from Machan et al.60

The IR-SEC cell described above has been used to examine the IR spectra of many
transition metal compounds under applied potentials. This has served to elucidate mechanisms of
electron transfer in µ3-oxo centered ruthenium clusters, the catalytic behavior of Ni isocyanide
complexes, and the catalytic behavior of ReI and MnI 2,2'-bipyridyl-based fac-tricarbonyl
complexes.37,51-59
Re(bpy) was first shown to be competent for the electrocatalytic two electron-reduction
of CO2 to CO by Lehn et al. in 1984 (1A, Scheme 1.1).61 This ReI(bpy)-based system (1A) was
interesting because of its high Faradaic efficiency and selectivity for the reduction of CO2 in the
presence of significant concentrations of proton sources.62 The ReI(bpy) compounds were studied
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by UV-Vis and IR due to their diagnostic MLCT and M–CO absorbances.13,63-71 Bulk electrolysis
experiments were used to identify many of the relevant species. The work of Christensen et al.
correlated mechanism of reduction and reactivity under CO2 atmosphere with IR-SEC studies.72
Utilizing Re(dmb), (4,4'-dimethyl-2,2'-bipyridyl = dmb, 1B), the reduction of the parent complex
and concomitant appearance of the anionic singly-reduced ReI(dmb!–)(CO)3Cl was observed (2B,
Scheme 1.1; Figure 1.3). Complex 2B exists in equilibrium with a chloride-dissociated
Re0(dmb)(CO)3 complex, 3B. Holding the potential for longer periods of time (>30s) at the first
reduction, the spectrum of 2B evolves into 3B. It is important to not that 3B exists in equilibrium
with the Re0–Re0 dimer 4B.63 The equilibrium between 3B and 4B is observed to varying degrees
for other ReI(bpy)-based complexes and is dependent on the functionalization of the bipyridine
ligand. The reduction of 3B yields the catalytically competent, five-coordinate anionic complex
6B. The electronic structure of this complex was proposed early on to be most consistent with a
Re0 metal center paired as a singlet with an anionic bipyridine radical, vide infra.66

Scheme 1.1 The reductive cycle for ReI(bpy)-based electrocatalysts to generate the active state,
6. Catalytic behavior has been observed for R = H (1A), Me (1B), and tBu-bpy. (1C).

1.4

Improving the Catalysis with Electron-Donating Groups
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Previous reports utilized electron-donating groups to increase the rates of catalysis for
these ReI(bpy)-based electrocatalysts. When tert-butyl groups were appended at the 4,4'-positions
of the bipyridine ligand, a significant increase in catalytic activity could be observed.54 This
improved catalyst, ReI(4,4'-di-tert-butyl-2,2'-bipyridyl)(CO)3Cl, (4,4'-di-tert-butyl-2,2'-bipyridyl
= tBu-bpy. 1C), was the basis for mechanistic investigations. Cyclic voltammograms of 1C under
inert atmosphere revealed a quasi-reversible one-electron reduction at –1.45 V and an irreversible
one-electron reduction at –1.83 V vs SCE (Figure 1.3B). When the reaction mixture was sparged
with CO2, an increase in current, consistent with a catalytic process, was observed at the second
reduction.54,73 These CV and IR-SEC experiments were conducted in parallel with an
investigation of ReI(bpy)(CO)3Cl (1A) and ReI(dmb)(CO)3Cl (1B).

Figure 1.3 (A) IR-SEC of ReI(tBu-bpy)(CO)3Cl (1C, black) under N2 in MeCN with 0.1
M TBAPF6 as the supporting electrolyte, showing three major species as the potential is increased
cathodically: ReI(tBu-bpy!–)(CO)3Cl (2C, red), Re0(tBu-bpy)(CO)3 (3C, green), Re0(tBu-bpy!–)
(CO)3 (6C, blue). (B) CV of complex 1C under N2 in MeCN with 0.1 M TBAPF6 as the
supporting electrolyte (glassy carbon WE, Pt wire CE, Ag/AgCl pseudo-RE, with ferrocene (Fc)
added as an internal standard), showing correlation to species seen in IR-SEC. Figure 1.3A is
adapted from Ref. 54
At resting potential (vs Ag pseudo-RE), complex 1C is the only species observed in
solution. IR stretches corresponding to the νCO modes expected for Re fac-tricarbonyl systems are
observed at 2023, 1916, and 1898 cm–1 (consistent with A' and split E modes, respectively for C3V
symmetry with respect to the 3 CO ligands).54 When the cell potential (Vapplied) is increased
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stepwise to that of the first reduction, these parent stretching modes (1C) begin to disappear with
the appearance of three new νCO stretches with a similar intensity pattern, but at lower frequencies
(~15-20 cm–1), consistent with a bipyridine-based reduction of the parent complex (2C).72,74 As
the cell potential is increased slowly between the first and second reductions, a second shift in
these three νCO stretches (~15-20 cm–1) is observed. This second shift is attributed to the loss of
the chloride ligand to form a five coordinate Re0 complex (3C) through a ligand to metal charge
transfer (LMCT).54,75 Consistent with previous reports, if the electrochemically reduced species
3A and 3B were held at potential during these IR-SEC experiments long enough, they did form
the Re0–Re0 dimers 4A and 4B, respectively.63,66 This competing dimerization reaction was not
observed in IR-SEC experiments with 1C, however. The absence of 4C was confirmed by its
direct preparation from Re2(CO)10 and 2 equivalents tBu-bpy. Characterization by IR revealed
diagnostic νCO frequencies which were not observed over the course of these IR-SEC
experiments.54,63,65,66 Further experiments on these dimerization products indicated that this
competing reaction pathway feeds back into the catalytic cycle (Scheme 1.1).10 Species of type
4A were isolated and shown to be capable of being reduced by a single electron to form 5A,
which could generate the active catalyst 6A upon the addition of a second electron, but only at
more negative potentials.75,76
The dominant pathway for the formation of species 6, however, is the direct reduction of
species 3. Specifically, in the previously mentioned IR-SEC experiment, when the solution
containing 3C was taken to the potential of the second reduction, the νCO stretches shifted again to
lower frequencies (~40 cm–1), indicating the presence of the doubly reduced Re0(tBu-bpy!–)(CO)3
(6C) with νCO stretches observed at 1938 and 1834 cm–1 (broad). The structural assignment of this
compound was confirmed with crystallographic data obtained from complexes isolated by
chemical reduction.56,74,76,77 Complex 6C is catalytically competent for the reduction of CO2 to
CO and H2O, which was confirmed by bulk electrolysis under CO2 atmosphere.54,56
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The assignments of redox states proposed from these IR-SEC experiments were verified
both experimentally with X-ray absorption spectroscopy (XAS) studies and computationally with
DFT methods.56,77,78 XAS spectra taken at the Re L3-edge for 1, 4, and 6, as well as several
rhenium standards were consistent with 1 having an electronic structure best described as
ReI(bpy)(CO)3Cl, 4 as [Re0(bpy)(CO)3]2, and 6 as Re0(tBu-bpy!–)(CO)3. Extended X-ray
absorption fine structure (EXAFS) studies were consistent with 6 being five-coordinate in
solution, showing no dimerization or solvent coordination. Based on these experiments, it can be
stated with certainty that the observed shifts to lower frequencies for the νCO stretches from 1C to
the doubly reduced species 6C (~75 cm–1) correspond to a final Re0 redox state instead of Re–I
(where a shift of ~130 cm–1 is predicted from the model compounds).56,77 Consistent with this,
DFT calculations predict that the HOMO of species like 6 consists of a mixture of Re dz2 and bpy
π* orbitals in a singlet ground state.77,78
The proposed catalytic cycle is shown in Scheme 2.2 and is based in part on recently
published reports using stopped-flow IR experiments and computational methods.27,78 The
catalytically competent 6C reacts quickly with one equivalent of CO2 and a single proton (H+) to
form a ReI–CO2H species similar to 7C. Stopped-flow IR experiments validate this: spectroscopic
features consistent with a η1-bound CO2H moiety (νOCO) were observed at 1662 and 1619 cm–1
when 6C was reacted with CO2. This assignment was also verified by

13

C NMR spectroscopy,

experiments with 13CO2 substrate and added H+ sources, in addition to comparison with directly
synthesized ReI(bpy)(CO)3(CO2H), 7A.27 Although there are multiple possible pathways for the
reaction to continue from 7, the dominant route is predicted to be for a single electron reduction
to occur, localized in the bipyridine ligand, forming complex 8.78 The anionic (ReI–CO2H)–
species 8 will rapidly react with an additional equivalents of H+ to generate H2O and a
tetracarbonyl species, 9. The neutral tetracarbonyl species 9 is a 19 e– species and will rapidly
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lose an equivalents of CO and subsequently be reduced by one electron to regenerate the active
species, 6.79

Scheme 1.2 Dominant pathway for the proposed catalytic cycle of ReI(bpy)
electrocatalysts capable of CO2 reduction where R = H (6A), Me (6B), or tBu (6C).

1.5

Biomimetic Inorganic Complexes Used in Catalysis
Bio-mimetic motifs with molecular catalysts are of particular interest in order to increase

the activity and selectivity of these systems while decreasing the necessary operating potential
η.80 Two of the metalloenzymes capable of catalyzing the reduction of CO2 are carbon monoxide
dehydrogenases and formate dehydrogenase, which show high TOF (>10,000 s-1) and operate at
near thermodynamic potentials (<100 mV from the E0 for their respective reactions).81-83 The
structures of these proteins place active sites in a higher-order structure capable of shuttling
substrate and products to and from the active sites while excluding solvent molecules. By
mimicking these structural attributes through non-covalent supramolecular assembly, we are
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interested in attempting to reproduce the functional effects in electrocatalysts. Specifically,
hydrogen-bonding is proposed to control structure and proton relays to facilitate PCET, resulting
in catalysts with emergent properties.
The bio-inspired modification of small molecule electrocatalysts has been investigated in
recent years in a variety of systems.84 Some work seeks to replicate active sites in small
molecules; Helm et al. have synthesized electrocatalysts that incorporate pendent bases to
facilitate acid-base chemistry during catalysis yielding on of the most active proton reduction
catalysts to date.85 Other work has focused on incorporating proton sources directly into the
ligand framework.84,86
Previously, we have shown that the use of hydrogen-bonding motifs and amino acid
residues can switch the dominant catalytic pathway for CO2 reduction from a unimolecular one to
a bimolecular one.87 This change lowers the observed catalytic potential by ~250 mV; further
improvement in activity is observed when proton sources are incorporated into the ligand
backbone.88 We report here the syntheses and catalytic activities of a series of rhenium-bipyridyl
catalysts, which feature new hydrogen-bonding motifs capable of promoting supramolecular
assembly in solution, contain proton sources, and are amenable to standard on-resin peptide
synthetic techniques. Our results are consistent with bio-inspired catalyst modification as being
an important modulus of control for modifying catalytic behavior incorporated in peptide
structures for the bio-inspired reduction of CO2 by a synthetically tunable small molecule
electrocatalyst.
Chapter 1: Some of the material in this chapter was adapted from a manuscript entitled
"Developing a Mechanistic Understanding of Molecular Electrocatalysts for CO2 Reduction using
Infrared Spectroelectrochemistry," by Charles W. Machan, Matthew D. Sampson, Steven A.
Chabolla, Tram D. Dang, and Clifford P. Kubiak, published in Organometallics. 2014, 33, 4550–
4559. The dissertation author is a contributing author. Some of the material in this chapter comes
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from a manuscript entitled "Combined Steric and Electronic Effects of Positional Substitution on
Dimethyl-Bipyridine Rhenium(I) Tricarbonyl Electrocatalysts for the Reduction of CO2," by
Steven A. Chabolla, Edward A. Dellamary, Charles W. Machan, F. Akif Tezcan, and Clifford P.
Kubiak, published in Inorg. Chim. Acta. 2014, 422, 109–113. The dissertation author is the
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Chapter 2

Effect of Position on Bipyridyl Substitution
Using the Rhenium Tricarbonyl Chloride
Core

2.1

Introduction
Electrocatalysts of the type Re(bpy) are stable and efficient for reducing CO2 to CO and

H2O, which can be turned into more energy dense fuels using the Fischer-Tropsch process and
related reactions.1-3 It has also been shown that weak acids can serve to increase the rate of
catalysis by increasing the availability of protons for the proton-dependent reduction of CO2.4,5
Remarkably, Re(bpy)(CO)3Cl catalysts are very tolerant to proton sources and, even in the
presence of weak acids, continue to be selective for the reductions of CO2 rather than protons.5
Recent research on these catalysts focused on mechanistic studies6-8 as well as the inductive effect
of substituents at the 4- and 4′- positions on the bipyridine ligand.9 The results of these studies
have shown that electron-donating groups shift the reduction potentials at which these
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electrocatalysts reduce CO2 to more negative potentials concurrent with increasing catalytic
current response and turnover frequencies. These studies also indicate that steric considerations
are very important for both the interaction of the catalyst with CO26,7 and the ability of steric
hindrance to encourage or discourage unfavorable side reactions.10 To further probe the electronic
and steric effects of bipyridine substitution on this class of catalysts, an investigation was
conducted on the effect of positional substitution on electrocatalytic and structural properties of
methyl groups at two previously unreported positions of the bipyridine ring on electrocatalytic
and structural properties.

2.2

Results and Discussion
Methyl-substituted bipyridyl complexes 1-3 were synthesized by refluxing the 2,2′-

bipyridine derivatives and an equal molar equivalent of Re(CO)5Cl precursor in dry toluene
(Scheme 2.1). The complexes were purified via recrystallization techniques from toluene (1, 3) or
a mixture of dichloromethane (CH2Cl2) and diethyl ether (2). All reactions were run overnight.
The reactions to synthesize 1 and 3 were complete in three hours by 1H NMR. It is notable that
the synthesis of 2 required longer reaction times and a recrystallization step from CH2Cl2. It is
likely that steric clash between the methyl substituents inhibits the rapid chelation of the bidentate
3,3′-dimethyl-2,2′-bipyridine. FT-IR spectra obtained for all metal complexes were consistent
with a fac-tricarbonyl metal complex. Complex 1 has three metal carbonyl modes (2022 cm–1,
1916 cm–1, 1899 cm–1) in MeCN consistent with previous reports9 and as expected for a complex
with pseudo C3V-symmetry. Complexes 2 (2022 cm–1, 1917 cm–1, 1895 cm–1) and 3 (2022 cm–1,
1915 cm–1, 1898 cm–1) show similar bands by FT-IR.
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Scheme 1 Synthesis of complexes Re(2,2′-bipyridine)(CO)3Cl (1), Re(3,3′-methyl-2,2′bipyridine)(CO)3Cl (2), and Re(5,5′-methyl-2,2′-bipyridine)(CO)3Cl (3).
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Table 2.1 Crystal data for complexes 2 and 3.
Complex

1

2

Empirical formula

C15H12N2O3ClRe

C15H12N2O3ClRe

Formula weight

489.93

489.93

Temperature/K

296.15

296.15

Crystal system

monoclinic

monoclinic

Space group

P21/n

P21/c

a/Å

6.3890(3)

14.7788(8)

b/Å

17.0571(9)

11.3316(5)

c/Å

13.8235(7)

9.3152(5)

α/°

90

90

β/°

98.414(2)

106.182(3)

90

90

1490.24(13)

1498.19(13)

4

4

ρcalc (mg/mm )

2.1835

2.172

Absorption coefficient

17.731

8.302

F(000)
mm-1
2Θ range for data

912.7

928

8.28 to 137.36°

5.74 to 71.94°

Index ranges
collection
Reflections collected

-7 ≤ h ≤ 7, -20 ≤ k ≤ 20, -13 ≤ l

-24 ≤ h ≤ 24, -18 ≤ k ≤

γ/°
Volume/Å

3

z
3

Independent

16773
≤ 16
2696 [Rint = 0.0420, Rsigma =

Data/restraints/paramet
2696/0/204
reflections
0.0288]
2
Goodness-of-fit on F
0.999
ers
Final R indexes
R1 = 0.0590, wR2 = 0.1339
Final R indexes [all
[I>=2σ (I)]
Largest diff. peak and
data]
hole (e Å-3)

