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Abstract

Herein, we report a new approach to bio-inspired catalyst design are reported. The molecular 

catalyst employed in these studies is based on the robust and selective Re(bpy)(CO)3Cl-type (bpy 

= 2,2′-bipyridine) homogeneous catalysts which have been extensively studied for their ability to 

reduce CO2 electrochemically or photochemically in the presence of a photosensitizer. These 

catalysts can be highly active photocatalysts in their own right. In this work, the bipyridine ligand 

was modified with amino acids and synthetic peptides. These results build on earlier findings 

wherein the bipyridine ligand was functionalized with amide groups to promote dimer formation 

and CO2 reduction by an alternate bimolecular mechanism at lower overpotential (ca. 250 mV) 

than the more commonly observed unimolecular process. The bio-inspired catalysts were designed 

to allow for the incorporation of proton relays to support reduction of CO2 to CO and H2O. The 

coupling of amino acids tyrosine and phenylalanine led to the formation of two structurally similar 

Re catalyst/peptide catalysts for comparison of proton transport during catalysis. This article 

reports the synthesis and characterization of novel catalyst/peptide hybrids by molecular dynamics 

(MD simulations of structural dynamics), NMR studies of solution phase structures, and 

electrochemical studies to measure the activities of new bio-inspired catalysts in the reduction of 

CO2.
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Introduction

Global energy consumption continues to increase with the concomitant depletion of 

petrochemical fuel sources.1 The need for sustainable energy sources continues to generate 

interest in the development of alternative energy production and storage methods.2–9 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 While the incorporation of proton-

coupled electron transfer (PCET) is important for overcoming 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.2,10–12

Advances in the area of CO2 reduction have been focused on the production of small 

molecules such as CO,13–15 formate/formic acid,13,14 and oxalate16. 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.17 Small molecule electrocatalysis offers a way to tune the 

redox potentials and selectivity of catalysts in a way not possible with heterogeneous 

materials through the identification of key mechanistic intermediates and structure/reactivity 

relationships.1,18 Several homogeneous electrocatalysts based on transition metals have been 

studied in the past few decades for their ability to reduce CO2 to CO.16,19–23 Of particular 

interest are the robust photo- and electrocatalysts of the type Re(bpy)(CO)3Cl (bpy = 2,2′-

bipyridine), which have been shown to efficiently and selectively reduce CO2 to 

CO.1,22,24,25 This catalyst shows increased activity when electron-donating tert-butyl groups 

are introduced at the 4 and 4′- positions of bpy.15,26 They also have higher turnover 

frequencies (TOF) with the addition of weakly acidic Brønsted or Lewis acids in solution 

and are selective for the reduction of CO2 over the thermodynamically preferred product, 

H2.11,27 Accordingly, appending proton sources directly to the backbone of the catalysts has 

been proven 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.27,28

The joining the proton source with the catalyst in a single molecule is congruent with the 

evolutionary adaption of reductive metalloenzymes. For example, two metalloenzymes 

capable of catalyzing the reduction of CO2 are carbon monoxide dehydrogenases and 

formate dehydrogenase, both of which show high TOF (> 10,000 s−1) and operate at near 

thermodynamic potentials (<100 mV from the E0 for their respective reactions).30–32 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, 

leading to greater catalytic efficiency. Our long-term goal is to develop smaller, biomimetic 

catalysts that recapitulate these capabilities and advantages.

Indeed, bio-inspired modification of small molecule electrocatalysts has been investigated in 

recent years in a variety of systems.33 Some work sought to replicate active sites in small 

molecules; for example, Helm et al. have synthesized electrocatalysts that incorporate 
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pendent bases to facilitate acid-base chemistry during catalysis yielding on of the most 

active proton reduction catalysts to date.34 Other work has focused on incorporating proton 

sources directly into the ligand framework.33,35 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.36 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.37

Here, we report the syntheses and catalytic activity of a series of rhenium-bipyridyl catalyst 

derivatives, which feature new hydrogen-bonding motifs capable of promoting 

supramolecular assembly in solution, containing local proton sources, and are amenable to 

standard solid phase on-resin peptide synthetic (SPPS) techniques. To accomplish this, we 

began by investigating a Re(bpy) catalyst modified with a single acetamidomethyl group to 

compare with previous results on di-functionalized complexes. Subsequent investigations 

focused on the development of a non-natural catalyst-containing amino acid that was stable 

with respect to peptide synthetic conditions before synthesizing a pentameric peptide as the 

initial catalyst-peptide hybrid.

