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Abstract 

Local proton sources capable of interacting with catalytic intermediates have been shown to affect 

proton-dependent reactions. Herein we report the synthesis of a Re(diimine)(CO)3Cl catalyst 

analog containing a trifluoroethanol-appended bipyridine ligand (bpy-CF3OH), and the 

corresponding methyl-ether (bpy-CF3OMe) to study the role of the pendent proton donor in 

electrocatalytic CO2 reduction. Compared to the parent catalyst, Re(bpy)(CO)3Cl, and Re(bpy-

CF3OMe)(CO)3Cl, the alcohol analog revealed additional electrocatalytic features and a 200 mV 

anodic shift in catalytic onset potential. We also show evidence of proton-coupled electron transfer 

or hydrogen bond-assisted catalysis in all analogs, detailed by a progressive anodic shift in the 

main catalytic wave with increasing [H2O] which displays slopes of ~120 mV log[H2O]–1. Multiple 

catalytic mechanisms appeared to occur simultaneously in all the analogs, and attempts were made 

to differentiate their dependence on [H2O] and [CO2]. The effect of a local proton source is 

significant under conditions where [H2O] < 1 M but becomes negligible at high [H2O]. These 

results suggest that the appended alcohol affects the solvation of the molecule, and may act directly 

as a proton source or as part of a proton shuttle.  

Introduction 

As concerns about the effect of carbon dioxide on the Earth’s climate continue to mount, the 

study of electrocatalysts for the production of solar fuels from CO2 has become an area of intense 

interest. Proton and electron transfer reactions are key to the overall reduction of CO2.
1-3 A better 

understanding of the mechanism of these reactions is critical to improving the performance of 

these catalysts. Although heterogeneous catalysts such as copper can produce highly reduced 

products, including methane (8 e–), ethanol (12 e–), and ethylene (10 e–),4, 5 the complexity of the 



surfaces on which these reactions take place and number of products makes detailed mechanistic 

studies difficult. However, molecular catalysts, which are typically only capable of producing the 

2 e– reduction products CO and formate,3, 4, 6 possess discrete catalytic centers allowing for more 

detailed investigations into the mechanism of CO2 reduction. Catalysts that produce CO are of 

particular relevance, as the higher order CO2 reduction products observed with copper likely stem 

from the reduction of adsorbed CO.7 

Among molecular electrocatalysts for CO2 reduction, selective conversion of CO2 to CO without 

also producing hydrogen via competitive proton reduction reactions remain relatively rare.3, 4  

Rhenium(I) and manganese(I) tricarbonyl diimine complexes of the formula M(DI)(CO)3X (M = 

Mn, X = Br; M = Re, X = Cl; DI = diimine) are perhaps the most well studied catalyst class of this 

kind.8-10 Rhenium(I) catalysts are capable of performing the reduction of CO2 to CO under aprotic 

and protic conditions,10-15 while manganese(I) complexes require an external proton source.9, 16  

The general mechanism of CO2 reduction to CO by these catalyst is fairly well understood. 

However, there is still uncertainty regarding the proton and electron transfer steps in the catalytic 

cycle.11, 13, 16-18 Calculations performed by Carter and coworkers on the CO2 reduction mechanism 

by M(DI)(CO)3X catalysts suggest two possible pathways for the reaction to proceed following 

CO2 binding, a reduction-first pathway and a protonation-first pathway (Scheme 1).11, 16 The 

protonation-first pathway minimizes overpotential, while the reduction-first pathway corresponds 

to significantly higher turn-over frequencies.11, 16, 19  

 



 

Scheme 1. Catalytic cycle for the reduction of CO2 to CO by 1 showing the protonation-first, and 

reduction-first pathways predicted by Carter and coworkers.11,16  

A number of groups have explored the effect of pendent proton donors and hydrogen-bond 

acceptors on the catalytic activity of these catalysts.19-34 However, there have been only a few 



reports which provide experimental evidence for the protonation-first pathway.19, 24, 29, 35 In 

particular, the report by Rochford and coworkers detailed the electrocatalytic activity of a 

manganese catalyst employing a modified bipyridine ligand containing four pendent ortho-

methoxy phenyl groups at the 6, 6ʹ positions. The methoxy groups are proposed to behave as  

proton relays in the presence of Brønsted acids facilitating proton transfer through hydrogen-

bonding between the proton donor and the activated CO2.
34, 36, 37 Our approach similarly seeks to 

induce a protonation-first pathway by situating a mildly acidic pendent proton near the catalytic 

center. 

We report the preparation and analysis of a new rhenium(I) electrocatalyst employing bipyridine 

ligands modified with a trifluoroethanol (bpy-CF3OH) or trifluoromethoxy (bpy-CF3OMe) moiety. 

The pendent proton source is situated close to the CO2 binding site enabling its involvement in the 

CO2 reduction mechanism. We provide evidence that the local proton source influences solvation 

of the catalyst in the presence of external proton sources, resulting in new insights into the role of 

secondary sphere modulation in electrocatalytic CO2 reduction by rhenium(I) tricarbonyl 

complexes. Additionally, multiple distinct electrocatalytic processes are observed which are 

dependent on both [HA] and [CO2]. In acid titration studies, a concentration dependent shift of the 

peak catalytic potential (Emax) was observed for each catalyst, suggesting a proton-coupled electron 

transfer (PCET) process. 

 

Results 

Synthesis and characterization. The ligand bpy-CF3OH was prepared starting from 2,2’-

bipyridine-6-carbaldehyde. The reaction of the starting aldehyde with TMS-CF3 in DMF solvent 

in the presence of a K2CO3 catalyst resulted in addition of the CF3 and TMS substituents across 



the carbonyl bond.38, 39 The TMS- protecting group was then cleaved using TBAF to afford the 

free alcohol 1-(2,2'-bipyridin-6-yl)-2,2,2-trifluoroethanol (bpy-CF3OH). The methyl ether 

derivative, bpy-CF3OMe, was prepared by deprotonation of bpy-CF3OH with NaH followed by 

methylation using iodomethane in THF. 

Model compound Re(bpy)(CO)3Cl (1) was prepared using the procedure of Smieja et. al.40 The 

complexes Re(bpy-CF3OH)(CO)3Cl (2), and Re(bpy-CF3OMe)(CO)3Cl (3) (Figure 1) were 

prepared using a procedure analogous to that reported for (1), by refluxing the appropriate 

bipyridine analog and Re(CO)5Cl in toluene.40 Preparation of the solvento complexes, 

[Re(bpy)(CO)3(CH3CN)]OTf (1-OTf) and [Re(bpy-CF3OH)(CO)3(CH3CN)]OTf (2-OTf), was 

accomplished by treating the corresponding chloride complexes with silver(I) triflate (AgOTf) in 

MeCN to afford the MeCN adducts.41  
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Figure 1. Structural representations of the rhenium(I) complexes 1-3. 

Molecular structures of 2 and 3 obtained from X-ray crystallographic studies, are shown in 

Figure 2. The unit cell of Re(bpy-CF3OH)(CO)3Cl contains three molecules of 2, and in all three 

the pendent alcohol is oriented in the same direction as the axial chloride. Compound 3 crystallized 

with the ether in the same orientation as the alcohol, but with a single complex in the unit cell. 

While the solid-state structures of both complexes display the same orientation of the pendent 



group with respect to the axial chloride, this geometry is not fixed in solution. 1H NMR spectra of 

2, 3, and 2-OTf show the presence of two rotamers relating to the orientation of the pendent group 

with respect to the rhenium axial plane, indicating sterically hindered rotation of the pendent group 

about the aryl-carbon bond in solution.  

UV-vis absorbance spectra of 2 and 3 (Figure 3) are virtually identical with both displaying 

broad MLCT absorptions centered at 364 nm, slightly blue-shifted from that of 1 (371 nm).  IR 

spectra obtained for 1-3 are summarized in Table 1, with full spectra shown in Figures S1 and S2. 

Three C≡O stretching frequencies characteristic of fac-tricarbonyl rhenium(I) complexes were 

observed for each complex.42 The minor increases in (CO) energies for 2 and 3 compared to 1 

stem from the electron-withdrawing pendent group on the bpy ligand, resulting in slightly weaker 

-backbonding between the rhenium and carbonyls. Upon exchange of the axial chloride for 

MeCN in 2-OTf, there is a blueshift in (CO), similar to that observed for 1-OTf, due to the 

removal of the π-donating chloride ligand. For 2 and 2-OTf, the hydroxyl group (OH) is 

observed at similar frequencies of 3360 and 3365 cm–1, respectively. This typical stretching 

frequency provides evidence, along with the crystal structures, that the oxygen atom of the alcohol 

does not interact with the metal center or axial ligands. 

 



Figure 2. Molecular structure representations of 2 (left) and 3 (right). Thermal ellipsoids set at 

50% probability. 2 (left) and 3 (right).  Hydrogen atoms and co-crystallized solvents THF and 

pentane omitted for clarity. 

 

 

Figure 3. UV-Visible absorption of complexes 1-3 in MeCN. Spectra normalized at their MLCT 

bands. 

Table 1. Summary of selected FT-IR data.  