51838
18, -15 ≤ l ≤ 15
7031 [Rint = 0.0814, Rsigma =
7031/0/201
0.0500]
0.978
R1 = 0.0283, wR2 = 0.0457

R1 = 0.0592, wR2 = 0.1340

R1 = 0.0485, wR2 = 0.0501

2.58, -2.09

1.32, -0.91
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Table 2.2 Selected bond distances (Å) and angles (°) for complexes 2 and 3.
Selected bonds/angles

2

3

Re – N(1)

2.181(9)

2.165(2)

Re – N(2)

2.169(9)

2.177(2)

Re – C(1)

1.914(12)

1.916(3)

Re – C(2)

1.914(13)

1.922(3)

Re – C(3)

1.936(18)

1.902(3)

Re – Cl(1)

2.473(3)

2.490(7)

C(5) – C(6)

1.502(16)

1.469(4)

C(4) – C(5) – C(6) – C(7) dihedral

42.7

1.7

Crystals of 2 and 3 suitable for X-ray diffraction were grown by vapor diffusion of
pentane into solutions of these complexes in tetrahydrofuran (Figure 2.1). The diffraction data
(Table 2.1) revealed molecular structures similar to previously reported compounds with an
octahedral arrangement of ligands around a rhenium center. Consistent with IR data, the carbonyl
ligands in complexes 2 and 3 adopt facial geometries. Notably, complex 2 has a larger dihedral
angle between the planes of the bipyridine rings, unlike 3. The rings in the bipyridine ligand of 2,
illustrated in the dihedral angle between C(4), C(5), C6), and C(7), are bent out of plane by 42.7º.
The same dihedral angle in complex 3 was determined to be 1.7º (Table 2.2).
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Figure 2.1 (A) X-ray crystallographically derived molecular structure of 2; hydrogen
atoms omitted for clarity. Ellipsoids set at 50% probability. (B) X-ray crystallographically
derived molecular structure of 3; hydrogen atoms omitted for clarity. Ellipsoids set at 50%
probability.
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N
N

ReI

CO
CO

Cl

Cl

A

B

1–

0
CO

CO

CO

–Cl –
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Scheme 2.2 General reduction scheme for the generation of the active catalyst for
Re(bpy)(CO)3Cl (1) and analogues thereof. The catalytically active species is generated by the
reduction of the parent complex A by one electron to generate B. Complex B loses Cl− to
generate C which can be reduced by a second electron to generate D. Complex D is capable of
interacting with and reducing CO2. It has been shown that there is significant electron density on
the bipyridine ring in the catalytically active species D.6,9,11-13
The cyclic voltammograms (CVs) for complexes 2 and 3 (Figure 2.2 and Figure 2.3)
show similar features to those obtained for previously reported catalysts of this type.9,14 These
catalysts undergo two one-electron reductions and loss of their halide ligand to generate the
catalytically active species (Scheme 2.2). For solutions of 1 mM catalyst dissolved in a 0.1 M
solution of TBAPF6 in acetonitrile saturated with N2, the CVs reveal a quasi-reversible oneelectron reduction (Scheme 2.2). This is consistent with the formation of B, which is expected to
rapidly lose Cl− to form a complex of type C. A second, irreversible one-electron reduction
follows this initial wave, consistent with the generation of the active species D (Scheme 2.2).9,1113

The CV’s reveal one-electron reductions of limited chemical reversibility that shift to more
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negative potentials from complex 1 (−1.40 V vs Ag/AgCl) to complexes 2 and 3 (−1.52 and
−1.54 V vs Ag/AgCl, respectively). This is consistent with the electron donating effect of the
methyl groups.9 The second irreversible reductive feature is observed at −1.78, −1.81, and −1.85
(V vs Ag/AgCl) for complexes 1, 2, and 3, respectively. When the solutions were saturated with
CO2 (265 mM), an increase in current was observed at the second reduction potential for all
complexes. This current response has been previously reported as indicative of CO2 reduction for
complex 1.15 For all the complexes, peak current in a saturated solution of CO2 (icat) is compared
to peak current in a solution under saturated N2 (ip) conditions to afford a measure of catalytic
activity. Values of the catalytic figure of merit icat/ip were compared in the presence of 1000
equivalents of a weak proton source (TFE, 1 M) since catalytic current densities reach their
highest values under these conditions for each of the complexes tested. 4,16 Complex 3 had icat/ip =
29.6 ± 2.0, and complex 2 had icat/ip = 17.0 ± 1.1 (Table 2.3). Even though the complexes have
similar electron donating ability as described by Hammett parameters,17 complex 3 shows an
increase in catalytic current response while complex 2 shows a decreased response compared to
the control complex 1 (icat/ip = 20 ± 0.4). Previous reports indicate that electron-donating groups
on the bipyridine, as in complexes 2 and 3, generally show an overall increase in catalysis, as
evidenced by increased current response in the presence of CO2. This is not the case for 2 and 3,
however. The discrepancy in current response for 2 can be explained by the steric hindrance
created by the methyl groups at the 3- and 3′- positions. The crystallographically derived
molecular structure shows that these groups have disrupted the ability of the bipyridine to
planarize and therefore have the appropriate ligand geometry for delocalizing electron density
over both the bipyridine ligand and the metal center (Scheme 2.2).7 There is also a lengthening of
the C–C bond bridging the bipyridine ring at the 2- and 2′- positions [C(5) and C(6)] from 3
(1.469 Å) to 2 (1.502 Å). Previous reports indicate that when the active catalytic species is
reduced by two electrons, there is a shortening of the bridging C(5)–C(6) bond in the bipyridine
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consistent with significant electron density located on the bipyridine ring.5,6,18 Since steric strain
of the methyl groups on the 3- and 3′- positions discourages this transition, there is a
corresponding loss of activity.

Figure 2.2 Cyclic voltammograms of 2 in dry acetonitrile with 1 mM catalyst. The
experiments were performed under, and saturated with, N2 (black) and CO2 at 0.265 M (red).
Scan rates employed were 100 mV/s.

Figure 2.3 Cyclic voltammograms of 3 in dry acetonitrile with 1 mM catalyst. The
experiments were performed under, and saturated with, N2 (black) and CO2 at 0.265 M (red).
Scan rates employed were 100 mV/s.
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Table 2.3 Summary of data obtained from cyclic voltammetry. All potentials are referenced to
Fc/Fc+ and reported as (V vs Ag/AgCl).

2.3

Complex

Epc 1st reduction
(V vs Ag/AgCl)

Epc 2nd reduction
(V vs Ag/AgCl)

icat/ip

icat/ip with 1
M TFE

1

−1.40

−1.78

4.5 ± 0.3

20.3 ± 0.4

2

−1.52

−1.81

4.8 ± 1.0

17.0 ± 1.1

3

−1.54

−1.85

4.9 ±1.8

29.6 ± 2.0

Conclusion
Two new bipyridine-based rhenium(I)tricarbonyl chloride complexes that are competent

for the reduction of CO2 have been synthesized. The structural and electrocatalytic properties of
these two complexes were investigated. Previous knowledge regarding this class of catalytic
systems indicates that incorporating electron-donating substituents onto the bipyridine ring,
generally results in properties that include both negatively shifted reductive features in CV as
well as increased catalytic activities. Although this holds true for complex 3, it does not for
complex 2. The values obtained from cyclic voltammetry in the presence of a proton source show
that there is an increase in CO2 reduction activity from complex 2 (icat/ip = 17 ± 1.1) to complex 1
(icat/ip = 20 ± 0.4) to complex 3 (icat/ip = 31.4 ± 1.1). Steric hindrance, as evidenced by a 42.7degree bend in the planes of the bipyridine ligand of 2 in its resting state, negatively affects CO2
reduction. This result is in contrast to the increased catalytic activity of complex 3, which has the
same Hammett parameter as complex 2, yet does not incur steric strain. This result further
supports the hypothesis that the interaction of this catalyst with CO2 is dependent on the
planarized rings resulting from the non-innocence of the bipyridine ligand. This has the desirable
effect of delocalizing the two electrons required for CO2 reduction over both the bipyridine ligand
and the metal center.

2.4

Experimental
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General All chemicals used were purchased from Sigma-Aldrich and used as obtained
unless otherwise noted. The 3,3′-dimethyl-2,2′-bipyridine ligand was purchased from Synthon
Chemicals and used as obtained. Tetrabutylammonium hexafluorophosphate (TBAPF6, Aldrich,
98%) was recrystallized from MeOH and dried at 90 ºC overnight. 1H NMR and 13C{1H} spectra
were recorded on the following spectrometers: Varian 400 MHz spectrometer and Varian 500
MHz spectrometer, respectively, and referenced to residual solvent shifts at 298K. Data
manipulations were completed using Mestrenova and Delta software. Infrared spectra were taken
on Thermo Scientific Nicolet 6700 or Bruker Equinox 55 spectrometers. Microanalysis of the
compounds were performed by NuMega Resonance Labs, San Diego, CA for C, H, and N. All
solvents were obtained from Fisher Scientific. Solvents were dried in house by storing in a
moisture-free environment and run on a custom drying system running through two alumina
columns prior to use.
Electrochemical measurements Electrochemical experiments were measured on a BASi
Epsilon potentiostat in acetonitrile with 0.1 M TBAPF6 as supporting electrolyte. The cell used
included an oven-dried 20 mL flask and stir-bar. The working, counter, and reference electrodes
were glassy carbon (3 mm diameter), platinum wire, and Ag/AgCl (separated from solution via
Vycor tip), respectively. The platinum wire was flame-treated between successive experiments.
Ferrocene was used as an internal standard in all cases. Solutions were degassed with dry, high
purity N2 for ten minutes prior to each scan. For catalytic experiments, solutions were saturated
with dry CO2 (~265 mM) that was passed through a column of Drierite prior to use. The addition
of a weak proton source was completed by titrating in 2,2,2–trifluoroethanol (TFE).
X-ray Crystallography Single crystal X-ray diffraction studies were carried out on a
Bruker Kappa APEX-II CCD diffractometer equipped with Mo Kα radiation source (λ = 0.71073
Å) or Cu Kα radiation source (λ = 0.154178 Å). The crystals were mounted on a Cryoloop while
in Paratone oil. The data was collected under a stream of nitrogen gas at 100 K using ω and ϕ
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scans. Data were integrated using the Bruker SAINT software program and scaled using
SADABS software. A complete phasing model consistent with the molecular structure was
produced by SHELXS direct methods. Non-hydrogen atoms were refined anisotropically by full
matrix least squares (SHELXL-97).19 All hydrogen atoms were determined using a riding model
with positions constrained to their parent atom using the appropriate FHIX command.
Synthetic Methods
Complex 1 was synthesized as previously reported.15 Complexes 2 and 3 were synthesized
according to similar methods as previously reported with the following amendments.15
Re(3,3′–methyl–2,2′–bipyridine)(CO)3Cl (2): An oven-dried 50 mL pear flask was charged
with the 3,3′-methyl-2,2′-bipyridine ligand (0.83 mmol) and a single molar equivalence of
rhenium(I)pentacarbonyl chloride [Re(CO)5Cl] (0.83 mmol). A reflux condenser was attached to
the flask and toluene (15 mL) was added in one portion. The solution was heated to reflux during
which time the clear solution became yellow. After 12 hours, the solvent was removed under
reduced pressure. Recrystallization from a solution of this material in dichloromethane with
excess ether afforded the spectroscopically pure complex. Yield: 330 mg; 83%. 1H NMR (d1CDCl3, 400 MHz): δ (ppm) 8.95 (d, 2H, ArH), δ 7.88 (d, 2H, ArH), δ 7.47 (t-d, 2H, ArH), δ 2.44
(s, 6H, CH3). IR (CH3CN) ν(CO): 2022 cm–1, 1917 cm–1, 1895 cm–1. ESI-MS (m/z) [M − Cl- +
MeOH]+: Calcd. 487.07. Found: 487.06. Anal. Calc. for C15H12ClN2O3Re: C, 36.77; H, 2.47; N,
5.72. Found: C, 36.39; H, 2.64; N, 5.70. Crystals suitable for X-ray diffraction were grown by
vapor diffusion of pentane into a tetrahydrofuran solution.
Re(5,5′-methyl-2,2′-bipyridine)(CO)3Cl (3): An oven-dried 50 mL pear flask was charged with
the 5,5′-methyl-2,2′-bipyridine ligand (1.0 mmol) and a single molar equivalence of Re(CO)5Cl
(1.0 mmol). A reflux condenser was attached to the flask and toluene (15 mL) was added in one
portion. The solution was heated to reflux during which time the clear solution became yellow.
After 12 hours, the reaction was allowed to cool for one hour at room temperature and cooled in
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the freezer at 4 ºC for an additional one hour. The solution was filtered and washed with cold
toluene (3 mL). The resulting yellow powder was found to be spectroscopically pure. Yield: 331
mg; 68%. 1H NMR (d1-CDCl3, 400 MHz): δ (ppm) 8.49 (s, 2H, ArH), δ 8.24 (d, 2H, ArH), δ 7.61
(d, 2H, ArH), δ 2.39 (s, 6H, CH3). IR (CH3CN) ν(CO): 2022 cm–1, 1915 cm–1, 1898 cm–1. ESIMS (m/z) [M − Cl- + MeOH]+: Calcd. 487.07. Found: 487.06. Anal. Calc. for C15H12ClN2O3Re: C,
36.77; H, 2.47; N, 5.72. Found: C, 36.48; H, 2.39; N, 5.67. Crystals suitable for X-ray diffraction
were grown by vapor diffusion of pentane into a tetrahydrofuran solution.

2.5

Appendix
Chapter 2: The majority of the material in this chapter comes directly from a manuscript

entitled "Combined Steric and Electronic Effects of Positional Substitution on DimethylBipyridine Rhenium(I) Tricarbonyl Electrocatalysts for the Reduction of CO2," by Steven A.
Chabolla, Edward A. Dellamary, Charles W. Machan, F. Akif Tezcan, and Clifford P. Kubiak,
published in Inorg. Chim. Acta. 2014, 422, 109–113. The dissertation author is the primary author
of this manuscript.
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Chapter 3

Supramolecular Assembly of Rhenium
Bipyridine-Based Tricarbonyl Catalysts

3.1

Introduction
During our exploration of methods for catalyst incorporation into peptidic scaffolds, we

synthesized a ReI(bpy) catalyst with a bpy moiety modified with methyl acetamethylamido
substituents. This variant containing the simplest “peptide bond” was unexpectedly found to have
electrochemical behavior strikingly different from that of previous ReI(bpy)-based catalysts,
under both N2- and CO2-saturation conditions. Computational models are tested against
electrochemical measurements and infrared spectroelectrochemistry (IR-SEC) to indicate that the
behavior of this catalyst results from a hydrogen-bond-mediated dimerization. This non-covalent
dimerization process leads to an alternate catalytic mechanism for the reduction of CO2, with a
bimolecular 2 [Re(bpy)]/[1e– + 1e–] process instead of a single-site [Re(bpy)]–/2e– one, and leads
to a change in the products of the reaction. As a prologue to the experimental and computational
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results, a summary of relevant background information regarding the unimolecular and
bimolecular catalytic mechanisms of Re(bpy) catalysts is evaluated. Before discussing the
catalyst that was developed, it is important for the two catalytic pathways to be reviewed.
Catalytic Mechanisms of Re(bpy)-based Complexes
In order for a Re(bpy)-based catalyst to act as a catalyst, its parent state, A, must be
reduced by one electron, to form the anionic species B, [ReI(bpy•)(CO)3Cl]– (Scheme 3.1). This
complex generally loses chloride to form C, [Re0(bpy)(CO)3], which can be reduced by an
additional electron equivalent to form F, [Re0(bpy•)(CO)3]–, which is catalytically active for the
reduction of CO2. In certain cases, it is possible for C to dimerize by forming a metal-metal bond.
The resulting dimer D [Re0(bpy)(CO)3]2, may be reduced by one electron to form the anionic
dimer E, [Re0(bpy)(CO)3]2–, before the metal-metal bond is cleaved by a second reduction to
generate F.1 The oxidation state assignment of F has been validated by extended X-ray absorption
fine

structure

(EXAFS)

studies,

chemical

reductions,

computation,

and

infrared

spectroelectrochemistry (IR-SEC).1-6 This electronic structure appears to lead to lower kinetic
barriers for the binding and reduction of CO2/H+ over H+.5

Scheme 3.1 Reduction scheme for Re bipyridine-based electrocatalysts. Catalysts with noninteracting functional groups, i.e. R = Me, generally proceed from species A to B to C to F during
electrocatalysis. A competing pathway through a metal-metal dimer is also shown.