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 

of bpy for complex 1 and compared to the previously reported symmetrically di-substituted 

analogue 2 (Scheme 1).36 The symmetrically and asymmetrically nitrile-substituted bpy 

ligands (1a and 2a) were hydrogenated to afford the aminomethyl- substituted ligands (1b 
and 2b) via an identical procedure (eExperimental 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 

2.36 Single crystals suitable for X-ray diffraction were obtained by vapor diffusion of 

pentanes into a solution of complex 1 in dichloromethane (Figure 1). The molecular 

structure obtained from these diffraction studies was in agreement with all other 

characterization methods and in agreement with that proposed in Scheme 1. The 

electrochemical catalytic results are reported below.

1.1 Single site electrocatalytic mechanism invokes doubly reduced anionic 
species—To establish context for the catalytic behavior of 1 and the additional amino acid- 

and peptide-containing complexes described below, it is necessary to review reported 

mechanisms for electrocatalysis with Re(bpy)-based complexes. The first mechanism is a 

unimolecular catalytic cycle that invokes a single catalyst active site being reduced by two 

electrons and subsequently interacting directly with CO2 (Scheme 2). This single-site 

catalytic scheme is shown in Scheme 238 and is based in part on results obtained by stopped-

flow IR experiments and computational methods.39–41 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 
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most likely pathway from B is predicted to be for a single electron reduction to occur, 

localized in the bpy ligand, forming a reduced hydroxycarbonyl species C. The increased 

basicity of O upon reduction in the anionic (ReI–CO2H)− species C (in comparison to B) 

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.

1.2 Bimolecular electrocatalytic mechanism invokes two singly reduced 
hydrogen-bond bridged catalysts—Previous studies in our laboratory have shown 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 alter the catalytic 

mechanism.38 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).36 The bimolecular 

mechanism proposed for Re(bpy)-based complexes produces different products compared to 

the unimolecular mechanism. In particular, two equivalents of CO2 are converted to CO and 

CO3
2− through an apparent reductive disproportionation reaction (Scheme 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 CO3
2−[H] from H, and further reduction, complete the catalytic cycle for 

the bimolecular mechanism.42–44 Complex 3 (Figure 1), which does not contain hydrogen-

bonding moieties, has been shown to produce H2O as the co-product and were otherwise 

consistent with the unimolecular mechanism.36

Based on the results obtained with the di-functionalized acetamidomethyl derivatives, we 

sought to investigate whether pendent amino acid-based proton sources could be 

incorporated to increase catalytic activity without disrupting the bimolecular mechanism. 

Previously, evidence of the bimolecular mechanism was observed during investigations of 

acylated di-tyrosine (di-Try) (4) and di-phenylalanine (di-Phe) (5) modified catalysts (Figure 

2).37 Like the acetamidomethyl-based derivative 1, the catalytic product analysis for 4 and 5 
showed CO3

2− and CO as productsAs mentioned previously, these co-products are indicative 

of a reductive disproportionation mechanism as seen in Scheme 3..37 Molecular dynamics 

simulations, 2D NMR experiments, 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 bpy ligand 

(Figure 3). This type conformation is relevant to catalytic conditions, where this 

arrangement would allow the pendent proton source to interact with bound substrate. 

Consistent with this interpretation, conformations that placed these functional groups in 

close proximity were observed along the trajectory of microsecond-scale MD simulations 

for a CO2-bound dimer (Figure 3).
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Our prior report on 4 also supported the dimerization mechanism through spectroscopic 

evidence that suggested the existence of a mixed-valent state37, consistent with CV 

experiments which estimated a comproportionation constant Kc ~3 times greater than that 

for 2.36 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,N-dimethylformamide (N,N-DMF) instead of 

acetonitrile (MeCN) as a solvent disrupted the bimolecular mechanism in all cases (1, 2, 4, 

and 5), which is thought to be a consequence of competitive hydrogen bonds between 

solvent molecules and the catalyst backbone.