 (CO) cm-1 
(OH) 

cm-1 

1 2022 1916 1899 –– 

2 2040 1937  3360 

3 2025 1915 1907 –– 

1-OTf 2043 1946 1934 –– 

2-OTf 2026 1916 1908 3365 

Data obtained in MeCN solution. 

 

 



 

Figure 4. Cyclic voltammograms of 1-3 (~1 mM) under argon atmosphere at 100 mV s–1. All data 

obtained using ~1 mM complex in MeCN containing 100 mM TBAPF6 supporting electrolyte. All 

potentials referenced to Fc+/0. 

Electrochemistry. Electrochemical analysis of 1-3 was performed under an argon atmosphere 

in MeCN using TBAPF6 as the supporting electrolyte. The results of these experiments are 

summarized in Table 2. Figure 4 depicts the cathodic features observed in cyclic voltammograms 

(CVs) of 1-3 and 2-OTf. Voltammetry of 1-OTf is shown in Figure S3.   

The first electrochemical reductions of 1-3 are quasi-reversible and attributed to initial reduction 

of the bpy ligand as previously shown.12, 14, 42, 43 As expected for bpy localized reductions, the first 



reduction of 2 and 3 are observed at similar potentials (–1.67 V and –1.68 V vs. Fc+/0, 

respectively), and are anodically shifted compared to 1 (–1.76 V vs Fc+/0) due to the inductive 

electron-withdrawing effects of the pendent trifluoroethanol moiety. In all cases, the second 

reduction is irreversible due to loss of an axial ligand, resulting in a five-coordinate [Re(bpy-

R)(CO)3]
− species previously observed for similar rhenium(I) catalysts.44 Similar to 1, the ether 

analog 3 shows only two reduction features in the same potential window, although at a more 

positive potential (–2.10 V vs. Fc+/0) than that of 1 (–2.14 V vs Fc+/0). The second reduction of 2 

is observed at 120 mV more positive than 3 and displays attenuated current indicative of an ECE 

process associated with the first reduction likely involving loss of the chloride ligand or perhaps 

reductive deprotonation of the alcohol.20, 21, 26, 29, 32, 33, 45-47 2 displays additional cathodic features 

at –2.14 V and –2.34 V vs. Fc+/0,  the second of which is attributed to a second reduction of the 

bipyridine ligand.12, 14, 40 

Exchange of chloride for MeCN in 1-OTf and 2-OTf results in an anodic shift of the first 

reduction. In both cases, this feature remains quasi-reversible. Comparing 2 and 2-OTf, exchange 

of chloride to the MeCN adduct causes an anodic shift of both the first and second reductions by 

110 mV and 200 mV, respectively. 1-OTf displays similar anodic shifts of 120 mV and 350 mV 

for the first and second reductive features, respectively. The third and fourth reductions of 2 are 

unaffected by ligand substitution. 

The propensity of reduced rhenium complexes to form Re-Re dimers following chloride 

dissociation is a well-known feature of these catalysts.14, 48 Oxidation of the 1-1 dimer is observed 

approximately 200 mV cathodic of the 2-2 dimer oxidation, and 90 mV cathodic of the 3-3 dimer, 

as shown in Figures S4-S7. The large anodic shift in the oxidation of the 2-2 dimer is not accounted 

for by the presence of the trifluoromethyl moiety and is likely due to internal hydrogen bonding. 



The dimers of 1 and 3 only appear following the second reduction. However, for 2 and 2-OTf, 

dimer formation is observed after the first reduction, though the current associated with dimer 

oxidation is greater in scans that include the second reduction.   

Figure 5 and Figure S9 shows the effect of added H2O on the electrochemical behavior of 1. 

Addition of a large excess of H2O to an MeCN solution of 1 results in changes to its voltammetry 

profile that mirror the features observed in CVs of 2 that are attributed to the presence of the 

pendent alcohol. In an MeCN solution containing 13 M H2O the first reductive feature becomes 

more irreversible but does not shift in potential, while the second feature shifts to more positive 

potentials and displays lower current relative to the corresponding reduction in dry MeCN, 

supporting the idea that hydrogen bonding networks due to solvation may facilitate the loss of the 

axial chloride. A shoulder at –2.20 V appears just prior to a catalytic wave, and given the large 

excess of available protons from the added H2O, is presumably results from the formation or 

reduction of a rhenium hydride prior to catalytic proton reduction.49 Similar catalytic features were 

observed for 2 under identical conditions (Figure S9). 

 

Figure 5. Cyclic voltammograms at 100 mV s–1 for 1 in MeCN (black), 1 in MeCN containing 13 

M H2O (blue), and 2 in MeCN (red). Data obtained under an Ar atmosphere using ~1 mM complex 

in MeCN containing 100 mM TBAPF6. All potentials referenced to Fc+/0. 



Table 2. Summary of electrochemical data 

 Ar CO2 

 Ered Edimer
b Ered

a  ,  Ecat
a  

1 –1.76, –2.14a –0.49 –1.77,  –2.11 

2 –1.68, –1.98a, –2.14a, –2.34a –0.31 –1.70sh, –1.90sh, –2.07, –2.24 

3 –1.67, –2.10a –0.40 –1.68, –2.14 

1-OTf –1.64,  –1.79a, –2.15a, –2.29a –0.49 –1.66, –1.75sh, –2.07 

2-OTf –1.57, –1.78a, –2.15a, –2.34a –0.26 –1.60, –1.79,  –2.07 

Potentials obtained by cyclic voltammetry at 100 mV s–1 of a ~1 mM solution of 

metal complex under argon atmosphere or CO2-saturated anhydrous MeCN 

containing 100 mM TBAPF6 as supporting electrolyte. E1/2 values shown unless 

otherwise stated. Catalytic peaks (Ecat) given in italics, and determined as an increase 

in faradaic current when CO2 is present. Values given as V vs. Fc+/0. 

a Ered cathodic irreversible peak 

b Edimer anodic irreversible peak originating from oxidation of Re-Re dimer formed 

during cathodic processes. 

Electrocatalysis. The ability of 1 to electrocatalytically reduce CO2 to CO is well established in 

the literature.10, 14 2 and 3 also exhibit catalytic activity in the presence of CO2. Figure 6 shows 

voltammetry data for 1-3 in CO2-saturated MeCN solutions with and without added H2O. CVs of 

1-OTf and 2-OTf under catalytic conditions are given in Figure S10. This data is summarized in 

Tables 2 and 3.  Like 1, both 2 and 3 display large increases in current arising from the 

electrocatalytic reduction of CO2 which is further enhanced upon the addition of an external proton 

source. Without added H2O, 1 and 3 both display a single catalytic peak with catalytic peak 

potentials (Ecat) corresponding to the second reduction potentials of the compounds under Ar. For 

2, a series of catalytic features are observed cathodic of the second reduction. Additionally, 

increased current for 2 was observed at the first reduction of the complex at –1.70 V vs Fc+/0 in the 

absence of an external proton source; this feature was not observed for 1 or 3 under identical 



conditions. An increase in current was also observed for 2-OTf under a CO2 atmosphere near –

1.70 V at potentials anodic of the second reduction. This behavior is not observed for 1-OTf.  

Large excesses of added H2O greatly increase the catalytic current of all complexes as shown in 

Figure 6. From this data ic/ip values, which track with catalyst TOF, were calculated and are given 

in Table 3. The relative values of ic/ip for 1-3 are dependent on [H2O]. At 2.75 M H2O ic/ip for 2 is 

significantly larger than 1 and 3, while 1 displays the greatest ic/ip at 11.1 M H2O. This trend in 

ic/ip with [H2O] for 1 and 2 shows that the presence of the pendent proton donor is advantageous 

for catalysis at low [H2O] but is overwhelmed by solvation effects at high  [H2O]. Complex 2 was 

also studied using trifluoroethanol (TFE) as a proton donor (Figure S11). As is typical for this 

catalyst family,  higher catalytic currents were observed with TFE compared to H2O, and 

maximum catalytic currents obtained at similar [H2O]  and [TFE] to those obtained by others.50 

Table 3. Summary of electrocatalysis data  

 icat/ip  
a,b icat/ip  

a,c mV / Log[H2O]a,d 

1 4.2 17.1 128 

2 11.1 15.8 117 

3 2.9 10.3 156 

1-OTf 6.4 16.3 e 

2-OTf 8.6 13.6 97 

a Data obtained using cyclic voltametric data of ~1 mM 

complex in CO2-saturated MeCN containing 100 mM 

TBAPF6 as supporting electrolyte. b Data obtained at 100 

mV s–1 and solution contained 2.75 M H2O. c Data 

obtained at 100 mV s–1 and solution contained 11.1 M 

H2O. d Voltage at peak catalytic current obtained at 10 

mV s–1. e Merger of two distinct catalytic waves at low 

[H2O] made differentiation impossible.  

 



 

 

 



Figure 6. Electrocatalytic CO2 reduction of 1-3. Cyclic voltammograms obtained at 100 mV s–1 

under Ar atmosphere, with saturated CO2, and with added H2O. Experiments performed using ~1 

mM complex in MeCN containing 100 mM TBAPF6. 