33

A bimolecular mechanism has also previously been proposed for Re(bpy)-based
complexes (Figure 3.1).7-9 Sullivan et al. observed that bulk electrolysis of solutions containing
ReI(bpy)(CO)3Cl at the first observed reduction potential catalyzed the, still proton dependent,
reductive disproporationation of two equivalents of CO2 to CO and CO32–.7 It was proposed that
two equivalents of the singly reduced species C would react to form a bridging CO2 adduct, G,
before the insertion of a second equivalent of CO2. A subsequent reductive disproportionation
would complete the cycle.8 Computational work indicated that the CO2 insertion product H and
the product of subsequent CO loss I were possible and likely intermediates.9

Scheme 3.2 Proposed mechanism for electrocatalytic reduction of CO2 by complexes of
the type Re0(bpy)(CO)3 which is second order in catalyst and generates CO32–.

It is worth noting that the existence of two electrocatalytic pathways involving uni- or
bimolecular mechanisms is reminiscent of the H2-evolving cobaloxime electrocatalysts.10-12
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Unlike the case of cobaloxime, however, the alternate pathways of the Re(bpy) electrocatalysts
differentiate in the observed products; the unimolecular mechanism generates CO and H2O,
whereas the bimolecular mechanism catalyzes the reductive disproportionation of two equivalents
of CO2 to CO and CO32–. In view of the primary mechanistic possibilities for this class of Re(bpy)
electrocatalysts, we move next to a discussion of the results.
These results led us to ask whether the supramolecular catalyst system could be further
improved, in terms of current efficiency and turnover frequency (TOF), through the incorporation
of biomimetic components, such as amino acid residues. This idea is inspired by nature,
specifically metalloproteins, which place active sites and co-catalytic residues in close
proximity.13-15 In these systems, the inherent flexibility of the non-covalent interactions which
direct the formation of the higher-order structure accommodates a variety of conformational
changes during the course of a reaction. Indeed, amino acids have been successfully incorporated
into a variety of H2 oxidation, formate oxidation, and proton reduction electrocatalysts.16-20 Amino
acids and peptides are attractive for use in the outer-sphere of molecular catalysts because they
can be used to alter activity by introducing pH responsiveness, altering solubility, and forming
beneficial secondary structures.21-23 Related, but parallel, efforts have focused on the
incorporation of proton relays in molecular electrocatalysts for proton-dependent transformations
of CO2 to improve selectivity and activity for both Mn(bpy)24,25 and tetra-aryl Fe-porphyrin
derivatives.26-28 We reasoned that adding amino acid residues to the previously reported Re(bpy)based dimer catalyst system might improve the activity by increasing the stability of the
bimetallic active state and incorporating pendant proton sources.18,22-26,29-31 The results of this
investigation indicate that the addition of tyrosine residues promotes the formation of a more
stable bimetallic active species and increased current efficiency over Re(dac)CO3Cl.

3.2

Results and Discussions
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Re((4,4'-bis(methylacetamidomethyl)-2,2'-bipyridine)(CO)3Cl, 1, was synthesized in
three steps from commercially available precursors (4,4'-bis(methyl acetamidomethyl)-2,2'bipyridine = dac, Scheme 3.3)32 and characterized by NMR spectroscopy, microanalysis, and
ESI-MS. Single crystals suitable for X-ray diffraction studies were grown from a super-saturated
solution of 1 in methanol (CH3OH) at –20 °C, which confirmed the proposed molecular structure
(Figure 3.1). Complex 1 has a six-coordinate Re(I) center with a fac-tricarbonyl arrangement. A
fully chelated bipyridine ring occupies the two remaining equatorial positions, with an axial Cl–
ligand. Model complex 2, ReI(4,4'-dimethyl-2,2'-bipyridyl)(CO)3Cl [4,4'-dimethyl-2,2'-bipyridyl
= dmb], was prepared according to literature procedures.33

Scheme 3.3 Synthetic scheme for complex 1. i – Pd/C, H2 (20 atm),
ethanol/tetrahydrofuran (4:1), 50 °C, overnight; ii – 2.1 equiv acetic anhydride, 2.1 equiv
triethylamine, CH2Cl2; iii – 1 equiv rhenium(I) pentacarbonyl chloride [Re(CO)5Cl], toluene,
reflux, 3 h.

Figure 3.1 Single-crystal X-ray crystallographically determined molecular structure of 1,
with front (A) and side (B) views. Occluded MeOH molecule omitted for clarity, C = gray, N =
blue, O = red, H = white, Cl = green; thermal ellipsoids shown at 50%.

36
In order to characterize the redox and electrocatalytic behavior of 1 in comparison to the
model complex 2, cyclic voltammograms (CVs) were taken under N2- and CO2-saturation
conditions in acetonitrile (MeCN) solutions (0.1 M tetrabutylammonium hexafluorophosphate,
TBAPF6). The influence of the methyl acetamidomethyl groups on the electrochemical behavior
of complex 1 is evident by cyclic voltammetry under N2 atmosphere, where four redox processes
were observed in a potential range where the model compound 2 exhibits two features (Figure
3.2A).3,5,34 Starting from resting potential, an irreversible redox feature is observed at –1.77 V, a
reversible one at –1.88 V, a quasi-reversible one at –2.14 V, and a final irreversible one at –2.34
V (versus Fc/Fc+). In comparison, complex 2 exhibits a reversible feature at –1.85 V and an
irreversible one at –2.20 V (vs Fc/Fc+). Complex 1 also has an irreversible oxidation feature on
the return sweep at –0.50 V vs Fc/Fc+. No corresponding oxidation feature is observed on the
return sweep for 2.

Figure 3.2 Cyclic voltammograms showing the cathodic behavior of 1 and 2 (A) and the behavior
of 1 under CO2-saturation conditions (B). Single compartment cell with glassy carbon (GC)
working electrode (WE), Pt wire counter electrode (CE), Ag/AgCl reference electrode (RE,
behind Vycor tip); 100 mV/s, 1 mM analyte, 0.1 M TBAPF6, MeCN.

When the solution with 1 was sparged with CO2 to saturation (~0.28 mM), an increase in
current at the first reduction potential was observed with a peak at –1.98 V vs Fc/Fc+ (Figure
3.2B). For the model compound 2, this increase under CO2 atmosphere comes at the second redox
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potential.34 The addition of 2,2,2-trifluoroethanol (TFE) as a proton source to the solution
containing 1 caused a further increase in current under CO2-saturation conditions, consistent with
a proton-dependent catalytic reaction (Figure 3.3).

Figure 3.3 Current response under CO2-saturation conditions of 1 with added TFE (0.795
M); 0.1 M TBAPF6/MeCN; GC WE, Pt wire CE, Ag/AgCl pseudo-RE; referenced to internal Fc
standard.
Upon returning to N2 saturation, no increase in current at any of the four features was observed as
compared to the voltammograms of 1 taken prior to the addition of TFE. Additional experiments
with the dac ligand, validated by computational investigations, indicated that the methyl
acetamethylamido groups were not engaging in redox reactions on their own. Probing the
behavior of 1 in solvents with varying dielectric constants in conjunction with computational
modeling indicated that the new behavior of 1 relative to model complex 2 did not originate from
through-space, dipole effects on the Re metal center on the bpy ligand. In summary, the observed
electrochemical responses of 1 under N2 and CO2 saturation were not consistent with the wellestablished electrocatalytic mechanism for the unimolecular two-electron reduction of CO2 to CO
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and H2O by Re(bpy) complexes, and were not readily explained by potential unimolecular
mechanisms.
We conjectured that the amide moieties of 1 might be driving dimerization in an MeCN
solution, which, although moderately polar, is a poor hydrogen bond donor and acceptor, and
therefore would not strongly compete against the formation of solute-solute hydrogen bonds. We
therefore carried out additional electrochemical studies in N,N-dimethyl formamide (N,N-DMF),
which disrupts hydrogen bonding and has a similar dielectric constant to MeCN.35 CVs of 1 taken
in N,N-DMF (1 mM in 0.1 M TBAPF6/N,N-DMF), exhibited only two redox features: a reversible
wave at –1.76 V and an irreversible wave at –2.13 V vs. Fc/Fc+ (Figure 3.4). These redox
features observed for 1 in N,N-DMF are consistent with two consecutive single electron reductive
processes similar to what is observed for the model complex 2 in both MeCN (Figure 3.2A) and
N,N-DMF. Indeed, CVs of 2 taken under identical conditions showed a reversible wave at –1.84
V and an irreversible wave at –2.16 V vs. Fc/Fc+.36 Notably, no irreversible oxidation at –0.68 V
vs Fc/Fc+ is observed on the return sweep for 1 under these conditions. Voltammograms of 1 and
2 under CO2 atmosphere both showed an increase in current at the second redox feature in N,NDMF (Figure 3.5). These results supported the conjecture that hydrogen bond-driven interactions
are playing a role in the electrochemical behavior of 1 in MeCN. We therefore examined this
possibility further by using infrared spectroelectrochemistry (IR-SEC) and computational
methods, as detailed in the following subsections.
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Figure 3.4 Cyclic voltammograms comparing the cathodic behavior of 1 in N,N-DMF
and MeCN. Conditions: 1 mM, 100 mV/s, 0.1 M TBAPF6/MeCN (black) and 0.1 M
TBAPF6/N,N-DMF (red); GC WE, Pt wire CE, Ag/AgCl RE behind Vycor tip.

Figure 3.5 Current response of 1 (A) and 2 (B) in N,N-DMF under N2- and CO2saturation conditions; 0.1 M TBAPF6/ N,N-DMF; GC WE, Pt wire CE, Ag/AgCl pseudo-RE;
referenced to internal Fc standard.
IR-SEC is a valuable technique for examining the behavior of electroactive species at
applied potential and has been used with particular success in studying the mechanism of
reduction and catalytic behavior of Re(bpy)-type electrocatalysts.33,37-41 The method used in our
experiments is Fourier transform infrared reflectance spectroscopy (FTIR).33,39 In these
experiments a thin-layer of solution containing analyte is sealed between an IR-transparent CaF2
window and a working electrode polished to a mirror finish within concentric counter and

40
reference electrode rings. The contents of the resultant small-scale bulk electrolysis cell can be
characterized with FTIR by directing the source laser to the reflective working electrode and
through the sample before passing to the detector. When a potentiostat is used, changes in the
observable IR bands can be monitored as a function of potential and time. In this manner the
behavior observed by CV can be correlated to relevant species in solution for all accessible redox
states. This makes IR-SEC an ideal tool to identify the products of electron transfer in solution.
IR-SEC of 1 in 0.1 M TBAPF6/MeCN under N2-saturation conditions revealed several
important differences between it and previously published Re(bpy)-based catalysts (Figure
3.6).33,37-41 For complex 1 [ReI(dac)(CO)3Cl], the loss of chloride and the formation of a metalmetal bond after the initial reduction is quite rapid. When the IR-SEC cell is set to the first
reduction potential, a species assigned to [ReI(dac•)(CO)3Cl]– (2009, 1895, and 1886 cm–1) is
immediately observed, as is the product of chloride dissociation [Re0(dac)(CO)3] (1998, 1875,
and 1867 cm–1). Before the complete disappearance of these three species, bands consistent with a
metal-metal bound dimer [Re0(dac)(CO)3]2 are also observed (1984, 1942, 1875, 1865, and 1842
cm–1). The system eventually equilibrates almost entirely to the dimer at this potential. The
formation of a Re0–Re0 dimer is known to represent a competing pathway during the reduction of
Re(bpy) complexes.1 The formation of the metal-metal dimer raises the potential required for CO2
reduction: following the formation of a Re0–Re0 bond, two reduction processes are required to
cleave the Re–Re bond and generate a catalytically active species.
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Figure 3.6 Selected spectra from IR-SEC studies of 1 showing that when the IR-SEC cell
with complex [ReI(dac)(CO)3Cl] (black) is taken to the first reduction potential, the IR exhibits
bands consistent with [ReI(dac•)(CO)3Cl]–, [Re0(dac)(CO)3], and [Re0(dac)(CO)3]2 (red) form. If
the cell is held at this potential, the system equilibrates to the dimer [Re0(dac)(CO)3]2 (blue).
Single compartment cell with Pt WE, Pt wire CE, Ag pseudo RE, 0.1 M TBAPF6/MeCN.