An electrocatalytic reaction is expected to have a Nernstian rate dependence proportional to 

the difference between the applied potential and the thermodynamic potential; a 

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 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 proton-relay-containing peptide configurations.

1.3 Hydrogen-bonding-capable catalysts reduce CO2 at more positive 
potentials via bimolecular mechanism—Invoking the bimolecular mechanism 

templated by hydrogen-boding groups, 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 5).36 This shift in the observed 

potentials in MeCN solution for 1 is evidence of the bimolecular pathway.36 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+).36 Indeed, 

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 6). For reference, the Re0–Re0 dimer of 2 generated during IR-SEC was found to 

have IR-active carbonyl modes at 1984, 1942, 1875, 1865, and 1842 cm−1; notably, the 

amide IR mode in 2 shifted from 1685 cm−1 at resting potential to two new bands at 1675 

and 1668 cm−1, consistent with a hydrogen-bonding interaction.36

2. Single amino acids can be utilized to incorporate simple proton relay functions into the 
catalyst

After determining the effect peptide bonds had on catalysis, the next step was to develop 

synthetic methods for integrating peptide-length amino acids into the catalyst backbone. The 

first step was to develop a starting material amenable to hand-coupling methods (by manual 

or automated synthesis) to make the synthetic procedure generalizable. As the amino acid 
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count increases in peptide sequences, the possible peptide-catalyst conformations increase 

exponentially. Therefore, choice of sequence may be important for further development and 

optimization, leading to a need for this kind of generalizable method.

The asymmetrically modified bpy was synthesized from two different halogenated pyridine 

rings via a high-yielding Negishi coupling reaction (85%).45 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. Using monoamine 1b it is possible to 

incorporate a wide variety of bio-reminiscent functional groups through condensation and 

carbodiimide coupling reactions, achieving the goal of a generalizable method. 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 bpy ligand. 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).

The CV of 6 revealed multiple redox features (–1.78 V, –1.95 V and –2.20 V vs Fc+/Fc; 

Figure 7). The first two features were assigned to the an initial reduction localized on the 

bpy ligand 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.36 

Under CO2 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 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.

3. The catalyst-containing amino acid is amenable to SPPS and when incorporated into a 
peptide, retains catalytic activity

The non-natural glutamic acid described above can be used a precursor for the synthesis of 

various peptides in a fashion that is modular. As a starting point, we explored a pentameric 

sequence to test if the electrocatalyst could survive SPPS 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 SPPS using a Rink-amide resin was YAAA-6-N-Acyl.46 The C-terminal 

residue is a Tyr which contains a phenolic proton on its side chain and the N terminal 

residue is the non-natural glutamic acid that contains the catalyst (6) with the N-terminal 

amine having been capped with an acyl group. The peptide was synthesized by first swelling 
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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 swelled resin. 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 non-natural 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). The isolated solid 7 was purified by high 

performance liquid chromatography (HPLC) using a gradient 25:75 to 40:60 of 

MeCN:Water (0.1% TFA) on a preparative C12 column (Figure 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 10).

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 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 further understand this behavior, 

especially the comparison to the Tyr-modified catalyst, we next examined the catalyst by 

experimental 2D NMR and computational methods.

A snapshot (Figure 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 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 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 × 10−5 cm/s) versus 9.8 × 10−6 for 6 in MeCN solution; as determined by 

DOSY NMR. Because of the large parameter space enabled by a pentameric peptide 
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sequence, we are currently exploring additional structures to further understand the relevant 

design principles.

Conclusions

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. 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-bond-

mimicking 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 

(Glu) 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. Importantly, this approach enables electrocatalyst attachment at arbitrary points 

in an amino acid sequence. Studies to explore new configurations and sequences are 

ongoing.

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 

completed using MestReNova, ACD, or iNMR software. Infrared spectra were taken on a 

Thermo Scientific Nicolet 6700 or a Bruker Equinox 55 spectrometer. HPLC was performed 

on Jupiter 4u Proteo 90A Phenomenex column (150 × 4.60 mm) with a binary gradient 

using a Hitachi-Elite LaChrom L-2130 pump equipped with a UV-Vis detector (Hitachi-Elite 

LaChrom L-2420). 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′-dicyano-2,2′-
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bipyridine was obtained from HetCat and used without further purification. 