Controlled potential electrolyses (CPEs) were conducted with 2 to confirm its competence as a 

CO2 reduction catalyst. CPE experiments were performed with 0.5 mM 2 in MeCN containing 100 

mM TBAClO4 as the supporting electrolyte in an airtight H-cell under anhydrous conditions and 

with 2.75 M (5%) H2O at –2.1 V vs Fc+/0. These experiments were repeated using TBAPF6 as the 

electrolyte (Figure S12); no electrolyte dependence was observed. In the presence of 5% H2O, 

stable current was observed during the entirety of the 30 min electrolysis, and cyclic 

voltammograms obtained before and after the electrolysis experiments showed no noticeable 

degradation (Figure S13). Under anhydrous conditions the current decays over the course of the 

experiment (Figure S14), with less than half the charge passed as those with added H2O, however, 

post-electrolysis CVs do not suggest decomposition of the catalyst itself as the reason for loss of 

activity over the course of the experiment. Gas chromatography was used to analyze the product 

distribution in the headspace of the electrochemical cell following bulk electrolysis to determine 

the yields of CO and H2. Unsurprisingly, 2 is highly selective for the reduction of CO2 to CO with 

Faradaic efficiencies (FECO) of 103 ± 3% in the presence of added H2O and 92 ± 9% in dry MeCN. 

Trace amounts of H2 were detected during some experiments with 5% H2O, but close to the 

detection limit of the instrument (~ 100 ppm). No H2 was detected after bulk electrolysis in dry 

MeCN.   
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Figure 7. Electrocatalytic CO2 reduction by 1-3 with varying [H2O]. Linear sweep 

voltammograms at 10 mV s–1 with consecutive additions of H2O. Top: 1. Middle: 2. Bottom: 3. 



Experiments performed using ~1 mM complex in CO2-saturated MeCN containing 100 mM 

TBAPF6 as supporting electrolyte. Inset highlights spectra at lower [H2O]. 

Mechanistic Studies. While Figure 6 provides data under specific experimental conditions 

commonly used for comparing catalysts, a more detailed analysis of how the catalyst interacts with 

proton sources was undertaken. Linear sweep voltammograms (LSVs) of 1-3 obtained at 10 mV 

s–1 in CO2-saturated MeCN solutions with varying amounts of added H2O are shown in Figure 7. 

These data show clear differences in onset potentials for electrocatalytic reduction of CO2 and the 

effect of titrated H2O on the catalytic response amongst the analogs. Whereas both 2 and 3 display 

increasing catalytic current at [H2O] below ~1M, minimal changes in the peak catalytic current of 

1 are observed. For all the analogs, the catalytic current increases at higher [H2O], with catalytic 

current peaking near ~10 M [H2O]. Compared to 1, the relative increases in current density for 2 

with added H2O are larger when [H2O] is below 4 M. However, the maximum current obtained for 

1 (~3.25 mA cm–2 at [H2O] = 8.1 M) is greater than that for 2 (~ 2.75 mA cm–2 at [H2O] = 10.5 

M), albeit with ~50 mV greater overpotential. The electrocatalytic behavior of 3 is similar to that 

of 2, with similar peak potentials but with smaller maximum catalytic current (1.70 mA cm-2 and 

2.75 mA cm–2, respectively). As discussed above, catalyst 2 shows increased current coinciding 

with the first reduction at –1.70 V vs. Fc+/0 at all [H2O]. This feature is not observed for 1 or  3 

at [H2O] < 1.6 M, though above 1.6 M H2O a clear increase in current near the first reduction is 

observed. This suggests that the alcohol is necessary for catalysis at these potentials at low [H2O], 

but becomes less advantageous as more H2O is added, possibly due to the solvation effects noted 

above. H2O titrations of 1-OTf and 2-OTf are shown in the Figures S15 and S16. Compared to 

their chloride analogs, 1 and 2, the primary catalytic peaks of 1-OTf and 2-OTf show similar peak 

shapes but at slightly more positive potentials at lower [H2O], consistent with the differences in 



their formal potentials in the absence of CO2. At higher [H2O], LSVs of 1-OTf and 2-OTf were 

indistinguishable from their neutral analogs, though the small feature positive of the primary 

catalytic wave is observed at slightly more positive potentials. 2-OTf shows an additional catalytic 

feature at –1.69 V vs. Fc+/0, similar to that observed for 2. A corresponding feature is not observed 

for 1-OTf at low [H2O] but grows in with increasing [H2O].  

The LSVs in Figure 7 show a clear, systematic anodic shift of the main catalytic peak with 

increasing [H2O] for all complexes. A similar [H2O] dependent anodic shift of Ecat has been 

reported previously for a dinuclear rhenium carbonyl catalyst, but was not discussed in detail,28  

and for catalysts possessing an imidazolium functionalized bipyridine.29, 46 For 1, 2, and 3, slopes 

of 128 mV / log[H2O], 117 mV / log[H2O], and 156 mV / log[H2O], respectively, were determined 

in the linear region. The electrocatalytic features of 2 with TFE (Figure S17) are similar to H2O, 

with an anodic shift of 116 mV/ log[TFE]. Wide regions of linearity are observed in plots of Ecat 

vs log[H2O] (Figure 8). While this twice-Nernstian behavior may be indicative of the PCET, it 

may also be evidence of hydrogen bond-assisted catalysis.51  

The insets of Figure 7 show a ubiquitous shoulder for 1-3 at [H2O] below ~1 M that coalesces 

with the anodically-shifting catalytic wave at higher [H2O].  Catalyst 1 shows anodic shifting of 

the onset potential which concurrently occurs with the growth of a shoulder near –1.9 V vs Fc/Fc+. 

2 and 3 have similar features at more anodic potentials. The observation well-defined shoulders at 

low [H2O] for all catalysts in this study suggests multiple catalytic mechanisms are operative under 

these conditions.19, 23, 52  



 

Figure 8. Potential at peak catalytic current as a function of log[H2O]. Linear fits are shown as 

dotted lines for points within the linear region. Data obtained at 10 mV s–1. Experiments performed 

using ~1 mM complex in CO2-saturated MeCN containing 100 mM TBAPF6 as supporting 

electrolyte. All potentials referenced to Fc+/0. 

The role of [CO2] and [H2O] on the electrocatalytic behavior of complex 2 was analyzed by 

performing electrochemistry in MeCN with a range of Ar/CO2 mixtures containing varying 

amounts of H2O ([H2O] = 0, 0.25, 0.5, 2, 5, 10, 15 M) at 10 mV s–1. For these experiments a variety 

of intermediate CO2 concentrations were achieved by purging CO2-saturated solutions with Ar for 

5 to 120 seconds. The compiled results are shown in Figure 9 and Figure S19. Although the various 

CO2 concentrations obtained by this method could not be precisely controlled, these data highlight 

the complexity of CO2 reduction by 2. At all [H2O] there is a clear increase in current for the first 

reduction of 2 with increasing [CO2]. At potentials cathodic of the first reduction with [H2O] from 

0-500 mM, two distinct catalytic features are observed, neither of which are present in the absence 

of CO2. The more anodic catalytic feature is composed of two overlapping waves with the peak 

and prominent shoulder appearing at –2.07 V and –1.93 V, respectively, independent of [CO2] or 

[H2O]. The potential of the more cathodic peak is clearly dependent on [CO2], displaying an anodic 



shift of more than 200 mV across the [CO2] range. Above [H2O] = 2 M these features merge into 

a single feature but maintain a [CO2]-dependent peak potential.   

 

Figure 9. Electrochemical analyses with varying [CO2] and [H2O]. Linear sweep voltammograms 

at 100 mV s–1 of complex 2 in MeCN containing various [H2O] and [CO2]. Experiments performed 

using ~1 mM complex with 100 mM TBAPF6 as supporting electrolyte. Potential referenced to 

Fc+/0 in the MeCN/H2O mixture.  

Cyclic voltammograms at various scan rates performed under saturated CO2 conditions with 

varying [H2O] are provided in Figures S21. At all [H2O] increasing scan rates result in greater 

current and a small cathodic shift for the first catalytic peak at –1.70 V, and for the second catalytic 



peak at [H2O] = 0M and 0.25 M. These shifts suggest that there is a rate limiting chemical process, 

such as chloride dissociation, that occurs prior to the catalyst entering the catalytic cycle. For the 

main catalytic waves large cathodic shifts and increasing currents are observed with increasing 

scan rates at [H2O] < 5 M. However, at the voltammograms at [H2O] = 5 M and 10 M show a small 

decrease in current as the scan rate increases from 50 to  200 mV s–1, followed by a uniform 

cathodic shift and increasing current for scan rates greater than 200 mV s–1. This behavior indicates 

that protonation is rate limiting under these conditions. Similar  scan rate dependence was observed 

for 1 under  a saturated CO2 atmosphere with13 M H2O are provided in Figure S22. These data 

show behavior analogous to that of 2 with 10 M H2O. Collectively, this data provides evidence of 

a similar rate-determining mechanism among the catalysts for the process leading to the majority 

of the catalytic current. 