The methyl acetamethylamido groups are also IR active, and the introduction of charge
affects the amide modes. As the parent complex is reduced, the appearance of [Re0(dac)(CO)3]
and [Re0(dac)(CO)3]2 accompanies a shift in the carbonyl stretch associated with the
acetamidomethyl carbonyl group.36 The band of the parent compound is observed at 1685 cm–1,
which disappears and is replaced by two new broad bands at 1675 and 1668 cm–1. This shift to
lower frequencies is consistent with a hydrogen-bonding interaction.42,43 These results also
indicate that the formation of a metal-metal bond is greatly accelerated for complex 1 and that
hydrogen bonding played a role during the reduction of 1 and the formation of the metal-metal
bond.
Computational methods were employed to model the hydrogen-bonding interactions in
the observed redox behavior of 1. Specifically, we examined the behavior of [Re0(dac)(CO)3] in
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order to understand the mechanism behind the acceleration of metal-metal bond formation.
Molecular dynamics simulations of two molecules of [Re0(dac)(CO)3] in explicit MeCN led to the
rapid (sub-ns) formation of a stable hydrogen-bonded dimer, where the two monomers are held
together by interlacing of the amide moieties to form a chain of intermolecular hydrogen bonds
(Figure 3.7A). This outcome was observed for starting configurations in which the two
[Re0(dac)(CO)3] monomers were already stacked together and also for other starting
configurations, including ones in which the monomers were initially positioned side-by-side.
Once the dimer had formed, the monomers remained locked together for the rest of the simulation
(50-100 ns), with only occasional fluctuations in the hydrogen-bond count. Matched simulations
in N,N-DMF did not yield a stable dimer; instead, the two monomers rapidly drifted apart. The
convergence of a stable dimer structure in MeCN but not N,N-DMF is consistent with the
observation that CVs of 1 taken in N,N-DMF did not show the same response as those taken in
MeCN, and with the expectation that the hydrogen-bonded dimers may be disrupted by solvent
competition for the hydrogen bonding methyl acetamidomethyl groups.
In the representative dimer structure obtained from MD simulation (Figure 3.7A), all
four methyl acetamidomethyl substituents are connected by a chain of three hydrogen bonds. This
configuration placed the two Re atoms a distance of 3.57 Å apart. Refinement of this structure
with density functional theory (DFT) in MeCN solvent led to minor structural adjustments
(Figure 3.7B), except for a significant decrease of the Re−Re distance to 3.21 Å, consistent with
the formation of a Re−Re bond. The computed Re–Re bond length of this dimer is similar to
previously reported Re−Re bond lengths (3.0791(13) Å).1 As noted above, the formation of a
Re0–Re0 dimer species was observed experimentally by IR-SEC, consistent with these results. As
a control, similar MD simulations using explicit MeCN solvent with two equivalents of
[Re0(bpy)(CO)3] to look for the possible formation of a stable neutral dimer. No stable dimers
were observed, which we attribute to the absence of the hydrogen bonding interactions in the case
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of [Re0(dac)(CO)3]. It should also be noted that the MD force field does not include terms that
could lead to Re−Re bonding.
In order to examine the reduction mechanism of dimer [Re0(dac)(CO)3]2, we used DFT
methods, with implicit MeCN to optimize the structure of the one-electron reduced dimer species
[Re0(dac•)(CO)3]2−, starting from the computationally determined structure of [Re0(dac)(CO)3]2.
The resulting structure of [Re0(dac•)(CO)3]2− is almost identical to that of [Re0(dac)(CO)3]2, with a
root-mean-square deviation (RMSD) value of 0.09 Å, and Re−Re distance of 3.22 Å. Attempts to
obtain a converged structure by the addition of an electron to the singly reduced dimer species
[Re0(dac•)(CO)3]2− were unsuccessful. This result parallels the experimental observation that the
addition of two electrons to Re0−Re0 dimer species of this type results in the cleavage of the
metal-metal bond and the destabilization of the dimer configuration.1 Optimization of the model
compound [Re0(bpy)(CO)3]2, starting with crystallographically determined coordinates (Re−Re
distance ~3.08 Å), yielded little conformational shift and a Re−Re distance of 3.24 Å.1 Previously
reported DFT calculations also showed a slight overestimation of the Re−Re bond length.44 MP2
calculations in the gas phase from the same study were found to be in better agreement with the
crystallographic data. The size of the systems studied here made the computational cost of such
calculations prohibitive, however.
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Figure 3.7 (A) The representative structure of the hydrogen bonded dimer species from
MD simulations in explicit MeCN. (B) The refined representative structure of [Re0(dac)(CO)3]2
from DFT calculations. H atoms not involved in hydrogen bonding interactions and explicit
MeCN molecules are omitted for clarity.
To supplement these computational results, a series of electrochemical studies were
undertaken with varying scan rates and catalyst concentrations to probe the mechanism and
kinetics of the metal-metal dimerization pathway for catalyst 1. Variable scan rate experiments
with 1 (1 mM in 0.1 M TBAPF6/MeCN) under N2-saturation conditions showed that the four
observable features have different dependences on scan rate (Figure S6 in reference 36); in
particular, at high scan rates, the redox features corresponding to the first and last redox features
predominate (Figure S7 in reference 36).36 Redox features with different dependences on scan
rate are the result of chemical reaction steps following electrochemical steps, such as the
dimerization or dissociation observed by IR-SEC and examined computationally above.
Cyclic voltammograms of 1 at low concentrations (0.1 mM in 0.1 M TBAPF6/MeCN)
show the shift from four redox features at much slower scan rates (scan rates above 200 mV/s)
than at 1 mM, which is indicative of a concentration-dependent component of the chemical steps
following the initial reduction (Figure 3.8). At higher concentrations of 1 (10 mM in 0.1 M
TBAPF6/MeCN) only the first three redox features were observed (Figure 4.7B). The final redox
feature observed at 1 mM concentrations of 1 disappeared entirely, indicating that the species
represented by this redox feature is not favored under these concentrations.
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Figure 3.8 Cyclic voltammograms showing the cathodic behavior of 1 at 0.1 mM (A) and
10 mM (B). Single compartment cell with GC WE, Pt wire CE, Ag/AgCl RE (behind Vycor tip),
0.1 M TBAPF6/MeCN; A: 0.1 mM 1, 1600 mV/s; B: 10 mM 1, 100 mV/s, red indicates redox
responses consistent with dimer formation.
Based on these results and the computationally determined structures, it can be
rationalized that catalyst 1 may form a Re0–Re0 dimer on the CV timescale. This was confirmed
by independent preparation of the Re0–Re0 dimer from 1 by bulk electrolysis at the first reduction
potential.45,46 Characterization of this dimer by cyclic voltammetry showed a reversible wave at –
1.90 V and a quasi-reversible wave at –2.12 V vs. Fc/Fc+, in good agreement with the second and
third redox features observed for 1 (IR stretches: 1982, 1945, 1883, and 1847 cm–1). The diffusion
coefficient of the dimer was determined to be 7.82 x 10–6 cm2/s (compared to 1.14 x 10–5 cm2/s
for 1) by RDE methods, consistent with a more slowly diffusing electroactive species.1,34 This
electrolytically prepared metal-metal dimer exhibited an increase of current with CO2 saturation
at the second reduction potential, consistent with previous characterization of a Re0–Re0 dimer.1
These results support the conclusion that the relevant active state of 1 forms after the first
reduction but before the second reduction. Computational results, above, indicate that a
hydrogen-bonded dimer could form en route to a metal-metal bonded dimer, so that the unusual
redox behavior of 1 observed under CO2-saturation conditions could result from an enhancement
of the bimolecular reduction mechanism.
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At this point, it is helpful to review the electrochemical results that show four cathodic
waves in the cyclic voltammograms of 1 in MeCN and not N,N-DMF, and to interpret those
results with the benefit of computational modeling and additional experiments. The four cathodic
processes observed for 1 are observed at –1.77 V, –1.88 V, –2.14 V, and –2.34 V vs. Fc/Fc+. The
first two processes correspond to the reductions of hydrogen-bonded dimers ([1A···1A]):
[1A···1A] + e– –> [1C···1A]

Process 1

[1C···1A] + e– –> [1C···1C]0

Process 2

[1D]0 + e– –> [1E]–

Process 3

[1E]– + e– –> [1F···1F]2–

Process 4

([1C···1C]0 –> [1D]0)

The fact that the first process is observed at all in CV suggests that formation of the
neutral H-bonded dimer, is quite fast and/or that its formation constant is greater than 1 (Ka > 1).
Using NMR concentration studies we estimate that the Ka for the neutral dimer of 1 ([1A···1A]) is
290 M–1 (Figure 3.9).47

Figure 3.9 Determination of hydrogen-bonding constant (ka) by fitting to a 1:1
dimerization model.
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The second process also installs the Re–Re bond between the two metal centers, when
CO2 is not present. This was confirmed by IR-SEC and chemical reductions (Figures S12 and
S13 in reference 36). This is also the potential at which catalysis occurs in the presence of CO2
in MeCN. Based on the splitting between the first and second processes, we estimate the
comproportionation constant, Kc, to be 3.4 × 102.48 The third and fourth processes also show
splitting caused by the persistence of hydrogen bonds. The third process corresponds to reduction,
but not cleavage, of an H-bonded and Re–Re bonded dimer. The fourth process corresponds to
reduction and cleavage of the dimer.
A hydrogen-bonded dimer exists in the reduction mechanism of 1 in MeCN solution. In
addition to this, catalytic current under CO2-saturation conditions ensues from this dimeric
species, before the formation of a metal-metal bond. Inasmuch as the hydrogen-bonded dimer is
constructed from two monomers, this leads to the expectation that the overall rate of catalysis (as
measured by current response), should have a second order dependence on Re concentration.
Indeed, the catalytic response was second order with increasing catalyst concentration between
0.1 and 6 mM (Figure 3.10). After 6 mM, increasing catalyst concentrations showed a linear
response, which is indicative of super-saturation and the absence of a diffusion controlled
mechanism. Consistent with this interpretation, the peak reductive current under CO2 atmosphere
at these catalyst concentrations shifted to more cathodic potentials, indicating a predominantly
unimolecular mechanism (Figure 3.11). Establishing TOF under these conditions is difficult
given the side phenomena occurring during the course of catalysis, but if the hydrogen-bonded
dimer is treated as a first-order catalyst, a theoretical maximum rate for the reaction can be
determined.49 If the slowest step of the reaction is the hydrogen-bonded dimer reacting with CO2,
the peak catalytic current achieved (icat) represents the slowest reaction rate. When these
considerations are applied to the following equation50,51:
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!
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where R is the universal gas constant, T is the temperature, np is the number of electrons in the
reversible non-catalytic reaction, ip is the peak current in the absence of CO2, and ν is the scan
rate, a maximum theoretical TOF is 19 s−1 under CO2-saturation conditions and 57 s−1 with added
TFE (0.795 M) is predicted.

Figure 3.10 Peak current versus concentration of 1 (A), showing both a second-order
region and a first-order behavior under catalyst saturation conditions. Plot of ip versus the square
root of scan rate under N2- and CO2-saturation conditions, showing a shift from first order to
second-order behavior; (A) 0.1 mM to 10 mM 1, (B) 1 mM 1; 0.1 M TBAPF6/MeCN; GC WE, Pt
wire CE, Ag/AgCl pseudo-RE; referenced to internal Fc standard.
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Figure 3.11 Current response under CO2-saturation conditions for varying catalyst
concentration (mM) of 1; 0.1 M TBAPF6/MeCN; GC WE, Pt wire CE, Ag/AgCl pseudo-RE;
referenced to internal Fc standard.
Since these results were indicative of the previously discussed bimolecular mechanism of
Re(bpy) complexes, we reasoned that a bimetallic bridging CO2 adduct stabilized by hydrogen
bonds similar to G would be a catalytic intermediate.7-9 Using DFT methods, such a complex was
examined by the gas-phase optimization of two equivalents of [Re0(dac)(CO)3] with one
equivalent of CO2. The minimized structure consisted of an asymmetrically bound CO2 bridging
two Re centers and exhibited hydrogen bonding distances between the methyl acetamidomethyl
moieties (Figure 3.12). The calculated bond lengths for the Re–O and Re–C bonds involving the
CO2 molecule, where insertion of a second equivalent of CO2 would be expected to occur, are
2.16 and 2.24 Å, respectively. Facile insertion of a second CO2 equivalent into these bonds would
be a pre-requisite for the increased current response observed by CV for complex 1 at the second
reduction potential.
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Figure 3.12 Converged structure of a bridging CO2 adduct of type G, an expected
intermediate in the catalytic cycle. The CO2 molecule is asymmetrically bound to the two Re
centers. H atoms not involved in hydrogen bonding interactions are omitted for clarity.
Additional IR-SEC experiments under catalytic conditions revealed important
information about some of the mechanistic aspects of this system. In a sample experiment, the
cell was charged with 1 (3.6 mM), sparged briefly with 12CO2, and set to the potential of the first
reduction observed by cyclic voltammetry while sequential IR spectra were obtained.
Interestingly, instead of observing a band consistent with H2O (~1630 cm–1), a possible product of
the two-electron reduction of CO2, two strong bands are observed to grow in at 1677 and 1648
cm–1, consistent with CO32– formation (Figure 3.13). As would be expected for a
disproportionation reaction, a band also grows in at 2137 cm–1 corresponding to free CO in
solution. Repeating these experiments with

13

CO2 showed a shift in all these bands, consistent

with isotopic labeling. Indeed, free 13CO is observed at 2090 cm–1 and 13CO32– 1632 and 1594 cm–
1

, reflecting 38-47 cm–1 shifts, which is indicative of 13C incorporation (ideal shift 45 cm–1 based

on harmonic oscillator model).52 After this experiment is run under 12CO2 and returned to resting
potential, the parent compound 1 shows bands which are comparable to the starting material at
2020, 1913, and 1892 cm–1 (The high frequency band of the solvent adduct is also observed at
2037 cm–1). Interestingly, returning to resting potential after running the same experiment with
13

CO2 reveals that these bands have been replaced with stretches at 1997 and 1896 cm–1,
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consistent with a

13

CO solvento adduct [ReI(dac)(13CO)3(MeCN)], and bands at 1977 and 1871

cm–1, indicative of isotopic labeling of the starting complex (Figure 3.13B).

Figure 3.13 IR-SEC spectra of 1 (A) with 12CO2 (black) and 13CO2 (red) showing the
results of sequential scans at potentials corresponding to the first reduction potential of 1 (–1.4 V
vs. Ag/Ag+ pseudo-RE). IR spectra (B) taken at resting potential after the application of catalytic
potential, showing a mixture of the starting material 1 and the acetonitrile adduct (2020, 1913,
and 1892 cm–1 and high frequency stretch at 2037 cm–1, respectively). Interestingly, the Re
carbonyl bands observed after catalytic potentials under 13CO2 atmosphere show the incorporation
of 13CO; the higher frequency bands assigned to the starting material and solvent species
disappear almost entirely, replaced by bands at 1997 and 1977 cm–1. Over time, IR stretches
assigned to 12CO (2137 cm–1), 13CO (2090 cm–1), 12CO32– (1677 and 1648 cm–1), and 13CO32–
(1632 and 1594 cm–1) grow with the concomitant consumption of substrate. GC/Ag/Pt IR-SEC
cell; 3.6 mM (black), 3.5 mM (red) 1, 0.1 M TBAPF6/MeCN.
As a supplement to the IR-SEC under catalytic conditions, bulk electrolysis experiments
were also conducted to analyze CO generation by GC-MS (1 mM in 0.1 M TBAPF6; Table 3.1).
At the first reduction wave, 1 generated CO with 56 ± 9% efficiency, which increased to 73 ± 7%
with added TFE (0.5 M). The analogous experiments with 2 showed 46 ± 11% and 65 ± 16%
efficiencies, respectively, at the first reduction. When these experiments were repeated at
potentials more negative than the second reduction, the efficiency observed for 1 did not improve
(54 ± 8%) but did for 2 (90 ± 5%), consistent with literature reports.7 Control experiments under
the originally reported conditions for this catalyst (10% H2O in N,N-DMF) showed similar
efficiencies for 1 (95 ± 9%) and 2 (95 ± 8%).53
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3.3

Conclusions
The appending of simple amide groups to a well-characterized electrocatalyst

dramatically influences the mechanism of CO2 reduction. The methyl acetamethylamido groups
of complex 1 cause a hydrogen bond-driven association of two equivalents of the singly reduced
complex, enhancing a bimolecular catalytic mechanism for the disproportionation of CO2 to CO
and CO32–. While this reaction occurs at a lower potential than the unimolecular mechanism (ca
250 mV), the maximum TOF and the Faradaic efficiency for CO are lower. Hydrogen-bonding
groups acting as a point of structural control to form important intermediates is common to the
proposed mechanisms of many biological systems, but less common for molecular catalysts.54-57
The incorporation of such effects into abiotic catalysts offers a powerful way to alter catalytic
mechanisms and potentially enhance catalyst properties, independent of more typical approaches
that rely on unimolecular steric and electronic effects. This result points to new opportunities to
optimize catalyst performance through the formation of supra- and macromolecular assemblies.