Tetrabutylammonium hexafluorophosphate (TBAPF6, Aldrich, 98%) was recrystallized from 

CH3OH twice and dried at 90°C overnight before use in electrochemical experiments.

Computational Methods

Molecular dynamics (MD) simulations were carried out with the Gromacs 4.6 software 

package47 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 Field48. 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 Field49. Partial atomic 

charges were derived by fitting the electrostatic potential produced by quantum calculations 

using the restrained electrostatic potential approach50. 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 program51 using the pure density 

functional theory (DFT) functional M06-L52 in conjunction with the conductor-like 

polarizable continuum model53. 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 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.2 Re(4,4′-bis(acetoamidomethyl)-2,2′-bipyridine)(CO)3Cl (2), and 

aminomethyl-2,2′-bipyridine (1b) were prepared according to literature procedures45,54 All 

peptide synthesis was done using standard Fmoc peptide synthesis techniques.46 Tyrosine 

(4) and Phenylalanine (5) modified rhenium catalysts were synthesized via previously 

published techniques.37

4-methylacetoamidomethyl-2,2′-bipyridine, 1c—A round-bottom flask was charged 

with 4-aminomethyl-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 stirred vigorously for 16 hours under an N2 atmosphere. 

After this time, the reaction was quenched with dilute aqueous Na2CO3 (50 mL) and 

extracted with ethyl acetate (2 × 100 mL) and CH2Cl2 (2 × 100 mL). The organic layers 

were combined and dried over anhydrous Na2SO4 and concentrated under reduced pressure. 

Incomplete reactions as determined by 1H NMR 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 (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), 
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1.25 (br, grease), 0.00 (sh s, TMS). %. 13C {1H} NMR (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 (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 

pear-shaped 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 °C to yield a yellow microcrystalline powder. Yield: 0.68 g, 

43% 1H NMR (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-glutamic acid-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 L-

glutamic 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 × 100 mL) and DCM (2 × 100 mL). The 

organic layers were combined and dried over anhydrous Na2SO4 and concentrated under 

reduced pressure. Incomplete reactions as determined by 1H NMR were loaded 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 (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, ArH-Fmoc), 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.
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Re[4-(L-Fmoc-glutamicacid-Otbu)-amidmethyl-2,2′-bipyridine](CO)3Cl, 6—An 

oven-dried 100 mL pear-shaped 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 °C to yield a yellow microcrystalline powder.

Yield: 0.180 g, 45% 1H NMR (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, ArH-Fmoc), 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 (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 techniques46 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 25 to 40% 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 contained 0.5 to 1 mM of catalyst and 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAPF6) as the supporting electrolyte, unless otherwise noted. 
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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.55,56 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. Non-hydrogen atoms were reined anisotropically by full matrix 

least squares (SHELXL-97).57 All hydrogen atoms were determined using a riding model 

with positions constrained to their parent atom using the appropriate FHIX command. 

Crystallographic data is in supplementary information (Table 1 and .cif file).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 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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Figure 2. 
Catalyst-modified amino acid complexes. Compounds 4 and 5 exhibit intra- and inter-

molecular hydrogen-bonding and 4 further contains an internal proton source as it features a 

di-Tyrosine substituent on the bipyridine (di-Tyr).37 Notably 6 is capable of being 

incorporated into a peptide as it is stable towards common Fmoc SPPS.
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Figure 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.37

Chabolla et al. Page 17

Faraday Discuss. Author manuscript; available in PMC 2018 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 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.37
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Figure 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 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.
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Figure 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 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.
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Figure 9. 
Analytical HPLC trace of 7 monitored at 214 nm in a gradient of 25 to 40 % MeCN in 

water(0.1%TFA) over 30 minutes.
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Figure 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 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.
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Figure 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 non-radical state.
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Figure 13. 
2D ROESY NMR experiment highlighting < 6Å through space interactions between the 

backbone amines and the bipyridine ligand.
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Scheme 1. 
Synthesis of Re(CO)3(acetamidomethylbpy)Cl and bipyridine analogues.
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Scheme 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.38
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Scheme 3. 
The proposed mechanism for the dimeric reduction of CO2 which is second order in catalyst 

and produces CO3
2– as a co-product instead of H2O. Adapted from Machan et al.36
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Scheme 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.
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