Discussion 

The newly developed bpyCF3OH and bpyCF3OMe ligands provide an avenue for the study of 

secondary coordination sphere effects on the electrocatalytic reduction of CO2 by Re(bpy-

R)(CO)3X. Structural characterization of 2 and 3 show that the pendent groups are well positioned 

to interact with a rhenium-bound CO2 intermediate either through direct H-bonding interactions in 

the case of the alcohol, or by facilitating H-bonding networks between the catalytic intermediate 

and an external proton source as shown in Figure 10. As evidenced by the UV-vis and IR 

spectroscopic data, the pendent CF3OH, and CF3OMe groups imbue only minor effects on the 

electronic structure of 2 and 3 compared to the parent complex 1 and are virtually identical to one 

another. Therefore, we attribute the significant deviations in the electrochemical behavior of 2, 

compared to 1 and 3, to secondary sphere effects caused by the pendent alcohol.   



  

Figure 10. Left: Representation of hydrogen bonding networks enabled by the pendent acid of 2. 

Right: Representation of secondary sphere interactions which enable chloride dissociation from 

one-electron reduced [Re(bpyR)(CO)3Cl]– species. 

The quasi-reversibility of the first reduction and smaller current response and cathodic shift of 

the second reduction of 2 compared to 1 and 3 indicate an ECE process following the first reduction 

associated with the presence of the alcohol in the secondary coordination sphere. This ECE 

mechanism may be due to the alcohol facilitating the partial dissociation of the axial chloride upon 

1 e– reduction of the complex.20, 21, 26, 29, 45, 46  The observation of dimer formation following the 

first reduction of 2 supports this assignment. The chemical step following the first electrochemical 

reduction may also be attributable to reductive deprotonation of the alcohol that would result in 

loss of the chloride from the resulting dianionic species.21, 32, 33, 45 However, simple loss of the 

chloride ligand after the first reduction would explain the similarities between electrochemical 

behavior of 1 in the presence of 13 mM H2O. The electrochemical features in 2 arising from a 

pendent alcohol are not observed in 1 under aprotic conditions, but are instead recapitulated when 

the voltammetry of 1 is performed with 13 mM H2O. We suggest that the solvation effects 

observed for 1 in the presence of excess H2O reproduce the high local proton concentration around 

2, thereby creating a more polar environment via secondary sphere interactions that makes chloride 

dissociation from the one-electron reduced [Re(bpyR)(CO)3Cl]– species favorable (Scheme 2).  

 



Scheme 2. Representation of proton assisted dissociation of the axial chloride from [Re(bpy-

CF3OH)(CO)3Cl]–. 

 

The third reduction of 2 and 2-OTf occur at the same potential and is likely a result of the same 

species. This event should not be attributable to reduction of the 2-2 dimer as formation of the 

dimer is a second order event and the current response of a reduction of this species should 

decrease with increasing scan rates; no such scan rate dependence of this reduction was observed. 

This species may, therefore, be a product of the first reduction, via an ECCE step, in competition 

with the proton-assisted chloride dissociation ECE mechanism detailed above, in which reductive 

deprotonation of the alcohol could accompany the loss of the chloride leading to the formation of 

a [Re(η3-bpyCF3O)(CO)3]
– species in which the rhenium is bound by the alkoxide. This species 

would likely require greater overpotential to reduce due to slower dissociation kinetics of an 

intramolecular alkoxide compared to dissociation of chloride to solution. The fourth reduction of 

2 and 2-OTf is ascribed to a second reduction of the bpyCF3O ligand. 

Under electrocatalytic conditions with CO2, complex 2 is electrochemically distinct from  1 and 

3, owing to the presence of the alcohol in the secondary coordination sphere.  In the absence of 

added waterH2O, multiple catalytic peaks are observed for 2 under a CO2 atmosphere (Figure 6 

and Table 2). The presence of these multiple features indicate the operation of parallel catalytic 

cycles in the overall CO2 reduction reaction.19 However, bulk electrolysis experiments at a 

potential inclusive of all features (–2.10 V vs Fc+/0) shows that the sole product of CO2 reduction 

is CO. Therefore, the different mechanisms appear to end with the same result. A qualitative 



analysis of each feature is be made below, however the overlapping catalytic waves precludes a 

detailed kinetic analysis of each separate mechanism.  

Notably, catalytic current following the first electrochemical reduction near –1.70 V vs Fc+/0 is 

present in CVs of 2 both with and without added H2O. Our assignment of this feature as catalytic 

is partially attributed to the current dependence of the wave at -1.70 V on [HA] (HA = H2O or 

TFE) and [CO2] shown in Figures 6, 7, and 9. Catalysis associated with this reduction event is 

possible due to the pendent alcohol-enabled partial loss of the chloride from 2 following the first 

reduction, allowing for CO2 activation by the five-coordinate rhenium(0) species. While CO2 

binding upon the first reduction has been observed for similar rhenium complexes and their 

manganese analogues, binding alone is marked by an anodic shift of the reduction and does not 

result in increased currents.53 The catalytic current coinciding with the first reduction, while 

relatively low, is intriguing for a Re(bpyR)(CO)3X complex because catalysis at anodic potentials 

is characteristic of the protonation-first, as opposed to the reduction-first, mechanism for CO2 

reduction (Scheme 1). These mechanisms were first predicted computationally for 1 and its 

manganese analog by Carter and coworkers, who suggested the protonation-first pathway should 

occur at ~300 mV lower overpotential than the reduction-first pathway.11, 16 This mechanism has 

been observed for a number of manganese complexes and invoked for rhenium analogues of 1 by 

Kubiak and coworkers.17, 19, 24, 29, 35 The observation that the potential of the wave is not dependent 

on [HA] further supports the protonation-first mechanism because the rate determining proton 

transfer occurs prior to the reduction steps. Thus [HA] would not affect the potential at which 

catalysis is observed, as 2 can only enter the catalytic cycle upon loss of chloride following the 

first reduction.11 The cathodic shift in the Ecat with increasing scan rate at all [H2O] (Figure S21) 

supports this assignment. Importantly, catalytic current is also observed at ~ –1.79 V for 2-OTf, 



coinciding with the second reduction of the complex but, not the analogous peak in 1-OTf (Figure 

S15). Analogous with 2, addition of H2O to 2-OTf enhances the current of this feature. At [H2O] 

> 4 M, a catalytic wave is observed ~100 mV more positive than that observed at [H2O] < 4 M 

(Figure S15). In this case an anodic shift of the catalytic wave likely occurs because of the more 

positive potential of the first reduction of 2-OTf compared to 2. Though there is only one pendent 

proton on 2 the hydrophilic pendent alcohol directs trace H2O in MeCN to form a hydrogen 

bonding network capable of supplying the proton equivalents necessary for CO2 reduction to CO 

and H2O; this hydrogen bonding network should only become more robust in the presence of added 

H2O. A catalytic wave is also observed coincident with the first reduction when HA = TFE (Figure 

S17) where the pendent proton can similarly organize a hydrogen bonding network with the polar 

TFE. No catalytic current associated with the first reduction of 1 and 3 is observed below [H2O] = 

1.4 M, but above this [H2O] 1 and 3 behave similarly to 2 (Figure 7), suggesting that solvation of 

the complexes by the added H2O enables the protonation-first pathway in these molecules through 

secondary sphere effects similar to those exhibited by 2 in the absence of added HA.  

The second catalytic wave for 2 also occurs at a fairly anodic potential (–1.9 V vs Fc+/0) in the 

absence of an external proton source. Additionally, while current enhancement of this wave is 

observed with increasing [HA] and [CO2], there is no potential shift with added [HA] as shown in 

Figures 7, 9, and S15. Similar behavior is observed for 2-OTf. Therefore, this wave could also be 

attributable to a protonation-first pathway, albeit one that is perhaps accessed through a different 

rhenium species as detailed above in the analysis provided for the Ar atmosphere electrochemical 

behavior of 2. A similar feature is observed as a shoulder anodic of the main catalytic wave for 1 

and 3 above 0.4 M and 1.6 M added H2O, respectively. For all three catalysts this feature 

eventually merges with the primary catalytic wave as it shifts anodically with increasing [H2O]. 



To our knowledge the protonation-first pathway has not been invoked for complexes in the 

absence of an external proton donor. The observation of this pathway for 2 in the absence of an 

external proton source demonstrates the influence of the pendent alcohol on its ability to facilitate 

CO2 reduction.  

The third and fourth catalytic waves observed for 2 and 2-OTf in the absence of an added HA 

are identical and occur at potentials similar to those observed for 1 and 3 under the same conditions. 