3.4

Experimental
General. 1H NMR spectra were recorded on a 400 MHz Varian spectrometer at 298 K

and referenced to solvent shifts. Data manipulations were completed using MestReNova and Jeol
software. Infrared spectra were taken on a Thermo Scientific Nicolet 6700 or a Bruker Equinox
55 spectrometer. Microanalyses were performed by NuMega Resonance Labs, San Diego, CA for
C, H, and N.
Solvents and chemicals. All solvents were obtained from Fisher Scientific. Any dry
solvents were dried in house by storing in a moisture free environment and dried on a custom
drying system running through two alumina columns prior to use. All compounds were obtained
from Fisher Scientific or Sigma-Aldrich and used as obtained unless otherwise specified. 4,4'-
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dicyano-2,2'-bipyridine was obtained from HetCat and used without further purification.
Tetrabutylammonium hexafluorophosphate (TBAPF6, Aldrich, 98%) was recrystallized from
CH3OH twice and dried at 90oC overnight before use in electrochemical experiments.
Computational Methods. Molecular dynamics simulations were carried out with the
Gromacs 4.6 software package58 using explicit MeCN or N,N-DMF solvent at 298 K. All bonded
and non-bonded parameters that do not involve a rhenium element were assigned from the
General Amber Force Field (GAFF)59. Quantum methods (below) were used to optimize the
dimer structure and generate bonded parameters involving central rhenium atom. Non-bonded
parameters for rhenium in the octahedral configuration were obtained from the Universal Force
Field60. Partial atomic charges were derived by fitting the electrostatic potential produced by
quantum calculations using the restrained electrostatic potential (RESP) approach61. Restraints
were placed on the angles of O–C–Re to maintain the proper positions of the carbonyl groups.
Each dimer species was solvated in a cubic box with an edge length of ~6 nm, energyminimized using the steepest-descent algorithm, and equilibrated for 1 ns at constant volume and
temperature and then again at constant temperature and pressure. The subsequent production
phase was run for at least 50 ns at constant temperature and pressure. Position restraints were
applied to the solutes during the equilibration phases. The Particle-Mesh-Ewald (PME) method62
was used for electrostatic interaction and the cutoff distance of Lennard-Jones interactions was
set as 10 Å.
Quantum calculations were carried out in the Gaussian 09 program63 using the pure
density functional theory (DFT) functional M06-L64 in conjunction with the conductor-like
polarizable continuum (CPCM) model65. Restricted wave functions RM06-L were employed for
closed shell systems and unrestricted theory UM06-L was employed for open-shell systems. The
6-31++G(d,p) Pople basis set was selected for all the light atoms (H, C, N, O, and Cl), and the
LANL2DZ (Los Alamos National Laboratory 2 double ζ) effective core potential (ECP) as well
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as the corresponding basis set were used on the rhenium center. In preliminary tests on a series of
rhenium bipyridyl compounds, this approach provided good agreement with experimental
geometries, IR frequencies and redox potentials (data not shown). The CO2 bridged dimer was
optimized in gas phase using a smaller basis set 6-31G* for the light atoms due to the high
computational cost.
Synthetic Methods
Re(4,4'-dimethyl-2,2'-bipyridine)(CO)3Cl (2) was prepared according to literature procedure.34
4,4'-bis(aminomethyl)-2,2'-bipyridine.32 A Parr hydrogenator flask was charged with a
suspension of 4,4'-dicyano-2,2'-bipyridine (1.0 g, 4.8 mmol) and Pd/C (0.850 g) in a mixture of
EtOH (150 mL), THF (60 mL), and concentrated HCl (37% aqueous, 2 mL). This suspension was
heated at 50 C under H2 atmosphere (20 psi) for 48 h on a Parr hydrogenator. After being allowed
to cool to room temperature, the flask was placed at −20 C overnight before the acid salt of the
product and Pd/C were removed from the suspension by vacuum filtration over CeliteTM. The
precipitated acid salt was dissolved in hot CH3OH (200 mL, ~ 50 C) and filtered into a clean
round bottom flask. The resulting pink solution was condensed under reduced pressure to yield
the acid salt of 4,4'-bis(aminomethyl)-2,2'-bipyridine as a pink powder. This powder was
dissolved in minimal H2O (~5 mL) before NaOH (2.0 g) was added. This mixture was stirred
vigorously (20 minutes) before being diluted by the addition of de-ionized H2O (50 mL). This
aqueous solution was extracted with CH2Cl2 (4 x 50 mL) and the combined organic layers were
dried with anhydrous K2CO3 before being filtered and condensed under reduced pressure to
reveal an off-white powder. Yield: 0.78 g, 75%. 1H NMR (d2-CD2Cl2, 400 MHz): δ 8.58 (sh d,
2H, ArH), 8.40 (sh s, 2H, ArH), 7.30 (sh d, 2H, ArH), 5.32 (m, CH2Cl2), 3.96 (sh s, 4H,
ArCH2NH2), 1.52 (br s, 4H, ArCH2NH2). ESI-MS (m/z) [M+H]+: Calcd. 215.1. Found: 215.2.
Elemental Analysis for C12H14N4 Calc’d: C 67.27, H 6.59, N 26.15; Found: C 66.83, H 7.00, N
25.87.
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4,4'-bis(methyl acetoamidomethyl)-2,2'-bipyridine. A round bottom flask was charged with
4,4'-bis(aminomethyl)-2,2'-bipyridine (0.300 g, 1.4 mmol) and triethylamine (0.41 mL, 2.9 mmol)
in CH2Cl2 (250 mL). To this solution was slowly added acetic anhydride (0.28 mL, 2.9 mmol)
and the resulting mixture was stirred overnight under N2 atmosphere (~16 h). The resulting white
suspension was quenched with dilute Na2CO3 (aq, 50 mL) and extracted with ethyl acetate (3 x
100 mL) and CH2Cl2 (2 x 100 mL). The organic layers were combined and dried with Na2SO4
before being filtered and condensed under reduced pressure. If the reaction was incomplete, the
dried product was loaded onto neutral alumina and purified chromatographically on a
Combiflash® silica column with a 0 to 10% CH3OH in CHCl3 gradient over 30 min. The eluent
was monitored by UV-Vis at 254 nm and 280 nm for the product. Yield: 0.21 g, 50%. 1H NMR
(d4-CD3OD, 400 MHz): δ 8.58 (sh d, 2H, ArH), 8.23 (sh s, 2H, ArH), 7.36 (sh d, 2H, ArH), 4.79
(s, CH3OH), 4.49 (sh s, 4H, ArCH2NHC(O)CH3), 3.31 (m, CH3OH), 2.06 (s, 6H,
CH2NHC(O)CH3). ESI-MS (m/z) [M+H]+: Calcd. 299.2. Found: 299.4. Elemental Analysis for
C16H18N4O2·(CH3OH) Calc’d: C 61.80, H 6.71, N 16.96; Found: C 62.11, H 8.12, N 17.08.
Re(4,4'-bis(methyl acetoamidomethyl)-2,2'-bipyridine)(CO)3Cl, 1: An oven-dried 250 mL
round-bottom flask with a stir bar was charged with 4,4'-bis(acetoamidomethyl)-2,2'-bipyridine
(0.300 g, 1 mmol), Re(CO)5Cl (0.364 g, 1 mmol), and dry toluene (50 mL) under inert
atmosphere (N2). This flask was attached to a reflux condenser and heated to reflux for 3 h during
which time the suspension turned from white to yellow. When the flask had cooled, solvent was
removed under reduced pressure. The resulting yellow solid was recrystallized from CH3OH/Et2O
at –20 C to yield a yellow microcrystalline powder. Yield: 0.55 g, 91% 1H NMR (d3-CD3CN, 400
MHz): δ 8.90 (sh d, 2H, ArH), 8.28 (sh s, 2H, ArH), 7.50 (sh d-d, 2H, ArH), 7.06 (br s, 2H,
ArCH2NHC(O)CH3), 4.52

(d, 4H, CD3CN), 2.16

(sh

s, H2O), 2.01

(sh

s, 6H,

ArCH2NHC(O)CH3), 1.94 (sh m, CD3CN), 0.00 (sh s, TMS). ESI-MS (m/z) [M-Cl+CH3OH]+:
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Calcd. 601.1. Found: 601.4. Elemental Analysis for C19H18ClN4O5Re Calc’d: C 37.78, H 3.00, N
9.28; Found: C 37.32, H 3.40, N 9.27.
Electrochemistry. Electrochemical experiments were carried out using a BAS Epsilon
potentiostat. For all experiments, a single compartment cell was used with dry stir bar and a dry
needle was connected to control the atmosphere. A 3 mm diameter glassy carbon (GC) electrode
from BASi was employed as the working electrode (WE). The counter electrode (CE) was a
platinum (Pt) wire and the reference electrode (RE) was a silver/silver chloride (Ag/AgCl)
electrode separated from solution by a Vycor tip. Experiments were run with and without an
added internal reference of ferrocene. All solutions were in dry MeCN and contained 1 mM of
catalyst and 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting
electrolyte, unless otherwise noted. Experiments were purged with N2 or CO2 (to saturation at
0.28 M) before CV’s were taken and stirred in between successive experiments. All experiments
were reported referenced an internal ferrocene standard except for the bulk electrolysis
experiments, which used the pseudo-RE Ag/AgCl behind a Vycor tip.
Infrared Spectroelectrochemistry. The experimental setup and design of the IR-SEC
cell has been published previously by our lab.33,39 A Pine Instrument Company model AFCBP1
bipotentiostat was employed. As the potential was scanned, thin layer bulk electrolysis was
monitored by Fourier-Transform Reflectance IR off the electrode surface. All experiments were
conducted in 0.1 M TBAPF6/MeCN solutions with catalyst concentrations of ~5 mM (unless
otherwise noted) prepared under a nitrogen atmosphere. For IR-SEC experiments under catalytic
conditions, air-free samples were sparged briefly with

12

CO2 or 13CO2 (10-20 seconds). The IR-

SEC cells used (working electrode[WE]/counter electrode[CE]/reference electrode [RE]) were
either GC/Ag/Pt or Pt/Ag/Pt, meaning that all potentials were in reference to a pseudo-RE,
Ag/Ag+ (~+200 mV from the Fc/Fc+ couple).
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X-ray Crystallography. Single crystal X-ray diffraction studies reported herein were
carried out on a Bruker Kappa APEX-II CCS diffractometer equipped with MoKα radiation (λ =
0.71073 Å). The crystals were mounted on a Cryoloop while in Paratone oil. The data was
collected under a stream of N2 gas at 100(2) K using ω and ϕ scans. Data were integrated using
the Bruker SAINT software program and scaled using SADABS software. A complete phasing
model consistent with the molecular structure was produced by SHELXS direct methods. Nonhydrogen atoms were reined anisotropically by full matrix least squares (SHELXL-97).66 All
hydrogen atoms were determined using a riding model with positions constrained to their parent
atom using the appropriate FHIX command.

3.5

Appendix

58
Table 3.1 Summary of CPE Data

Complex

Solvent

Potential (V vs
Ag/AgCl
pseudo-RE
behind Vycor
tip)

Faradaic Efficiency

Turnovers
(based on 2e–
equiv)

1

MeCN (0.5
M TFE)

−1.60

56 ± 9% (73 ± 7%)

3.6 (1.2)

2

MeCN (0.5
M TFE)

−1.60

46 ± 11% (65 ± 16%)

1.2 (1.2)

1

MeCN

−2.20

54 ± 8%

3.2

2

MeCN

−2.20

90 ± 5%

2.0

1

10% H2O in
N,N-DMF

−2.00

95 ± 9%

3.2

2

10% H2O in
N,N-DMF

−2.00

95 ± 8%

1.3
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Table 3.2 Crystal data for complex 1.
1
Empirical formula

C19H18ClN4O5Re·CH4O

Formula weight

636.07

Temperature/K

100

Crystal system

monoclinic

Space group

P21/c

a/Å

12.0962 (5)

b/Å

9.3752 (4)

c/Å

20.3554 (9)

α/°

90

β/°

91.582 (2)

γ/°

90

Volume/Å

3

2307.51 (17) Å

z

4
3

ρcalc (mg/cm )
Absorption
mm-1

1.805
coefficient

F(000)
2Θ

range

1224.0
for

data

Index ranges
collection
Reflections collected
Independent reflections
Data/restraints/parameter
s
(I)]

5.416

Goodness-of-fit on F

2

4.78 to 53°
-15 ≤ h ≤ 15, -11 ≤ k ≤ 11, 22127
25 ≤ l ≤ 25
4748 [Rint = 0.0388, Rsigma =
4748/0/293
0.0334]
0.712

Final R indexes [I>=2σ

R1 = 0.0257, wR2 = 0.0781

Final R indexes [all data]

R1 = 0.0346, wR2 = 0.0893

Largest diff. peak and

1.26, -1.05

hole (e Å-3)
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Chapter 3: The majority of the material in this chapter comes directly from a manuscript
entitled "Supramolecular Assembly Promotes the Electrocatalytic Reduction of Carbon Dioxide
by Re(I) Bipyridine Catalysts at a Lower Overpotential," by Charles W. Machan, Steven A.
Chabolla, Jian Yin, Michael K. Gilson, F. Akif Tezcan, and Clifford P. Kubiak, published in J.
Am. Chem. Soc., 2014, 136, 14598–14607. The dissertation author is a contributing author. Some
of the material in this manuscript is adapted from a manuscript entitled "Improving the Efficiency
and Activity of Electrocatalysts for the Reduction of CO2 Through Supramolecular Assembly
with Amino Acid-Modified Ligands," by Charles W. Machan, Jian Yin, Steven A. Chabolla,
Michael K. Gilson, and Clifford P. Kubiak in J. Am. Chem. Soc., 2016, 138, 8184–8139. The
dissertation author is a contributing author.
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Chapter 4

Bio-Inspired CO2 Reduction by a Rhenium
Tricarbonyl Bipyridine-Based Catalyst
Appended to Amino Acids and Peptidic
Platforms: Incorporating Proton Relays and
Hydrogen-Bonding Functional Groups

4.1

Introduction
The study of bio-mimetic motifs with molecular catalysts is of particular interest in order

to increase the activity and selectivity of these systems while decreasing the necessary operating
potential.1 Two of the metalloenzymes capable of catalyzing the reduction of CO2 are carbon
monoxide dehydrogenases and formate dehydrogenase, which show high TOF (>10,000 s-1) and
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operate at near thermodynamic potentials (<100 mV from the E0 for their respective reactions).2-4
The structures of these proteins place active sites in a higher-order structure capable of shuttling
substrate and products to and from the active sites while excluding solvent molecules. By
mimicking these structural attributes through non-covalent supramolecular assembly, we are
interested in attempting to reproduce the functional effects in electrocatalysts. Specifically,
hydrogen-bonding is proposed to control structure and proton relays to facilitate PCET, resulting
in catalysts with emergent properties.
Previously, we have shown that the use of hydrogen-bonding motifs and amino acid
residues can switch the dominant catalytic pathway for CO2 reduction from a unimolecular one to
a bimolecular one.5 This change lowers the observed catalytic potential by ~250 mV; further
improvement in activity is observed when proton sources are incorporated into the ligand
backbone.6 We report here the syntheses and catalytic activities of a series of rhenium-bipyridyl
catalysts, which feature new hydrogen-bonding motifs capable of promoting supramolecular
assembly in solution, contain proton sources, and are amenable to standard on-resin peptide
synthetic techniques. Our results are consistent with bio-inspired catalyst modification as being
an important modulus of control for modifying catalytic behavior incorporated in peptide
structures for the bio-inspired reduction of CO2 by a synthetically tunable small molecule
electrocatalyst.

4.2

Results and Discussion

1. Simplest peptide mimic is capable of hydrogen-bonding to alter mechanism
The Re(bpy)(CO)3Cl catalyst was altered to contain the most basic element of peptide
bonds: a single amide group. The acetoamidomethyl group was substituted at the 4-position for
complex 1 and compared to the previously reported symmetrically di-substituted analogue 2
(Scheme 4.1).5 Both the symmetrically and asymmetrically nitrile-substituted bipyridine ligand
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(1a and 2a) were hydrogenated to the aminomethyl substituent (1b and 2b) via an identical
procedure, See Experimental Section. The aminomethyl groups were then acylated with acetic
anhydride to form the acetoamidomethyl-containing ligands. Subsequent metalation with
Re(CO)5Cl in anhydrous toluene generated complexes 1 and 2.5 Single crystals suitable for X-ray
diffraction were obtained by vapor diffusion of pentanes into a solution of complex 1 in
dichloromethane (Figure 4.1). The molecular structure obtained from these diffraction studies
was in agreement with all other characterization methods and identical to that proposed in
Scheme 4.1. The electrochemical catalytic results are reported below.
O
R1

R2

R1

R2

10% Pd/C
N

N

1a: R 1 = H; R 2 = CN
2a: R 1 = CN; R 2 = R 1

MeOH, 30 psi H 2
50 oC, 12 hr
95%

N

N

1b: R 1 = H; R 2 = CH2NH 2
2b: R 1 = CH2NH 2; R 2 = R 1

O
R1

O
Et 3N
dry CH2Cl2
RT, 18h

R2

N

N

CO

R2
Re(CO) 5Cl

N

dry Toluene
110° C, 5h

N

1c: R 1 = H; R 2 = CH2NHCOCH 3
2c: R 1 = CH2NHCOCH 3; R 2 = R 1

R1

Re

CO
CO

Cl

1: R 1 = H; R 2 = CH2NHCOCH 3
2: R 1 = CH2NHCOCH 3; R 2 = R 1
3: R 1 = H; R 2 = H

Scheme 4.1. Synthesis of Re(CO)3(acetamidomethylbpy)Cl and bipyridine analogues.