We attribute these cathodic features to reduction-first pathways. Addition of H2O causes current 

enhancement and an anodic shift of both peaks which eventually merge at [H2O] ~160 mM and 

continue to shift until [H2O] ~ 5.4 M. The slope obtained for the linear portion of a plot of the 

anodic peak potential vs log[H2O] (Figure 8) for 2 is 117 mV / log[H2O]. A virtually identical 

slope was observed for 2 with TFE as the acid source (116 mV / log[TFE]). Similar behavior is 

observed by 1 and 3 which display slopes of 128 and 156 mV / log[H2O], respectively. In aqueous 

media evidence for PCET processes can be obtained from plots of Ep vs. pH,54 and Dempsey and 

coworkers have demonstrated that this can be extended to non-aqueous solvents by plotting Ep vs 

pKa.55, 56 Though our results are not directly analogous, the Nernstian dependence of Emax on [HA] 

speaks to the involvement of protons in the CO2 reduction mechanism either through PCET or as 

a result of a hydrogen-bond promoted reaction, which can be viewed as an intermediate step 

towards proton transfer. The ~120 mV decade–1 slope observed for 1-3 is consistent with a 2 H+/ 

1e– PCET process, which, in turn, fits the observation of a second order dependence on [H+] of the 

catalytic mechanism for this family of catalysts.41, 57 Alternatively, secondary sphere hydrogen 

bonding networks have recently been shown to substantially affect mechanistic details in similar 

rhenium-based catalysts for electrochemical CO2 reduction and for supramolecular systems that 

self-assemble using trace H2O in organic solvents.34, 36, 37, 58
 In this hydrogen bonding formulation, 



the number of hydrogen-bonding molecules directly associated with catalysts 1, 2, and 3 during 

the catalysis event can be approximated as 2.2, 2.0, and 2.6 HA equivalents per catalyst, 

respectively.59 Either description is consistent with the assignment of the reduction-first pathway 

for the shifting of the third and fourth catalytic waves. In this pathway the rate limiting step occurs, 

as the name suggests, following electron transfer to the activated CO2H intermediate in the 

catalytic cycle. The large cathodic shift of Ecat observed with increasing scan rate supports this 

assignment. Thus, a greater availability of protons for PCET or stabilization of the intermediate 

through hydrogen bonding would both result in an anodic shift of this redox event.  

Analysis of the main catalytic wave for 2 with varying [CO2] and [H2O] (Figures 9 and S19) is 

not straightforward, further highlighting the complexity of the CO2 reduction mechanism. While 

the exact [CO2] could not be determined using our experimental method, these experiments 

provide further qualitative evidence of multiple mechanisms in operation for 2. Varying [CO2] for 

1 at high [H2O] shows analogous features (Figure S20), supporting the notion that major 

mechanisms are the similar. The anodic shift of the primary cathodic peak, merges with the 

stationary cathodic peak at [H2O] > 2 M and increasing [CO2], points to the involvement of 

dissolved CO2 in the mechanism. In this case, formation of carbonate in the rate determining C-O 

bond cleavage, as suggested by Bocarsly and coworkers, cannot be ruled out.30 Further mechanistic 

insight into the [CO2] dependence requires more quantitative information for both 1 and 2.  

 

Conclusions 

A comparison of 2, which bears a pendent trifluoroethanol moiety, to its methoxy analogue 3 

and the unmodified Re(bpy)(CO)3Cl (1), provides key insights into the influence of the local 

proton source on electrocatalytic CO2 reduction by this family of catalysts. We present evidence 



that the pendent trifluoroethanol of 2 is intimately involved in the CO2 reduction mechanism as 

shown by its distinct voltammetry, compared to 1 and 3, in dry acetonitrile, and that the pendent 

alcohol serves to organize a hydrogen bonding network around the catalyst which is the primary 

driver of the catalytic behavior we observe for 2.  We show, for the first time with a rhenium 

catalyst, that the presence of the local proton source allows 2 to access the protonation-first 

pathway. We also provide evidence that solvation in the presence of large excess of an external 

proton source opens this pathway for 1 and 3 as well. We also provide evidence of PCET in 

reduction-first pathway for all catalysts. The results herein indicate that the secondary sphere 

effects of the pendent proton donor can significantly improve the catalytic performance of a 

rhenium carbonyl catalyst without altering selectivity. However, the effect of this local proton 

source can be swamped out by solvation effects in the presence of very large excesses of an 

external proton source.  Greater understanding of secondary sphere solvation effects will allow 

more exact control of catalyst active sites in a fashion similar to enzymes, and fine tailoring of the 

secondary coordination sphere will lead to the design of more powerful catalysts in small molecule 

activation chemistry.  

Experimental  

Materials. 

Re(bpy)(CO)3Cl (1) was prepared using a literature method.40 Rhenium(I) pentacarbonyl 

chloride [Re(CO)5Cl] was obtained from Strem Chemicals. Trimethylsilyl trifluoromethane 

(TMS-CF3) was obtained from Matrix Scientific and 2,2’-bipyridine-6-carbaldehyde was obtained 

from AstaTech. Sodium hydride (60% dispersion in mineral oil), iodomethane, and 

tetrabutylammonium fluoride (TBAF, 1.0 M in THF) were obtained from Sigma Aldrich. All other 

compounds and solvents were obtained from commercial sources and used as received. 



 

Methods. 

Electrochemical analyses were performed using a Gamry Reference 600 potentiostat with glassy 

carbon working electrode, platinum counter electrode, and pseudo Ag/AgCl reference. 

Experiments were performed in MeCN or solvent mixtures containing 100 mM TBAPF6, with 

potentials referenced to the ferrocenium/ferrocene (Fc+/0) redox couple in anhydrous MeCN unless 

otherwise noted. A 70 mV anodic Fc+/0 shift was observed for MeCN containing 13 M H2O 

compared to anhydrous MeCN. Current densities for titration studies were corrected for catalyst 

dilution. To obtain different argon/CO2 gas mixtures, a solution of saturated CO2 was prepared 

and then purged with argon for different lengths of time. Data was normalized for dilution 

occurring during solvent titrations. Bulk electrolysis measurements were carried out in a gastight 

H-cell in which the working/reference and counter electrode compartments were separated by a 

glass frit. The working electrode was glassy carbon plate (1 cm width × 0.2 cm thickness inserted 

~ 2 cm into the catholyte solution), the reference electrode was a 1 mM Ag/AgNO3 quasi-reference 

electrode, and a platinum mesh was used as the counter electrode. Prior to electrolysis the cell was 

purged with CO2 for 1 h then sealed. After the 30 min electrolysis, 10 mL of headspace was 

sampled with a gastight syringe and injected into a dual channel Agilent 7890a gas chromatograph 

fitted with an FID for hydrogen detection and a TCD  to detect carbon containing gaseous products. 

A calibration curve was obtained using five commercial standards containing varying amounts of 

CO and H2 along with other gaseous hydrocarbons. NMR data was obtained using Varian 300 

MHz or 500 MHz instruments, referenced to solvent or TMS, and are given as ppm chemical 

shift downfield of TMS. UV-Visible spectra were obtained using a Cary 50 Bio 

spectrophotometer. Infrared spectra were taken on a Thermo Scientific Nicolet iS5 FTIR 



Spectrometer using a liquid cell with KBr windows for solution spectra or an iD5 ATR accessory 

for solid state spectra. Mass spectra were obtained using a Bruker Autoflex MALDI-TOF 

instrument using trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile or 

sinapic acid as matrix. Crystals suitable for x-ray diffraction (XRD) were grown by slow diffusion 

of pentane into THF solutions of the metal complexes. See Supporting Information for additional 

XRD details.   

 

Synthesis. 

1-(2,2'-bipyridin-6-yl)-2,2,2-trifluoroethanol (bpy-CF3OH). To a 5 mL DMF solution of 301 

mg (1.6 mmol) [2,2'-bipyridine]-6-carbaldehyde and 483 µL (3.3 mmol) TMSCF3 was added 12 

mg (0.088 mmol) K2CO3. The reaction mixture was stirred under inert atmosphere at 40 °C for 21 

h. The reaction mixture was filtered, 20 mL Et2O was added, and the solution was washed with 20 

mL brine. The aqueous layer was extracted with 2 x 20 mL Et2O. The combined organic layers 

were dried with Na2SO4, filtered, and solvent removed under reduced pressure. The crude material 

was dissolved in 5 mL THF and cooled in an ice bath. To this solution was added 1.6 mL (1.6 

mmol) TBAF (1.0 M in THF). The reaction solution was stirred at room temperature under inert 

atmosphere for 23 h after which the solvent was removed under reduced pressure. The material 

was recrystallized from 3:1 MeOH/H2O at 0 °C, filtered, washed with 10 mL 1:5 MeOH/H2O, and 

dried to obtain an off-white solid. Yield: 264 mg (63%). 1H NMR (300 MHz, CDCl3) δ 8.71 (d, J 

= 4.8 Hz, 1H), 8.51 (d, J = 7.8 Hz, 1H), 8.39 (d, J = 8.0 Hz, 1H), 7.97 – 7.90 (m, 1H), 7.86 (td, J 

= 7.7, 1.8 Hz, 1H), 7.46 (d, J = 7.7 Hz, 1H), 7.36 (dd, J = 7.6, 4.7 Hz, 1H), 5.64 (s, 1H), 5.11 (q, J 

= 6.7 Hz, 1H). 13C{1H} NMR (126 MHz, CDCl3) δ 155.03, 154.65, 150.38, 149.39, 138.39, 

137.09, 124.34,  124.06 (q, J = 283 Hz, CF3), 122.58, 121.89, 121.11, 70.75 (q, J = 32 Hz, CH-



CF3). 
19F NMR (282 MHz, CDCl3) δ -77.89 (d, J = 6.9 Hz). MALDI-TOF: m/z = 255.082 (calcd. 

for [M + H]+ 255.075). 