Figure 4.1 Single-crystal X-ray crystallographically determined molecular structure of 1.
C = gray, N = blue, O = red, H = white, Cl = green; thermal ellipsoids shown at 50%.
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Single site electrocatalytic mechanism invokes doubly reduced anionic species
In order to establish context for the catalytic behavior of 1 and the additional amino acidand peptide-containing complexes described below, it is necessary to review reported
mechanisms for electrocatalysis with Re(bpy)-based complexes. Of the transition metal catalysts
that have been reported to catalyze the electrochemical reduction of CO2 to CO and H2O, these
Re complexes are some of the most active, selective and robust.7-10 The first mechanism is a
monomeric catalytic cycle that invokes a single catalyst active site being reduced by two
electrons and subsequently interacting directly with CO2. (Scheme 4.2). This single-site catalytic
cycle is shown in Scheme 4.211 and is based in part on results obtained by stopped-flow IR
experiments and computational methods.12-14 The five-coordinate anion A reacts with 1
equivalent of CO2 and a single proton (H+) to form a hydroxycarbonyl ReI–CO2H species
B. Under the applied potential where the anionic five-coordinate A is produced, the most likely
pathway from B is predicted to be for a single electron reduction to occur, localized in the
bipyridine ligand, forming a reduced hydroxycarbonyl species C. The increased basicity of O in
the anionic (ReI–CO2H)− species C accelerates protonation and subsequent C–O bond cleavage to
generate the tetracarbonyl species D and H2O. The neutral tetracarbonyl species D is a 19 e–
species and will rapidly lose 1 equivalent of CO before an additional one electron reduction
regenerates the active species, A.
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Scheme 4.2 The monomeric, electrocatalytic reduction of CO2 invokes a 2 electron
reduction of CO2 from one doubly reduced catalyst post halide exchange yielding CO and H2O as
products. Adapted from Machan et al.11
Bimolecular mechanism invokes two singly reduced hydrogen-bond bridged catalysts

Scheme 4.3 The proposed mechanism for the dimeric reduction of CO2 which is second
order in catalyst and produces CO32– as a co-product instead of H2O. Adapted from Machan et al.5
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Previous studies in our laboratory showed that the use of both methylacetoamidomethyl
substituents and acylated amino acid residues at the 4,4′-positions of the Re(bpy)(CO)3Cl catalyst
core is sufficient to promote an alternative catalytic mechanism. Interestingly, this occurs through
formation of a dimeric hydrogen-bonded structure, which is made favorable by the generation of
a mixed-valent ReI-Re0 state at the first of four features evident in the cyclic voltammogram
(CV).5 The bimolecular mechanism proposed for Re(bpy)-based complexes produces different
products compared to the unimolecular mechanism. In particular, 2 equiv of CO2 are converted to
CO and CO32– through an apparent reductive disproportionation reaction (Scheme 4.3). This
mechanism requires two equivalents of the Re catalyst to each be reduced by one electron to
produce the neutral species E and supply the two electrons necessary for the reduction of CO2. A
bridging CO2 adduct, F, can then form, followed by the insertion of a second equivalent of CO2 in
a head-to-tail fashion to form species G. The extrusion of CO from G, followed by loss of CO32–
[H] from H, and further reduction, complete the catalytic cycle for the bimolecular mechanism.1517

Control experiments conducted with complex 3 (Figure 4.1), which does not contain hydrogen-

bonding moieties, produced water as the co-product and were otherwise consistent with the
unimolecular mechanism.5
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Figure 4.2 Catalyst-modified amino acid complexes. Compounds 4 and 5 exhibit intra- and intermolecular hydrogen-bonding and 4 further contains an internal proton source as it features a diTyrosine substituent on the bipyridine (di-Tyr).6 Notably 6 is capable of being incorporated into
an amino acid as it is stable towards common Fmoc solid phase synthetic techniques.
Based on the results obtained with the di-functionalized acetamidomethyl derivatives, we
next sought to investigate whether pendent amino acid-based proton sources could be
incorporated to increase catalytic activity without disrupting the bimolecular mechanism. Indeed,
evidence of the bimolecular mechanism was observed during investigations of acylated dityrosine (4) and di-phenylalanine (5) modified catalysts (Figure 4.2).6 Like the acetamidomethylbased derivative 1, the catalytic product analysis for 4 and 5 showed carbonate and CO as
products. As mentioned previously, these co-products are indicative of a reductive
disproportionation mechanism as seen in Scheme 4.3. Molecular dynamics simulations, 2D NMR
experiments, and simultaneous chemical reduction and infrared spectroelectrochemical (IR-SEC)
experiments showed evidence of dimerization through hydrogen-bonding interactions. For
instance, a through-space ROESY experiment using the Tyr-modified catalyst, 4, suggested a
stable configuration on the NMR timescale where the catalyst arm adopted a folded configuration
that placed the phenol moiety close to the amide backbone and bipyridine ligand (Figure 4.3).
Consistent with this interpretation, conformations that placed these functional groups in close
proximity were also observed along the trajectory of microsecond-long MD simulations (Figure
4.3). Spectroscopic evidence suggestive of a mixed-valent state was even obtained with the
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tyrosine-modified

catalyst,

4,

consistent

with

CV

experiments

which

estimated

a

comproportionation constant Kc ~3 times greater than that for 2.6 In this case, the unitless
comproportionation constant Kc is measured by the difference in the E0 for the first two of four
observed redox features and reflects the stability of the mixed-valent state dimer relative to the
two isovalent monomer states; larger values indicate greater stability. The use of N,Ndimethylformamide (N,N-DMF) instead of acetonitrile (MeCN) as a solvent disrupted the
bimolecular mechanism in all cases, which is thought to be a consequence of competitive
hydrogen bonds between solvent molecules and the catalyst backbone.

Figure 4.3 2D ROESY pulsed field gradient NMR experiment of the ReTyr catalyst 4
highlighting the < 6 Å through-space interactions of the side chain to the bipyridine ring on the
NMR time scale. Also shown is one of the relevant configurations from MD simulations in
explicit MeCN with hydrogen bonds shown by dotted lines. Adapted from Machan et al.6
An electrocatalytic reaction is expected to have a Nernstian rate dependence proportional
to the difference between the applied potential and the thermodynamic potential; a necessary
consequence of lowering the applied driving force is often the concomitant lowering of the
catalytic rate. As described above, the use of methyl acetamidomethyl groups (1; 2) and simple
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acylated amino acid residues like Tyr and Phe (4; 5) was found to lower the catalytic potential by
changing the mechanism from unimolecular to bimolecular. A continuing challenge for this work
is then to match and exceed the rates possible via the unimolecular mechanism that operates at a
greater overpotential. Inspired by the success of the Tyr-modified catalyst, 4, in which the phenol
side chain of Tyr acted as a pendent proton source, we sought to explore new bio-inspired catalyst
modification by interrogating new proton-relay-containing peptide configurations.

ReTyr 4

icat/ip = 15

RePhe 5

icat/ip = 2.2

Figure 4.4 CVs of 4 and 5 in acetonitrile under saturation conditions with nitrogen (black) and
carbon dioxide substrate (red). The increase in current under CO2 saturation conditions in the case
of complex 4 is attributed to the phenol acting as a local proton source. Conditions: 0.1 M
TBAPF6/MeCN; 1 mM complex, glassy carbon working electrode, Pt counter electrode,
Ag/AgCl reference electrode; 100 mV/s. Referenced to internal ferrocene. This figure is adapted
from Machan et al.6
Invoking the bimolecular mechanism templated by peptide bonds, complex 1 was
investigated electrochemically for the catalytic reduction of CO2. In the CV, two single-electron
reduction waves were observed (–1.64 V and –1.76 V vs Fc/Fc+) for 1 that were at more positive
potentials than those of the control complex 3 (–1.85 V, –2.20 V vs Fc/Fc+) (Figure 4.5).5 This
shift in the observed potentials in MeCN solution for 1 is evidence of the bimolecular pathway.5
Catalytic current was observed under CO2 saturation conditions at an analogous potential (Ep = –
1.76 V vs Fc/Fc+) to that observed previously for 2 (Ep = –1.88 V vs Fc/Fc+).5 Indeed,
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subsequent IR-SEC experiments showed that when the cell potential was set to the potential of
the first reduction observed by CV (~–1.8 V vs Fc/Fc+), spectroscopic features consistent with
the metal-metal Re0–Re0 dimer are observed (1985, 1948, 1896, 1885, and 1851 cm–1; Figure
4.6). For reference, the Re0–Re0 dimer of 2 generated during IR-SEC was found to have IR-active
–1

carbonyl modes at 1984, 1942, 1875, 1865, and 1842 cm ; notably, the amide IR mode in 2
–1

–1

shifted from 1685 cm at resting potential to two new bands at 1675 and 1668 cm , consistent
with a hydrogen-bonding interaction.5

Figure 4.5 CV of 1 in acetonitrile under gas saturation conditions with nitrogen (black)
and carbon dioxide substrate (red). Conditions: 0.1 M TBAPF6/MeCN; 1 mM complex glassy
carbon working electrode, Pt counter electrode, Ag/AgCl reference electrode; 100 mV/s.
Referenced to internal ferrocene.
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Figure 4.6 IR-SEC of 1 in MeCN. At less negative potentials than the first reduction
potential observed (–1.65 V vs Fc/Fc+ in the CV) (black) bands consistent with a pseudo-C3v
octahedral fac-rhenium tricarbonyl species are observed. Holding the potential at (–1.64 V), the
first reduction (red) quickly passes the single reduced species and instead generates a species
consistent with a Re0–Re0 dimer at (1985, 1948, 1896, 1885, and 1851 cm–1) (blue) within ~1
minute. Conditions: 0.1 M TBAPF6/MeCN; 1 mM catalyst. glassy carbon working electrode, Pt
counter electrode, bare metal Ag+/Ag pseudoreference electrode.

Single amino acids can be utilized to incorporate simple proton relay into the catalyst
Based on these results, the next step was to develop synthetic methods for integrating
peptide-length amino acids into the catalyst backbone. The goal was to develop a starting material
amenable to hand-coupling and on-resin methods to make the synthetic procedure more
generalizable. As the amino acid count increases in peptide sequences, the possible parameter
space increases exponentially. In order to ‘abiotically evolve’ new catalyst constructs, scalable
and generalizable synthetic methods are essential.
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Scheme 4.4 Full synthetic scheme of catalyst-containing amino acid 6 capable of being
incorporated into Fmoc solid phase peptide synthesis and pentameric polypeptide catalyst (7)
containing active catalyst and weak Brønsted acid source via incorporated tyrosine.
The asymmetrically modified bipyridine was synthesized from two different halogenated
pyridine rings via a Negishi coupling reaction.18 The resulting mono-nitrile substituted catalyst
was reduced to a methylamine in a heterogeneous mixture of palladium on carbon in methanol
pressurized in a Parr reactor to 30 psi H2 over 3 days. The desired 4-aminomethyl-bpy product
was purified from the crude reaction mixture by acid-base extraction techniques and used
immediately. In order to synthesize the catalyst-containing amino acid, the compound 1b was
attached to the side chain of a protected glutamic acid in an N-hydroxysuccinimide-assisted
carbodiimide coupling involving the terminal primary amine at the 4-position on the bipyridine.
The side chain was modified so that the non-natural catalyst-containing amino acid would have
minimal effects on the synthesis of peptides at the C- and N- termini. Following metalation with
Re, this non-natural catalyst-containing amino acid (6) was then electrochemically and
spectroscopically investigated (Scheme 4.4).
The CV of 6 revealed multiple redox features (–1.78 V, –1.95 V and –2.20 V vs Fc+/Fc;
Figure 4.7). The first two features were assigned to the an initial reduction localized on the
bipyridine of 6, followed by the reduction of the mixed-valent hydrogen-bonded-dimeric species
generated in situ, as was seen in the previously described bimolecular mechanism.5 Under CO2
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saturation conditions, catalytic current was observed at the second of these reduction features (Ep
= –1.95 V vs Fc/Fc+), which is diagnostic of the bimolecular mechanism. As was described
previously, this mechanism could be disrupted by repeating the CV’s in N,N-DMF (Figure 4.8),
reverting to only two redox features at –1.78 V and –2.22 V (vs Fc/Fc+). Similarly, under CO2
saturation in N,N-DMF, catalytic current was observed at the second potential (Ep = –2.22 V vs
Fc/Fc+), a shift of approximately 270 mV from otherwise identical conditions in MeCN. This is
consistent with altering the catalytic pathway from the hydrogen bond-assisted bimolecular
reduction of CO2 in MeCN to the unimolecular mechanism in the hydrogen bond-disrupting
solvent N,N-DMF.

Figure 4.7 CV of 6 in MeCN in saturation conditions with nitrogen (black) and carbon
dioxide substrate (red). Conditions: 0.1 M TBAPF6/MeCN; 1 mM complex glassy carbon
working electrode, Pt counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s.
Referenced to internal ferrocene standard.
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Figure 4.8 CV of 6 in N,N-DMF in saturation conditions with nitrogen (black) and
carbon dioxide substrate (red) showing the change in the second reduction potential to more
negative potentials versus CV’s in MeCN. Conditions: 0.1 M TBAPF6/N,N-DMF; 1 mM complex
glassy carbon working electrode, Pt counter electrode, Ag/AgCl pseudoreference electrode; 100
mV/s. Referenced to internal ferrocene standard.
The amino acid containing catalysts can be incorporated into a peptide
The non-natural glutamic acid described above can be used as part of a catalyst platform
capable of being rapidly altered through the arbitrary coupling into different amino acid
sequences. As a starting point, we explored a pentameric sequence to test if the electrocatalyst
could survive coupling conditions and to see if the flexibility of the amino acid sequence had an
effect on catalytic activity when placed between the electrocatalyst and a pendent proton source.
The initial sequence synthesized by standard Fmoc solid phase synthesis techniques using a Rinkamide resin was YAAA-6-N-Acyl.19 The C-terminus is a Tyrosine that contains a phenolic proton
and the N terminus is the non-natural glutamic acid that contains the catalyst (6) with the Nterminus having been acylated. The peptide was synthesized by first suspending the resin in DMF
and removing the Fmoc protecting group with 4-methyl piperidine. The peptide was synthesized
by coupling the carboxylic acid terminus to the N-terminus on the resin. The amino acids were
activated with HATU prior to addition in excess with respect to the DMF suspended resin. Each
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amino acid coupling was completed using triplicate addition steps with excess amino acid in each
portion. Between each coupling, the resin was washed with DMF and subjected to Fmoc
deprotection conditions to reveal the free amine for further coupling. The final amino acid for
each sequence was the non-natural glutamic acid containing the catalyst (6). It was first dissolved
in a trifluoroacetic acid (TFA):DCM mixture (9:1) for 15 minutes to remove the o-tert-butyl
protecting group and generate a free carboxylic acid for coupling. The catalyst-containing nonnatural amino acid was then precipitated with diethyl ether and washed with excess water and
diethyl ether to yield a yellow crystalline powder. The deprotected catalyst amino acid was then
prepared the same way the natural amino acids were for incorporation into solid phase peptide
synthesis. After coupling, the peptide was N-terminally acylated with acetic anhydride and the
completed peptide cleaved from the resin with TFA. Subsequent addition of diethyl ether
precipitated a solid with the catalyst-containing pentameric peptide 7 (Scheme 4.4). The isolated
solid 7 was purified by high performance liquid chromatography (HPLC) from a 1:1 mixture of
MeCN:Water(0.1% TFA) (Figure 4.9). The peptide could be characterized by NMR, and solution
IR characterization showed the broad bands for the rhenium fac-tricarbonyl core at 2027, 1920,
and 1903 cm-1 (Figure 4.10).
This catalyst 7 was investigated electrochemically in MeCN: several broad redox features
were observed by CV at –1.75 V, –2.05 V and –2.60 V vs Fc/Fc+ (Figure 4.11). Under CO2
saturation conditions, an increase in current was obtained at several redox features, consistent
with a catalytic current response. The multiple catalytic waves observed for 7 suggest that under
these conditions both the unimolecular and bimolecular mechanisms are operative. Indeed,
catalytic Ep was predominantly observed at two potentials: –1.75 V and –2.05 V vs Fc/Fc+, which
is consistent with a bimolecular and unimolecular catalytic response, respectively. The catalyst
precipitated on the electrode under all conditions, preventing accurate spectroelectrochemical
measurements and controlled potential electrolysis experiments to determine efficiency. To
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further understand this behavior, especially the comparison to the Tyr-modified catalyst, we next
examined the catalyst by experimental 2D NMR and computational methods.