 

6-(2,2,2-trifluoro-1-methoxyethyl)-2,2'-bipyridine (bpy-CF3OMe). Under an inert 

atmosphere in a dry flask was placed 10 mg sodium hydride (60% dispersion in mineral oil, 2.5 x 

10-4 mol), and the salt was washed 2x500 L with dry THF to remove the oil. A solution 32 mg 

bpy-CF3OH (1.3 x 10-4 mol) in 1.5 mL anhydrous THF was added to the flask. Once gas evolution 

subsided, 40 L iodomethane (6.4 x 10-4 mol) was added. The mixture was stirred under inert 

atmosphere for 2 h, and then quenched with a drop of aqueous bicarbonate solution. DCM and 

H2O were added, the organic phase was washed twice with H2O, and the solvent was removed 

under reduced pressure to afford a yellow solid. Yield: 30 mg, 89%. 

1H NMR (500 MHz, CDCl3) δ 8.67 (ddd, J = 4.8, 1.8, 1 Hz, 1H), 8.44 (dt, J = 7.9, 1 Hz, 1H), 

8.43 (dd, J = 8, 1 Hz, 1H), 7.9 (t, J = 7.9 Hz, 1H), 7.81 (td, J = 7.7, 1.8 Hz, 1H), 7.58 (d, J = 7.6 

Hz, 1H), 7.31 (ddd, J = 7.4, 4.8, 1.2 Hz, 1H), 4.81 (q, J = 6.6 Hz, 1H), 3.52 (s, 3H). 13C{1H} 

NMR (126 MHz, CDCl3) δ 155.82, 155.61, 152.67, 149.20, 137.88, 136.95, 123.96, 123.7 (q, J = 

282 Hz), 122.07, 121.47, 141.37, 82.99 (q, J = 30 Hz), 58.81. 19F NMR (282 MHz, CDCl3) δ -

75.76 (d, J = 6.5 Hz). MALDI-TOF: m/z = 269.088 (calcd. for [M + H]+ 269.090). 

 

Re(bpy-CF3OH)(CO)3Cl (2). A 2 mL toluene mixture of 50 mg (0.20 mmol) bpy-CF3OH and 

72 mg (0.20 mmol) Re(CO)5Cl was stirred at 90 °C under inert atmosphere for 4 h. The reaction 

mixture was cooled to room temperature, filtered, washed with 5 mL toluene, and dried to obtain 

a yellow solid. Yield: 74 mg (67%). A 58:42 mixture of isomers was observed corresponding to 

the two products possible due to the axial chloride orientation and the chiral ligand.  



1H NMR (300 MHz, CD3CN) δ 9.12 – 9.05 (m, 1H), 8.55 – 8.48 (m, 1H), 8.47 – 8.41 (m, 1H), 

8.34 – 8.26 (m, 1H), 8.25 – 8.16 (m, 1H), 8.08 (d, 0.58H), 8.01 (d, 0.42H), 7.69 – 7.60 (m, 1H), 

6.14 (m, 1H), 5.63 (d, 0.58H), 5.42 (d, 0.42H). 19F NMR (282 MHz, CD3CN) δ -76.35 (d, J = 6.1 

Hz, 1.2F), -76.68 (d, J = 6.4 Hz, 1.8F). UV/Vis (MeCN) λmax nm 236, 296, 320 (sh), 364. MALDI-

TOF: m/z = 559.982 (calcd. for M+ 559.976). 

Re(bpy-CF3OMe)(CO)3Cl (3). In a dry flask was dissolved 40 mg Re(CO)5Cl (1.1 x 10-4 mol) 

and 30 mg bpy-CF3OMe (1.1 x 10-4
 mol) in 1 mL toluene. The reaction was heated in the dark at 

95 oC under an inert atmosphere for 6 h, and cooled to room temperature. The orange precipitate 

was filtered and washed with a solution of toluene:hexanes (50/50). A 60:40 mixture of isomers 

was observed corresponding to the two products possible due to the axial chloride orientation and 

the chiral ligand. Yield: 55 mg, 87%. 

1H NMR (300 MHz, CD3CN) δ 9.16 – 9.05 (m, 1H), 8.55 (dd, J = 8.1, 1.3 Hz, 1H), 8.47 (d, J = 

8.3 Hz, 1H), 8.36-8.28 (m, 1H), 8.27 – 8.17 (m, 1H), 8.03 (d, J = 7.9 Hz, 0.6H), 7.97 (d, J = 8.0 

Hz, 0.4H), 7.71-7.63 (m, 1H), 5.92 (q, J = 6.0 Hz, 0.6H), 5.84 (q, J = 5.7 Hz, 0.4H), 3.51 (s, 1.8H), 

3.46 (s, 1.2H). 19F NMR (282 MHz, CD3CN) δ -75.04 (d, J = 5.9 Hz, 1.2F), -75.53 (d, J = 5.9 Hz, 

1.8F). UV/Vis (MeCN) λmax nm 237, 297, 320 (sh), 364. MALDI-TOF: m/z = 573.990 (calcd. for 

M+ 573.991). 

 

[Re(bpy)(CO)3(MeCN)]OTf (1-OTf). Following a known procedure with 

modification.41Under an inert atmosphere was dissolved 7 mg AgOTf (2.7 x 10-5 mol) and 12 mg 

Re(bpy)(CO)3Cl (2.6 x 10-5 mol) in 3 mL dry MeCN. The solution was refluxed in the dark under 

inert atmosphere for 24 h, with a white precipitate forming over time. The solution was cooled, 



filtered through Celite and a short plug of basic alumina using MeCN eluent. The solvent was 

removed under reduced pressure to afford a yellow waxy solid. Yield: 16 mg, 99%.  

1H NMR (300 MHz, CDCl3) δ 9.03 (ddd, J = 5.5, 1.6 Hz, 0.8 Hz, 2H), 8.50 (dt, J = 8.2, 1.1 Hz, 

2H), 8.30 (ddd, J = 8.3, 7.7, 1.6 Hz, 2H), 7.72 (ddd, J = 7.7, 5.5, 1.3 Hz, 2H), 2.05 (s, 3H). 19F 

NMR (282 MHz, CDCl3) δ -79.33. MALDI-TOF: m/z = 468.035 (calcd. for [M – OTf]+ 468.036). 

 

[Re(bpy-CF3OH)(CO)3(MeCN)]OTf (2-OTf). Following a known procedure with 

modification.41 Under an inert atmosphere was dissolved 7.5 mg AgOTf (2.9 x 10-5 mol) and 16 

mg Re(bpy-CF3OH)(CO)3Cl (2.9 x 10-5 mol) in 3 mL dry MeCN. The solution was refluxed in 

the dark under inert atmosphere for 22 h, with a white precipitate forming over time. The solution 

was cooled, filtered through Celite and a plug of silica gel using MeCN eluent. The solvent was 

removed under reduced pressure to afford a yellow waxy solid containing a 45/55 mixture of 

isomers corresponding to the two products possible due to the axial MeCN orientation and the 

chiral ligand. Yield: 19 mg, 93%.  

1H NMR (300 MHz, CDCl3) δ 9.12 (ddt, J = 5.6, 1.7, 0.9 Hz, 1H), 8.59 (dt, J = 8.1, 1.6 Hz, 1H), 

8.53 (ddt, J = 8.4, 3.8, 1.1 Hz, 1H), 8.39 (td, J = 8.0, 2.0 Hz, 1H), 8.34 (tt, J = 8.0, 1.7 Hz, 1H), 

8.17 (tt, J = 8.0, 1.1 Hz, 1H), 7.76 (ddd, J = 7.7, 5.5, 1.3 Hz, 1H), 6.02 (m, 1H), 5.84 (d, J = 5.8 

Hz, 0.45H, -OH), 5.61 (d, J = 5.8 Hz, 0.55H, -OH), 2.09 (s, 1.35H, CH3CN), 2.03 (s, 1.35H, 

CH3CN). 19F NMR (282 MHz, CDCl3) δ -76.43 (d, J = 5.9 Hz, 1.3F), -76.75 (d, J = 5.9 Hz, 1.6F), 

-79.34 (s, 3F). MALDI-TOF: m/z = 566.035 (calcd. for [M – OTf]+ 566.034). 

 

AUTHOR INFORMATION  

Corresponding Authors  



*E-mail: wkramer@hamilton.edu  

ORCID  

Funding  

This work was performed in the lab of Prof. Harry B. Gray and funded by NSF CCI Solar Fuels 

(CHE- 130124). Additional support was provided by the Resnick Sustainability Institute at Caltech 

and a Dr. and Mrs. Daniel C. Harris SURF Fellowship.  

Notes  

The authors declare no competing financial interest.  

ACKNOWLEDGMENTS  

We acknowledged Harry Gray for his unwavering support and exceptional mentorship. We thank 

Larry Henling, Michael Takase, David VanderVelde, Mona Shahgholi, and Naseem Torian for 

experimental assistance and discussions.  

References 

  (1)  Schneider, J.; Jia, H.; Muckerman, J. T.; Fujita, E. Thermodynamics and kinetics of CO2, 

CO, and H+ binding to the metal centre of CO2 reduction catalysts. Chem. Soc. Rev. 2012, 41, 

2036-2051. 

  (2)  Francke, R.; Schille, B.; Roemelt, M. Homogeneously Catalyzed Electroreduction of Carbon 

Dioxide—Methods, Mechanisms, and Catalysts. Chem. Rev. 2018, 118, 4631-4701. 

  (3)  Costentin, C.; Robert, M.; Savéant, J.-M. Catalysis of the electrochemical reduction of carbon 

dioxide. Chem. Soc. Rev. 2013, 42, 2423. 

  (4)  Qiao, J.; Liu, Y.; Hong, F.; Zhang, J. A review of catalysts for the electroreduction of carbon 

dioxide to produce low-carbon fuels. Chem. Soc. Rev. 2014, 43, 631-675. 

  (5)  Kuhl, K. P.; Cave, E. R.; Abram, D. N.; Jaramillo, T. F. New insights into the electrochemical 

reduction of carbon dioxide on metallic copper surfaces. Energy Environ. Sci. 2012, 5, 7050. 

  (6)  Inglis, J. L.; MacLean, B. J.; Pryce, M. T.; Vos, J. G. Electrocatalytic pathways towards 

sustainable fuel production from water and CO2. Coord. Chem. Rev. 2012, 256, 2571-2600. 

mailto:wkramer@hamilton.edu


  (7)  Kuhl, K. P.; Hatsukade, T.; Cave, E. R.; Abram, D. N.; Kibsgaard, J.; Jaramillo, T. F. 

Electrocatalytic Conversion of Carbon Dioxide to Methane and Methanol on Transition Metal 

Surfaces. J. Am. Chem. Soc. 2014, 136, 14107-14113. 

  (8)  Ching, H. Y. V.; Wang, X.; He, M.; Perujo Holland, N.; Guillot, R.; Slim, C.; Griveau, S.; 

Bertrand, H. C.; Policar, C.; Bedioui, F.; Fontecave, M. Rhenium Complexes Based on 2-Pyridyl-

1,2,3-triazole Ligands: A New Class of CO2 Reduction Catalysts. Inorg. Chem. 2017, 56, 2966-

2976. 

  (9)  Bourrez, M.; Molton, F.; Chardon-Noblat, S.; Deronzier, A. [Mn(bipyridyl)(CO)3Br]: An 

Abundant Metal Carbonyl Complex as Efficient Electrocatalyst for CO2 Reduction. Angew. Chem. 

Int. Ed. 2011, 50, 9903-9906. 

  (10)  Hawecker, J.; Lehn, J.-M.; Ziessel, R. Electrocatalytic reduction of carbon dioxide mediated 

by Re(bipy)(CO)3Cl (bipy = 2,2′-bipyridine). J. Chem. Soc., Chem. Commun. 1984, 328-330. 

  (11)  Riplinger, C.; Carter, E. A. Influence of Weak Brønsted Acids on Electrocatalytic CO2 

Reduction by Manganese and Rhenium Bipyridine Catalysts. ACS Catalysis 2015, 5, 900-908. 

  (12)  Johnson, F. P. A.; George, M. W.; Hartl, F.; Turner, J. J. Electrocatalytic Reduction of CO2 

Using the Complexes [Re(bpy)(CO)3L]n (n = +1, L = P(OEt)3, CH3CN; n = 0, L = Cl-, OTf-; bpy 

= 2,2‘-Bipyridine; OTf- = CF3SO3) as Catalyst Precursors:  Infrared Spectroelectrochemical 

Investigation. Organometallics 1996, 15, 3374-3387. 

  (13)  Sampson, M. D.; Froehlich, J. D.; Smieja, J. M.; Benson, E. E.; Sharp, I. D.; Kubiak, C. P. 

Direct observation of the reduction of carbon dioxide by rhenium bipyridine catalysts. Energy 

Environ. Sci. 2013, 6, 3748. 

  (14)  Sullivan, B. P.; Bolinger, C. M.; Conrad, D.; Vining, W. J.; Meyer, T. J. One- and two-

electron pathways in the electrocatalytic reduction of CO2 by fac-Re(bpy)(CO)3Cl (bpy = 2,2′-

bipyridine). J. Chem. Soc., Chem. Commun. 1985, 1414-1416. 

  (15)  Keith, J. A.; Grice, K. A.; Kubiak, C. P.; Carter, E. A. Elucidation of the Selectivity of 

Proton-Dependent Electrocatalytic CO2 Reduction by fac-Re(bpy)(CO)3Cl. J. Am. Chem. Soc. 

2013, 135, 15823-15829. 

  (16)  Riplinger, C.; Sampson, M. D.; Ritzmann, A. M.; Kubiak, C. P.; Carter, E. A. Mechanistic 

Contrasts between Manganese and Rhenium Bipyridine Electrocatalysts for the Reduction of 

Carbon Dioxide. J. Am. Chem. Soc. 2014, 136, 16285-16298. 

  (17)  Clark, M. L.; Cheung, P. L.; Lessio, M.; Carter, E. A.; Kubiak, C. P. Kinetic and Mechanistic 

Effects of Bipyridine (bpy) Substituent, Labile Ligand, and Brønsted Acid on Electrocatalytic CO2 

Reduction by Re(bpy) Complexes. ACS Catalysis 2018, 8, 2021-2029. 

  (18)  Grills, D. C.; Ertem, M. Z.; McKinnon, M.; Ngo, K. T.; Rochford, J. Mechanistic aspects 

of CO2 reduction catalysis with manganese-based molecular catalysts. Coord. Chem. Rev. 2018, 

374, 173-217. 

  (19)  Ngo, K. T.; McKinnon, M.; Mahanti, B.; Narayanan, R.; Grills, D. C.; Ertem, M. Z.; 

Rochford, J. Turning on the Protonation-First Pathway for Electrocatalytic CO2 Reduction by 

Manganese Bipyridyl Tricarbonyl Complexes. J. Am. Chem. Soc. 2017, 139, 2604-2618. 

  (20)  Chen, K. H.; Wang, N.; Yang, Z. W.; Xia, S. M.; He, L. N. Tuning of Ionic Second 

Coordination Sphere in Evolved Rhenium Catalyst for Efficient Visible‐Light‐Driven CO2 

Reduction. ChemSusChem 2020, in press. 

  (21)  Rotundo, L.; Garino, C.; Priola, E.; Sassone, D.; Rao, H.; Ma, B.; Robert, M.; Fiedler, J.; 

Gobetto, R.; Nervi, C. Electrochemical and Photochemical Reduction of CO2 Catalyzed by Re(I) 

Complexes Carrying Local Proton Sources. Organometallics 2019, 38, 1351-1360. 



  (22)  Roell, S. A.; Schrage, B. R.; Ziegler, C. J.; White, T. A. Isolating substituent effects in 

Re(I)-phenanthroline electrocatalysts for CO2 reduction. Inorg. Chim. Acta 2020, 503, 119397. 

  (23)  Neyhouse, B. J.; White, T. A. Modifying the steric and electronic character within Re(I)-

phenanthroline complexes for electrocatalytic CO2 reduction. Inorg. Chim. Acta 2018, 479, 49-57. 

  (24)  Rønne, M. H.; Cho, D.; Madsen, M. R.; Jakobsen, J. B.; Eom, S.; Escoudé, É.; Hammershøj, 

H. C. D.; Nielsen, D. U.; Pedersen, S. U.; Baik, M.-H.; Skrydstrup, T.; Daasbjerg, K. Ligand-

Controlled Product Selectivity in Electrochemical Carbon Dioxide Reduction Using Manganese 

Bipyridine Catalysts. J. Am. Chem. Soc. 2020, 142, 4265-4275. 

  (25)  Haviv, E.; Azaiza-Dabbah, D.; Carmieli, R.; Avram, L.; Martin, J. M. L.; Neumann, R. A 

Thiourea Tether in the Second Coordination Sphere as a Binding Site for CO2 and a Proton Donor 

Promotes the Electrochemical Reduction of CO2 to CO Catalyzed by a Rhenium Bipyridine-Type 

Complex. J. Am. Chem. Soc. 2018, 140, 12451-12456. 

  (26)  Talukdar, K.; Sinha Roy, S.; Amatya, E.; Sleeper, E. A.; Le Magueres, P.; Jurss, J. W. 

Enhanced Electrochemical CO2 Reduction by a Series of Molecular Rhenium Catalysts Decorated 

with Second-Sphere Hydrogen-Bond Donors. Inorg. Chem. 2020, 59, 6087-6099. 

  (27)  Hellman, A. N.; Haiges, R.; Marinescu, S. C. Rhenium bipyridine catalysts with hydrogen 

bonding pendant amines for CO2 reduction. Dalton Trans. 2019, 48, 14251-14255. 

  (28)  Wilting, A.; Stolper, T.; Mata, R. A.; Siewert, I. Dinuclear Rhenium Complex with a Proton 

Responsive Ligand as a Redox Catalyst for the Electrochemical CO2 Reduction. Inorg. Chem. 