Figure 4.9 Analytical HPLC trace of 7 monitored at 220 nm in a gradient of 0 to 100 %
MeCN in water(0.1%TFA) over 30 minutes.

Figure 4.10 IR of the peptide 7 showing the rhenium tricarbonyl core. The three higher
frequency modes are consistent with the rhenium tricarbonyl core (2027, 1920, and 1903 cm-1)
while the lower frequency modes are attributed to the other carbonyls in the peptide backbone.
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Figure 4.11 CV of 7 in acetonitrile in saturation conditions with nitrogen (black) and
carbon dioxide substrate (red). Conditions: 0.1 M TBAPF6/MeCN; 0.25 mM complex glassy
carbon working electrode, Pt counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s.
Referenced to internal ferrocene standard.

Figure 4.12 Snapshot of MD simulation of 7 reduced by a single electron in explicit
MeCN. Simulation may show internal hydrogen-bonding. Species is a CO2 bound anionic nonradical state.
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Figure 4.13 2D ROESY NMR experiment highlighting < 6Å through-space interactions
between the backbone amines and the bipyridine ligand.
A snapshot (Figure 4.12) taken from the trajectory of the 100 ns MD simulation of 7 in
explicit MeCN shows that interactions between the catalyst core and pendent amines are possible
and may be templated by internal hydrogen-bonding. Similarly to the case of 4, ROESY 2D
NMR evidence supports the existence of related conformations on the NMR timescale. The
crosspeaks highlighted in Figure 4.13 identify how the bipyridine interacts with the furthest
amino acid containing the proton source (tyrosine), which is consistent with a conformation
similar to that shown in Figure 4.12.
Unfortunately, the catalytic activity observed for 7 did not represent a significant
improvement over that observed for 6. This may be, in part, the result of slower diffusion times
for 7 (1.54 x 10-5 cm/s) versus 9.8 x 10-6 for 6 in MeCN solution; these values were determined
by DOSY NMR. Because of the large parameter space enabled by a pentameric peptide sequence,
we are currently exploring additional structures to understand the relevant design principles.

4.3

Conclusion
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The results described here summarize attempts to optimize the rate of electrochemical
CO2 reduction for Re(bpy)-based catalysts by probing proton-relay-containing peptide
configurations as part of the ligand backbone. CV and electrochemical experiments,
supplemented by 2D NMR and MD simulations, indicate that at a length of five amino acids, the
peptide backbone can adopt conformations with intramolecular interactions on the NMR
timescale. Experimental results suggest that this alters catalysis from the symmetrically modified
system, allowing both the unimolecular and bimolecular mechanisms to operate on the CV
timescale. Further studies exploring this hypothesis to optimize catalytic rate are ongoing.
Hydrogen-bonding was shown to be mechanistically relevant for the short peptide-bondmimicking sequence synthesized in this report. The single acetamidomethyl moiety in catalyst 1
was enough to form a hydrogen-bond-bridged dimeric catalyst structure on the CV timescale,
thereby altering the pathway for CO2 reduction from unimolecular to bimolecular with
concomitant lowering of the overpotential. To probe the role of hydrogen-bonding and proton
relays in structures with larger ligand backbones, the catalyst was then incorporated into a
pentameric peptide structure to expand on prior results obtained using single amino acids as
simple proton relays. For this purpose the side chain of a protected Glutamic acid was modified
with a Re-based CO2 reduction electrocatalyst and determined to be stable with respect to peptide
synthesis conditions and its electrochemical properties were investigated. The choice of side
chain modification is important to future studies, it allows for peptide sequences to be built from
either the C- or N-terminus of the Glutamic acid and enables electrocatalyst attachment at
arbitrary points in an amino acid sequence. Studies to explore new configurations are ongoing.

4.4

Experimental
General. 1H and 13C{1H} (1D and 2D) NMR spectra were recorded on a 400 MHz or 500

MHz Varian spectrometer at 298 K and referenced to solvent shifts. Data manipulations were
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completed using MestReNova, ACD, or iNMR software. Infrared spectra were taken on a
Thermo Scientific Nicolet 6700 or a Bruker Equinox 55 spectrometer. ESI-MS data obtained at
the UCSD Molecular Mass Spectrometry facility. Microanalyses were performed by NuMega
Resonance Labs or Midwest Microlabs for C, H, and N.
Solvents and chemicals. All solvents were obtained from Fisher Scientific. Dry solvents
were dried in house by storing in a moisture free environment and dried on a custom drying
system running through two alumina columns prior to use. All compounds were obtained from
Fisher Scientific or Sigma-Aldrich and used as obtained unless otherwise specified. 4,4'-dicyano2,2'-bipyridine

was

obtained

from

HetCat

and

used

without

further

purification.

Tetrabutylammonium hexafluorophosphate (TBAPF6, Aldrich, 98%) was recrystallized from
CH3OH twice and dried at 90oC overnight before use in electrochemical experiments.
Computational Methods. Molecular dynamics (MD) simulations were carried out with
the Gromacs 4.6 software package20 using explicit MeCN or N,N-DMF solvent at 298 K. All
bonded and non-bonded parameters that do not involve a rhenium element were assigned from
the General Amber Force Field21. Quantum methods were used to optimize the dimer structure
and generate bonded parameters involving central rhenium atom. Non-bonded parameters for
rhenium in the octahedral configuration were obtained from the Universal Force Field22. Partial
atomic charges were derived by fitting the electrostatic potential produced by quantum
calculations using the restrained electrostatic potential approach23. Restraints were placed on the
angles of O–C–Re to maintain the proper positions of the carbonyl groups.
Quantum calculations were carried out in the Gaussian 09 program24 using the pure
density functional theory (DFT) functional M06-L25 in conjunction with the conductor-like
polarizable continuum model26. Restricted wave functions RM06-L were employed for closed
shell systems and unrestricted theory UM06-L was employed for open-shell systems. The 631++G(d,p) Pople basis set was selected for all the light atoms (H, C, N, O, and Cl), and the
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LANL2DZ (Los Alamos National Laboratory 2 double ζ) effective core potential (ECP) as well
as the corresponding basis set were used on the rhenium center.
Synthetic

Methods.

Re(4,4'-dimethyl-2,2'-bipyridine)(CO)3Cl

(3)

was

prepared

according to literature procedure.27 Re(4,4'-bis(acetoamidomethyl)-2,2'-bipyridine)(CO)3Cl (2),
and aminomethyl-2,2'-bipyridine (1b) were prepared according to literature procedures18,28 All
peptide synthesis was done using standard Fmoc peptide synthesis techniques.19 Tyrosine (4) and
Phenylalanine (5) modified rhenium catalysts were synthesized via previously published
techniques.6
4-methylacetoamidomethyl-2,2'-bipyridine, 1c: A round-bottom flask was charged with 4aminomethyl-2,2'-bipyridine (1.0 g, 5.4 mmol) and triethylamine (0.20 mL, 1.4 mmol) in CH2Cl2
(250 mL). To this solution, acetic anhydride (0.54 mL, 5.6 mmol) was added dropwise. The
reaction was allowed to react 16 hours in an N2 atmosphere. The solution was quenched with
dilute aqueous Na2CO3 (50mL) and extracted with ethyl acetate (2 x 100mL) and CH2Cl2 (2 x 100
mL). The organic layers were combined and dried over anhydrous Na2SO4 and concentrated
under reduced pressure. Incomplete reactions were loaded onto neutral alumina and purified
chromatographically on a Combiflash® silica column with a 0 to 10% CH3OH in CHCl3 gradient
over 60 min. The eluent was monitored by UV-Vis at 254 nm and 280 nm for the product. Yield:
0.19 g, 80%. 1H NMR (d2-CD2Cl2, 400 MHz): δ 8.65 (sh d, 1H, ArH), 8.58 (sh d, 1H, ArH), 8.39
(sh d, 1H, ArH), 8.31 (sh s, 1H, ArH), 7.82 (sh t, 1H, ArH), 7.32 (sh t, 1H, ArH), 7.22 (sh d, 1H,
ArH), 6.23 (br s, 1H, ArCH2NHC(O)CH3), 5.32 (s, 2H, CD2Cl2), 4.49 (br mult, 2H,
ArCH2NHC(O)CH3), 2.03 (sh s, 3H, ArCH2NHC(O)CH3), 1.25 (br, grease), 0.00 (sh s, TMS). %.
13

C {1H} NMR (d2-CD2Cl2, 500 MHz): δ 171.6 (ArCH2NHC(O)CH3), 156.1 (ArCC), 155.9

(ArCC), 149.5 (ArCH), 149.3 (ArCCH2), 149.1 (ArCH), 137.8 (ArCH), 124.4 (ArCH), 123.0
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(ArCH), 122.0 (ArCH), 120.1 (ArCH) 53.8 (CD2Cl2), 42.8 (ArCH2NHC(O)CH3), 23.0 (NHC(O)CH3). ESI-MS (m/z) [M+H]+: Calcd. 228.1. Found: 228.1.
Re(4-methylacetoamidomethyl-2,2'-bipyridine)(CO)3Cl, 1: An oven-dried 100 mL pearshaped flask with a stir bar was charged with 4-acetoamidomethyl-2,2'-bipyridine (1c) (0.100 g,
0.44 mmol), Re(CO)5Cl (0.170 g, 0.45 mmol), and dry toluene (50 mL) under inert atmosphere
(N2). This flask was attached to a reflux condenser and heated to reflux for 4 h during which time
the solution turned from white to yellow. When the flask had cooled, solvent was removed under
reduced pressure. The resulting yellow solid was recrystallized from CH2Cl2/hexanes at –20 ºC to
yield a yellow microcrystalline powder. Yield: 0.68 g, 43% 1H NMR (d2-CD2Cl2, 500 MHz): δ
9.00 (sh d, 1H, ArH), 8.90 (sh d, 1H, ArH), 8.22 (sh d, 1H, ArH), 8.12 (sh s, 1H, ArH), 8.06 (sh t,
1H, ArH), 7.54 (sh t, 1H, ArH), 7.40 (sh d, 1H, ArH), 6.23 (br s, 1H, ArCH2NHC(O)CH3), 5.32
(s, 2H, CD2Cl2), 4.52 (br mult, 2H, ArCH2NHC(O)CH3), 2.06 (sh s, 3H, ArCH2NHC(O)CH3),
1.52 (sh s, H2O), 0.00 (sh s, TMS). ESI-MS (m/z) [M+Na+]+: Calcd. 556.0. Found: 556.2.
4-(L-Fmoc-glutamicacid-Otbu)-amidmethyl-2,2'-bipyridine, 6a: An oven-dried 500 mL round
bottom