2017, 56, 4176-4185. 

  (29)  Sung, S.; Li, X.; Wolf, L. M.; Meeder, J. R.; Bhuvanesh, N. S.; Grice, K. A.; Panetier, J. 

A.; Nippe, M. Synergistic Effects of Imidazolium-Functionalization on fac-Mn(CO)3 Bipyridine 

Catalyst Platforms for Electrocatalytic Carbon Dioxide Reduction. J. Am. Chem. Soc. 2019, 141, 

6569-6582. 

  (30)  Agarwal, J.; Shaw, T. W.; Schaefer, H. F.; Bocarsly, A. B. Design of a Catalytic Active Site 

for Electrochemical CO2Reduction with Mn(I)-Tricarbonyl Species. Inorg. Chem. 2015, 54, 5285-

5294. 

  (31)  Franco, F.; Cometto, C.; Ferrero Vallana, F.; Sordello, F.; Priola, E.; Minero, C.; Nervi, C.; 

Gobetto, R. A local proton source in a [Mn(bpy-R)(CO)3Br]-type redox catalyst enables CO2 

reduction even in the absence of Brønsted acids. Chem. Commun. 2014, 50, 14670-14673. 

  (32)  Franco, F.; Cometto, C.; Nencini, L.; Barolo, C.; Sordello, F.; Minero, C.; Fiedler, J.; Robert, 

M.; Gobetto, R.; Nervi, C. Local Proton Source in Electrocatalytic CO2 Reduction with [Mn(bpy-

R)(CO)3Br] Complexes. Chem. Eur. J. 2017, 23, 4782-4793. 

  (33)  Manbeck, G. F.; Muckerman, J. T.; Szalda, D. J.; Himeda, Y.; Fujita, E. Push or Pull? Proton 

Responsive Ligand Effects in Rhenium Tricarbonyl CO2 Reduction Catalysts. J. Phys. Chem. B 

2015, 119, 7457-7466. 

  (34)  Machan, C. W.; Yin, J.; Chabolla, S. A.; Gilson, M. K.; Kubiak, C. P. Improving the 

Efficiency and Activity of Electrocatalysts for the Reduction of CO2 through Supramolecular 

Assembly with Amino Acid-Modified Ligands. J. Am. Chem. Soc. 2016, 138, 8184-8193. 

  (35)  Neri, G.; Walsh, J. J.; Teobaldi, G.; Donaldson, P. M.; Cowan, A. J. Detection of catalytic 

intermediates at an electrode surface during carbon dioxide reduction by an earth-abundant 

catalyst. Nature Catalysis 2018, 1, 952-959. 

  (36)  Chabolla, S. A.; Machan, C. W.; Yin, J.; Dellamary, E. A.; Sahu, S.; Gianneschi, N. C.; 

Gilson, M. K.; Tezcan, F. A.; Kubiak, C. P. 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. Faraday Discuss. 2017, 198, 279-300. 



  (37)  Machan, C. W.; Chabolla, S. A.; Yin, J.; Gilson, M. K.; Tezcan, F. A.; Kubiak, C. P. 

Supramolecular Assembly Promotes the Electrocatalytic Reduction of Carbon Dioxide by Re(I) 

Bipyridine Catalysts at a Lower Overpotential. J. Am. Chem. Soc. 2014, 136, 14598-14607. 

  (38)  Prakash, G. K. S.; Panja, C.; Vaghoo, H.; Surampudi, V.; Kultyshev, R.; Mandal, M.; Rasul, 

G.; Mathew, T.; Olah, G. A. Facile Synthesis of TMS-Protected Trifluoromethylated Alcohols 

Using Trifluoromethyltrimethylsilane (TMSCF3) and Various Nucleophilic Catalysts in DMF. J. 

Org. Chem. 2006, 71, 6806-6813. 

  (39)  Ngo, D. X.; Kramer, W. W.; McNicholas, B. J.; Gray, H. B.; Brennan, B. J. Structure, 

Spectroscopy, and Electrochemistry of Manganese(I) and Rhenium(I) Quinoline Oximes. Inorg. 

Chem. 2018, 58, 737-746. 

  (40)  Smieja, J. M.; Kubiak, C. P. Re(bipy-tBu)(CO)3Cl−improved Catalytic Activity for 

Reduction of Carbon Dioxide: IR-Spectroelectrochemical and Mechanistic Studies. Inorg. Chem. 

2010, 49, 9283-9289. 

  (41)  Smieja, J. M.; Benson, E. E.; Kumar, B.; Grice, K. A.; Seu, C. S.; Miller, A. J. M.; Mayer, 

J. M.; Kubiak, C. P. Kinetic and structural studies, origins of selectivity, and interfacial charge 

transfer in the artificial photosynthesis of CO. Proc. Natl. Acad. Sci. U.S.A. 2012, 109, 15646-

15650. 

  (42)  Stor, G. J.; Hartl, F.; van Outersterp, J. W. M.; Stufkens, D. J. Spectroelectrochemical (IR, 

UV/Vis) Determination of the Reduction Pathways for a Series of [Re(CO)3(.alpha.-diimine)L']0/+ 

(L' = Halide, OTf-, THF, MeCN, n-PrCN, PPh3, P(OMe)3) Complexes. Organometallics 1995, 14, 

1115-1131. 

  (43)  Christensen, P.; Hamnett, A.; Muir, A. V. G.; Timney, J. A. An in situ infrared study of 

CO2 reduction catalysed by rhenium tricarbonyl bipyridyl derivatives. J. Chem. Soc., Dalton 

Trans. 1992, 1455. 

  (44)  Benson, E. E.; Sampson, M. D.; Grice, K. A.; Smieja, J. M.; Froehlich, J. D.; Friebel, D.; 

Keith, J. A.; Carter, E. A.; Nilsson, A.; Kubiak, C. P. The Electronic States of Rhenium Bipyridyl 

Electrocatalysts for CO2 Reduction as Revealed by X-ray Absorption Spectroscopy and 

Computational Quantum Chemistry. Angew. Chem. Int. Ed. 2013, 52, 4841-4844. 

  (45)  Nganga, J. K.; Samanamu, C. R.; Tanski, J. M.; Pacheco, C.; Saucedo, C.; Batista, V. S.; 

Grice, K. A.; Ertem, M. Z.; Angeles-Boza, A. M. Electrochemical Reduction of CO2 Catalyzed by 

Re(pyridine-oxazoline)(CO)3Cl Complexes. Inorg. Chem. 2017, 56, 3214-3226. 

  (46)  Sung, S.; Kumar, D.; Gil-Sepulcre, M.; Nippe, M. Electrocatalytic CO2 Reduction by 

Imidazolium-Functionalized Molecular Catalysts. J. Am. Chem. Soc. 2017, 139, 13993-13996. 

  (47)  McNicholas, B. J.; Blakemore, J. D.; Chang, A. B.; Bates, C. M.; Kramer, W. W.; Grubbs, 

R. H.; Gray, H. B. Electrocatalysis of CO2 Reduction in Brush Polymer Ion Gels. J. Am. Chem. 

Soc. 2016, 138, 11160-11163. 

  (48)  Benson, E. E.; Kubiak, C. P. Structural investigations into the deactivation pathway of the 

CO2 reduction electrocatalyst Re(bpy)(CO)3Cl. Chem. Commun. 2012, 48, 7374. 

  (49)  Hawecker, J.; Lehn, J.-M.; Ziessel, R. Photochemical and Electrochemical Reduction of 

Carbon Dioxide to Carbon Monoxide Mediated by (2,2'-Bipyridine)tricarbonylchlororhenium(I) 

and Related Complexes as Homogeneous Catalysts. Helv. Chim. Acta 1986, 69, 1990-2012. 

  (50)  Smieja, J. M.; Sampson, M. D.; Grice, K. A.; Benson, E. E.; Froehlich, J. D.; Kubiak, C. P. 

Manganese as a Substitute for Rhenium in CO2 Reduction Catalysts: The Importance of Acids. 

Inorg. Chem. 2013, 52, 2484-2491. 

  (51)  Costentin, C. Electrochemical Approach to the Mechanistic Study of Proton-Coupled 

Electron Transfer. Chem. Rev. 2008, 108, 2145-2179. 



  (52)  McKinnon, M.; Ngo, K. T.; Sobottka, S.; Sarkar, B.; Ertem, M. Z.; Grills, D. C.; Rochford, 

J. Synergistic Metal–Ligand Redox Cooperativity for Electrocatalytic CO2 Reduction Promoted 

by a Ligand-Based Redox Couple in Mn and Re Tricarbonyl Complexes. Organometallics 2018, 

38, 1317-1329. 

  (53)  Sampson, M. D.; Nguyen, A. D.; Grice, K. A.; Moore, C. E.; Rheingold, A. L.; Kubiak, C. 

P. Manganese Catalysts with Bulky Bipyridine Ligands for the Electrocatalytic Reduction of 

Carbon Dioxide: Eliminating Dimerization and Altering Catalysis. J. Am. Chem. Soc. 2014, 136, 

5460-5471. 
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