flask

with

a

stir

bar

was

charged

with

(L)-4-((((9H-fluoren-9-

yl)methoxy)carbonyl)amino)-5-(tert-butoxy)-5-oxopentanoic acid (side chain deprotected Lglutamic acid) (2.42 g; 5.7 mmol) and 500 mL CH2Cl2 (DCM). The solution was sparged with N2
and left under an N2 atmosphere for the rest of the synthesis to prevent water from entering the
reaction. N-hydroxysuccinimide (0.66 g; 5.7 mmol), diisopropylcarbodiimide (0.9 mL; 5.7
mmol), and triisopropylamine (0.25 g; 1.0 mmol) were dissolved in minimal amounts of DCM
and added to the glutamic acid solution whereupon a white precipitated suspended in solution was
observed. After 15 minutes of stirring, the 4-aminomethyl-2,2'-bipyridine (1b) (1.0 g, 5.3 mmol)
was added in one portion and allowed to react for 2 hours. The product was extracted with ethyl
acetate (2 x 100mL) and DCM (2 x 100 mL). The organic layers were combined and dried over
anhydrous Na2SO4 and concentrated under reduced pressure. Incomplete reactions were loaded
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onto neutral alumina and purified chromatographically on a deactivated Combiflash® silica
column (deactivated by washing with triethylamine) with a 0 to 70 % Ethyl Acetate in hexanes
gradient over 60 min. The eluent was monitored by UV-Vis at 254 nm and 280 nm for the
product. Yield: 2.72 g; 85% 1H NMR (d2-CDCl3, 500 MHz): δ 8.62 (sh d, 1H, ArH), 8.59 (sh d,
1H, ArH), 8.35 (sh d, 1H, ArH), 8.28 (sh s, 1H, ArH), 7.80 (sh t, 1H, ArH), 7.72 (sh d, 2H, ArHFmoc), 7.56 (sh t, 2H, ArH-Fmoc), 7.37 (br t, 2H, ArH-Fmoc), 7.29 (br t, 2H, ArH-Fmoc), 7.27
(sh m, 1H, ArH), 7.26 (sh s, CHCl3), 7.25 (br m, 1H, ArH), 6.68 (br s, 1H,
Ar(Fmoc)CH2NHC(O)CH), 5.76 (br d, 1H, ArCH2NHC), 4.53 (sh t, 2H, FmocCH2), 4.37 sh d,
2H, ArCH2NHC(O)CH2–), 4.24 (br t, 1H, FmocCH2NHCHCCH2–), 4.17 (sh t, 1H,
FmocHCH2O–), 4.1 (q, EtOAc), 2.33 (br m 2H, –NHCHCH2CH2C(O)–), 2.04 (s, EtOAc), 1.75
(br m –NHCHCH2CH2C(O)–), 1.45 (sh s, 9H, –CH3), 1.25 (t, EtOAc), 0.00 (sh s, TMS). ESI-MS
(m/z) [M+Na+]+: Calcd. 593.3. Found: 593.5.
Re[4-(L-Fmoc-glutamicacid-Otbu)-amidmethyl-2,2'-bipyridine](CO)3Cl, 6: An oven-dried
100 mL pear flask was charged with the bipyridine-modified glutamic acid 6a (264.5 mg, 0.45
mmol), Re(CO)5Cl (162 mg, 0.45 mmol), and dry toluene (25 mL) under inert atmosphere (N2).
This flask was attached to a reflux condenser and heated to reflux for 4 h during which time the
solution turned from white to yellow. When the flask had cooled, solvent was removed under
reduced pressure. The resulting yellow solid was recrystallized from CH2Cl2/hexanes at –20 ºC to
yield a yellow microcrystalline powder. Yield: 0.180 g, 45% 1H NMR (d2-CDCl3, 500 MHz): δ
8.62 (sh d, 1H, ArH), 8.59 (sh d, 1H, ArH), 8.28 (sh d, 1H, ArH), 8.20 (sh d, 1H, ArH), 8.13 (sh
s, 1H, ArH), 7.73 (br t, 2H, ArH-Fmoc), 7.54 (br m, 2H, ArH-Fmoc), 7.38 (br m, 4H, ArHFmoc), 7.28 (br m, 2H, ArH), 7.26 (sh s, CHCl3), 7.06 (br m, 1H, Ar(Fmoc)CH2NHC(O)CH),
6.93 (br m, 1H, ArCH2NHC), 5.70 (br t, 1H, FmocHCH2O–), 4.45 (br m, 1H,
FmocCH2NHCHCCH2–), 4.41 (br d, 2H, FmocCH2), 4.19 (br t, 2H, ArCH2NHC(O)CH2–),2.33
(br m 2H, –NHCHCH2CH2C(O)–), 1.85 (br m 2H, –NHCHCH2CH2C(O)–), 1.56 (s, H2O), 1.46
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(sh s, 9H, –CH3), 0.00 (sh s, TMS). ESI-MS (m/z) [M – Cl– + MeOH]+: Calcd. 895.2. Found:
895.6. Elemental Analysis for C39H38Cl3N4O8Re·(CH2Cl2) Calc’d: C 47.64, H 3.90, N 5.70;
Found: C 46.67, H 4.03, N 6.20.
Tyrosine-Alanine-Alanine-Alanine-GluRebpy-Acyl, 7: The peptide was synthesized according to
standard Fmoc solid phase synthesis techniques19 on a Rink amide resin. All couplings other than
the non-natural amino acid containing the catalyst (6) were completed on an AAPPTec Focus XC
automated synthesizer. The final coupling of the catalyst was done with the by hand using the
same standard techniques as follows. Complex 6 was prepared for coupling by deprotecting the
carboxylic acid with trifluoroacetic acid (TFA): DCM mixture (9:1) for 15 minutes to remove the
o-tert-butyl protecting group. The complex was then coupled in three portions using a 3-fold
excess of catalyst each time in the coupling solution using HATU as the coupling reagent. The
final step (after removal of the final N-terminal Fmoc protecting group) was the acylation of the
peptide with excess acetic anhydride in DCM. The peptide 7 was removed from the resin in 7 mL
of 100% TFA for 15 minutes. The resin was washed with 3mL of TFA and the catalyst containing
peptide was precipitated with excess cold ether (100 mL) and allowed to precipitate further
overnight in the –20 °C freezer. The peptide was purified by HPLC using a 0 to 100% MeCN in
water (with 0.1%TFA). Yield: 0.110 g. ESI-MS (m/z) [M – Cl– + MeCN]+: Calcd. 1001.2. Found:
1002.4.
Electrochemistry. All electrochemical experiments were conducted using a BASi
Epsilon potentiostat. A single-compartment, 3-electrode cell was used with oven-dried stir bar
and needle to control the atmosphere. A 3 mm diameter glassy carbon (GC) electrode from BASi
was employed as the working electrode (WE). The counter electrode (CE) was a platinum (Pt)
wire. The reference electrode (RE) was a silver/silver chloride (Ag/AgCl) electrode separated
from solution by a Vycor or Coralpor tip. Experiments were run with and without an added
ferrocene as an internal standard. All solutions were either in dry MeCN or dry DMF and
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contained 0.5 to 1 mM of catalyst and 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF6) as the supporting electrolyte, unless otherwise noted. Experiments were purged with
N2 or CO2 (to saturation at 0.28 M) before CV’s were taken and stirred in between successive
experiments. All experiments were reported referenced an internal ferrocene standard except for
the bulk electrolysis experiments, which used the pseudo-RE Ag/AgCl behind a Vycor or
Coralpor tip.
Infrared Spectroelectrochemistry. The infrared-spectroelectrochemical data was taken
in-house via a previously published setup.29,30 For all data presented herein, a Pine Instrument
Company model AFCBP1 bipotentiostat was employed. As the potential was scanned, thin layer
bulk electrolysis was monitored by Fourier-Transform Reflectance IR off the electrode surface.
All experiments were conducted in 0.1 M TBAPF6/MeCN solutions with catalyst concentrations
of ~3 mM (unless otherwise noted) prepared under a nitrogen atmosphere. The IR-SEC cells used
(working electrode/counter electrode/reference electrode) were GC/Ag/Pt. This resulted in all
potentials being referenced to a pseudoreference electrode, bare metal Ag+/Ag (~+200 mV from
the Fc+/Fc couple).
X-ray Crystallography. Single crystal X-ray diffraction studies reported herein were
carried out on a Bruker Kappa APEX-II CCS diffractometer equipped with MoKα radiation (λ =
0.71073 Å). The Paratone oil suspended crystals were mounted on a Cryoloop. The data was
collected under a stream of N2 gas at 100(2) K using ω and ϕ scans. Data were integrated using
the Bruker SAINT software program and scaled using SADABS software. A complete phasing
model consistent with the molecular structure was produced by SHELXS direct methods. Nonhydrogen atoms were reined anisotropically by full matrix least squares (SHELXL-97).31 All
hydrogen atoms were determined using a riding model with positions constrained to their parent
atom using the appropriate FHIX command.
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4.5

Appendix
Table 4.1 Crystal data for complex 1.

Chapter 4: Some of the material presented in this chapter is unpublished. Much of the
material is adapted from a manuscript entitled "Supramolecular Assembly Promotes the
Electrocatalytic Reduction of Carbon Dioxide by Re(I) Bipyridine Catalysts at a Lower
Overpotential," by Charles W. Machan, Steven A. Chabolla, Jian Yin, Michael K. Gilson, F. Akif
Tezcan, and Clifford P. Kubiak, published in J. Am. Chem. Soc., 2014, 136, 14598–14607. The
dissertation author is a contributing author. Some of the material in this manuscript is adapted
from a manuscript entitled "Improving the Efficiency and Activity of Electrocatalysts for the
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Reduction of CO2 Through Supramolecular Assembly with Amino Acid-Modified Ligands," by
Charles W. Machan, Jian Yin, Steven A. Chabolla, Michael K. Gilson, and Clifford P. Kubiak in
J. Am. Chem. Soc., 2016, 138, 8184–8139. The dissertation author is a contributing author. Much
of the work comes from a manuscript entitled “Bio-Inspired CO2 Reduction by a Rhenium
Tricarbonyl Bipyridine Based Catalyst Appended to Amino Acids and Peptidic Platforms:
Incorporating Proton Relays and Hydrogen-Bonding Functional Groups” by Steven A. Chabolla,
Charles W. Machan, Jian Yin, Swagat Sahu, Edward A. Dellamary, Nathan C. Gianneschi, F.
Akif Tezcan, Michael K. Gilson, and Clifford P. Kubiak. The dissertation author is the primary
author.
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Chapter 5

Future Directions: Harnessing Hydrogenbonding Interactions to Impart Increased
Functionality to the Rhenium System and
Templating Heterobimetallic Interactions

5.1

Summary
As stated in the first chapter of this dissertation, global energy consumption is increasing

while the common hydrocarbon-based sources of fuel, responsible for over 86% of total energy
production, are decreasing at a rapidly.1 This means that it is crucial to develop technologies to
replace current sources of energy. One desirable way to do this is with renewable sources that are
capable of being incorporated into current infrastructures for energy transport and consumption.
The catalysts described above offer methods of incorporating catalyst-enhancing mechanisms
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observed to have evolved in enzymes (hydrogen bonding and well-positioned pendant bases) to
increase the efficiency of a small molecule electrocatalyst. This alone is a large step forward in
designing new catalyst and using non-traditional routes to decrease overpotentials while retaining
or increasing TOF. Instead of relying on mesomeric effects of changing the electronic donating
tendencies of substituents (as seen in Chapter 2), the overpotential was decreased by
fundamentally altering the mechanism with a “weak” hydrogen-bonding substituent that was
capable of increasing the dimerization kinetics enough to alter the mechanism by which the
catalyst proceeded, thereby decreasing the potential at which the catalyst operated (Chapter 3).
Also presented in this dissertation are new methods for attaching the catalyst to
supramolecular structures. A local proton source (in the form of an amino acid tyr) was attached
to the Re(bpy) catalyst (Chapter 4). 2D NMR, IR-SEC, MD simulations, and CVs with bulky
proton sources were utilized to show that this structure was able to act as a minimal proton
channel. Furthermore, this Re(bpy) catalyst remained active when incorporated onto a simple 5mer peptic platform (Chapter 4). Electrochemical investigations revealed both unimolecular and
bimolecular pathways occurring in the peptide catalyst. This catalyst suffered from poor
solubility. Further studies should include making a more soluble peptidic platform.

5.2

Results and Discussion
If one has read this far into the dissertation, know that one is applauded. If one has

skipped over the middle chapters, they are summarized in Section 5.1. While a great many
projects ultimately failed, a few were on the precipice of greatness. Those select few will be
discussed in this section.
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5.2.1

Lewis acids act as co-catalyts in rhenium bipryidyl tricarbonyl system
Alternate avenues for improving catalytic rates of the Re(bpy) catalyst were pursued.

Lewis acids have been shown to increase the rates of catalysis in catalytic systems that reduce
CO2 in Re-porphyrin catalysts.2 These have been of interest since they offer a way to increase
catalytic activity without the need for protons. Following this method for improving catalytic
efficiencies, recently reported by Sampson et al. was the use of Mg2+ as a Lewis acid to increase
catalysis in the Mn(bpy) system analogous to the rhenium system.3 While Lewis acids offer
increased TOFs as observed in increase current response reported in the paper, the system is not
catalytic as Mg2+ is consumed over the course of the reaction as it precipitates out of solution as
MgCO3. Rhenium has not been studied with Lewis acids and it would be an interesting avenue
for study. Furthermore, it is possible to get increased catalytic response with Lewis acids and the
Re(bpy) system. In order to overcome the issue of Lewis acids crashing out as the carbonate salt,
a chelating group was used to solubilize the Lewis acid. Preliminary experiments indicate the
chelating of the Lewis acid with 2.2.2-cryptand does increase catalysis while not precipitating
metal carbonates on the electrode. Initial CV experiments using Re(bpy) and aluminum triflate
show an increase in current at relevant potentials and do indicate a shift in reduction potentials as
well. Using a 2.2.2-cryptand as a chelating group, the reduction potentials shift further indicating
the Lewis acid is indeed chelated by the cryptand, but the increase in current at a different
potential shows there is increased activity that is higher than activity with out Lewis acid or
chelating molecule (Figure 5.1)
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Figure 5.1 CV of 1 in acetonitrile under gas saturation conditions with nitrogen (black)
and carbon dioxide substrate (red, blue, green). CVs under CO2 saturation with the addition of a 5
equivalents of Lewis acid relative to catalyst (green) and with 10 equivalents of chelating 2.2.2cryptand in green. Conditions: 0.1 M TBAPF6/MeCN; 1 mM complex glassy carbon working
electrode, Pt counter electrode, Ag/AgCl reference electrode; 100 mV/s. Referenced to internal
ferrocene.
Lastly, it would be interesting to use hydrogen-bonding to template increased co-catalytic
activity. Attaching hydrogen-bonding groups to the Lewis acid chelator and the Rhenium catalyst
offers a way to template hetero-bimetallic interactions using soft interactions previously thought
to be too weak to be observed on the CV timescale. Figure 5.2 shows one possible target.
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Figure 5.2 A) Showing hydrogen-bonding grouped appended to bipyridine interacting to
template a homobimetallic interaction. B) Possible compounds capable of interacting in a
heterobimetallic interaction templated by hydrogen bonds.
5.2.2

Utilizing paired hydrogen-bonds to template heterobimetallic and biomimetic active
sites
It is known that hydrogen bonding donors and acceptors can form incredibly strong pairs.

The interaction between carboxylic acids and guanidinium ions such as those found in glutamic
acid and arginine, respectively, are also used to make salt bridges in proteins.4 It would be
interesting to see if a hydrogen-bond donating-accepting pair could be used to template the
interactions described in Chapter 3 of this dissertation. A whole new field of templating
heterobimetallic interactions via weakly and reversible dimerizing substituents could potentially
be developed.
5.2.3

Incorporating the Re(bpy) catalyst into polymers via ROMP-capable catalyst
A catalyst capable of Ring Opening Metathesis Polymerization was synthesized and

characterized (ReRMP, 2). Figure 5.3 shows the CV under nitrogen (black) and CO2 (red)
saturation conditions. The expected two-single electron reductions that are expected of this class
of catalyst are observed at –1.33 V and –1.69 V (vs SSCE). An increase in current response at the
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more negative reduction under CO2 saturated conditions indicates this catalyst operated under the
expected unimolecular pathway as the hydrogen-bonding group is sterically hindered.
Furthermore, the modest icat/ip is on the order of unsubstituted bipyridine containing-catalyst. This
is a great candidate for future studies and may provide an alternative pathway for supramolecular
chemistry that does not have the solubility and tedious synthesis issues that the peptide
incorporation suffers from.

Figure 5.3 CV of ReRMP (2) acetonitrile under gas saturation conditions with nitrogen
(black) and carbon dioxide substrate (red). Conditions: 0.1 M TBAPF6/MeCN; 1 mM complex
glassy carbon working electrode, Pt counter electrode, Ag/AgCl reference electrode; 100 mV/s.
5.2.4

Increasing catalysis by creating a ‘pocket’ active site on peptide
One final idea for a new project is presented. This is a continuation of Chapter 4. While

the synthesis of peptides containing catalysts remains challenging, a new non-natural amino acid
containing the relatively stable Re(bpy) catalyst was described herein. By burying the catalyst in
a peptide structure, it may be possible to improve solubility of the reduced species.
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Figure 5.4 Chemdraw of peptide with catalyst buried in core that may be more soluble in
non-polar solvents.

5.3

Experimental
Solvents and chemicals. All solvents were obtained from Fisher Scientific. Dry solvents

were dried in house by storing in a moisture free environment and dried on a custom drying
system running through two alumina columns prior to use. All compounds were obtained from
Fisher Scientific or Sigma-Aldrich and used as obtained unless otherwise specified. 4,4'-dicyano2,2'-bipyridine

was

obtained

from

HetCat

and

used

without

further

purification.

Tetrabutylammonium hexafluorophosphate (TBAPF6, Aldrich, 98%) was recrystallized from
CH3OH twice and dried at 90oC overnight before use in electrochemical experiments.
Electrochemistry. All electrochemical experiments were conducted using a BASi
Epsilon potentiostat. A single-compartment, 3-electrode cell was used with oven-dried stir bar
and needle to control the atmosphere. A 3 mm diameter glassy carbon (GC) electrode from BASi
was employed as the working electrode (WE). The counter electrode (CE) was a platinum (Pt)
wire. The reference electrode (RE) was a silver/silver chloride (Ag/AgCl) electrode separated
from solution by a Vycor or Coralpor tip. Experiments were run with and without an added
ferrocene as an internal standard. All solutions were either in dry MeCN or dry DMF and
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contained 0.5 to 1 mM of catalyst and 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF6) as the supporting electrolyte, unless otherwise noted. Experiments were purged with
N2 or CO2 (to saturation at 0.28 M) before CV’s were taken and stirred in between successive
experiments. All experiments were reported referenced an internal ferrocene standard except for
the bulk electrolysis experiments, which used the pseudo-RE Ag/AgCl behind a Vycor or
Coralpor tip.

5.4

Conclusions and Final Thoughts
Thank you for reading this dissertation in part or in whole. Developing the technology to

create a carbon neutral energy source is of the utmost importance to humanity. Dinosaurs and
prehistoric plant matter will sustain the current energy needs for a limited amount of time; before
oil is depleted, a new source of energy must be obtained. Furthermore, it would be wise to pursue
both avenues of research possible; those that are completely new and revolutionary as well as
those capable of being incorporated into current fuel technologies. The latter is focused on in this
dissertation. This work focused on the modification of a single catalyst for the reduction of CO2
and the incorporation of mechanisms used in enzymes into small molecule electrocatalysts. The
goal was to use secondary coordination sphere interactions to improve efficiencies in
homogeneous electrocatalysts. The ultimate goal was to get closer to a catalyst that could be
incorporated into a system that could potentially use sunlight to store energy in the chemical
bonds of higher order carbon containing molecules. Largely an accidental discovery, the use of
hydrogen-bonding to alter the mechanism of CO2 reduction became a very important cornerstone
for this thesis. I’d rather be lucky than good, but if I wasn’t paying attention on the day I got
lucky this thesis wouldn’t exist. Don’t give up on science, it didn’t give up on me.
Chapter 5: This chapter is composed of unpublished work.
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