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ABSTRACT: The electrochemical reduction of CO2 (CO2RR) into value-added chemicals offers a promising route toward a circular 
carbon economy and reduced reliance on fossil fuels. A detailed understanding of the structural and electronic factors governing the 
performance of molecular CO2RR electrocatalysts is essential for the design of efficient, tunable systems. Here, we report a series of 
rhenium(I) complexes, fac-[ReI(6,6′-(R)2-bpy)(CO)3Cl] (bpy = 2,2′-bipyridine; R = mesityl (mes), 2,4,6-triisopropylphenyl (trip), or 
isophthalic acid (phth)) and evaluate their electrocatalytic activity. Among these, fac-[ReI(6,6′-(mes)2-bpy)(CO)3Cl] exhibited the 
highest performance, enabling selective CO2-to-CO conversion for 1 hour with Faradaic efficiency (FE) > 97%, representing an 
unprecedented activity level for a Re-bpy catalysts. Single-crystal X-ray diffraction and density functional theory (DFT) calculations 
indicated that favorable CO2 binding could be promoted by the tilting of the 6,6′-(mes)2-bpy ligand, providing mechanistic insight 
into the observed enhancement. The study consequently demonstrates a rational correlation between the CO2 electrocatalytic perfor-
mance of Re-bpy catalysts and their structural variations, as derived from X-ray data and corroborated by computational modeling.

While CO2 is an essential component of the dark cycle of some photo-
synthetic systems, the recent dramatic rise in CO2 atmospheric levels can 
no longer be compensated by photosynthetic systems or other living organ-
isms, leading to the known consequence of climate change.1-2 To this end, 
one mitigation strategy for increasing CO2 levels is to convert it into value-
added feedstock, such as CO, CH4 or other branched aliphatic derivatives, 
which require chemically catalyzed processes. Some possible CO2 reduc-
tion products and the corresponding standard redox potentials in aqueous 
solution (E° / V vs. SHE) are summarized in Eq. 1–5.3-4 Note that the ther-
modynamics of these transformations, including the proton reduction reac-
tion (Eq. 6), are very similar, and are thus difficult to differentiate solely 
based on thermodynamic considerations. As hydrogen will systematically 
represent a competitive pathway to CO2 reduction catalysis, product analy-
sis is always key to evaluate the catalytic performances.  

𝐶𝑂! + 2𝐻" + 2𝑒# 	→ 𝐶𝑂(%) + 𝐻!𝑂(') 																						− 0.11	𝑉	(𝐸𝑞. 1) 

𝐶𝑂! + 2𝐻" + 2𝑒# 	→ 𝐻𝐶𝑂𝑂𝐻(') 																																− 0.25	𝑉	(𝐸𝑞. 2) 

𝐶𝑂! + 6𝐻" + 6𝑒# 	→ 𝐶𝐻(𝑂𝐻(') + 𝐻!𝑂(') 														+ 0.02	𝑉	(𝐸𝑞. 3) 

𝐶𝑂! + 8𝐻" + 8𝑒# 	→ 𝐶𝐻)(%) + 2𝐻!𝑂(') 																	+ 0.17	𝑉	(𝐸𝑞. 4) 

2𝐶𝑂! + 12𝐻" + 12𝑒# 	→ 𝐶𝐻!𝐶𝐻!(%) + 4𝐻!𝑂(') 		+ 0.06	𝑉	(𝐸𝑞. 5) 

2𝐻" + 2𝑒# 	→ 𝐻!(%)																																																								0.00	𝑉	(𝐸𝑞. 6) 
Molecular electrocatalysts for CO2 reduction such as rhenium 2,2′-bipyr-

idine derivatives,5-6 iron porphyrins,7-8 cobalt and nickel phthalocyanine9-11 
or copper polypyridines12 have received increased interest due to their high 
activity, selectivity and tunable electrochemistry through judicious ligand 
design. These catalysts are well-known to offer high selectivity for the re-
duction of CO2 to CO in homogeneous phase by a two-electron process. In 

the early eighties, Lehn and coworkers reported the rhenium(I) tricarbonyl 
2,2′-bipyridine complex, fac-[ReI(bpy)(CO)3Cl] (1) that was active as a ho-
mogeneous catalyst for the reduction of CO2 to CO under photo- and elec-
trocatalytic conditions.5-6 Since then, a plethora of [ReI(bpy)(CO)3Cl] de-
rivatives have been developed and this category of homogeneous catalysts 
for the CO2 to CO reduction is amongst the most prevalent. The effect of 
the 2,2′-bipyridine substituents on the electrocatalytic activity has also been 
studied.13-15 In addition, with the development of molecular photoelec-
trodes, [ReI(bpy)(CO)3Cl]-type catalysts have attracted sparking interest for 
surfaces functionalization,16 including enhanced photocatalytic activity on 
TiO2 reported by Reisner and coworkers,17 or on Cu2O as photocathode for 
CO2 reduction reported by Grätzel, Mayer and coworkers,18 and more re-
cently, in quantum dot-sensitized NiO photocathode for electrochemical 
CO2 reduction by the group of Tian19 or on silicon substrates.20-21 

Substituent effects on [ReI(bpy)(CO)3Cl] catalysts have been extensively 
explored to modulate the CO2 reduction activity. In 2010, Kubiak and co-
workers investigated electron-donating and -withdrawing groups at the 4,4′-
positions of 2,2′-bipyridine (Figure 1, Re-a) and found that 4,4′-di-tert-bu-
tyl substitution enhanced electrocatalytic CO2-to-CO conversion, achieving 
a second-order rate constant of 1000 M–1s–1.13 Similarly, Müller, Polo, and 
colleagues varied 4,4′-substituents to assess their photocatalytic CO2 reduc-
tion reaction (CO2RR) activity (Figure 1, Re-b).22 Complexes bearing elec-
tron-donating groups (–CH3, –OCH3) exhibited slower excited-state 
quenching with sacrificial donors such as BIH and TEOA compared to elec-
tron-withdrawing groups (–Br, –COOH, –CO2CH3). However, the former 
reacted more rapidly with CO2 upon one-electron reduction, underscoring 
the trade-off between photophysical and chemical steps. 

Costentin, Chardon-Noblat, and co-workers examined 5,5′-substituted 
bpy ligands (Figure 1, Re-c,d) and showed that conjugated carboxylic or 
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non-conjugated phosphonate esters diminished the activity via electron-
withdrawing effects.14 In general, such groups lower the overpotential (η) 
but reduce turnover frequency (TOF), whereas electron-rich substituents 
enhance TOF at the expense of increased η. 

To overcome this trade-off, functionalization in the second coordination 
sphere (SCS) has emerged as a powerful strategy, with precedents in bio-
mimetic chemistry,23-24 hydrogen evolution,25 and O2 evolution catalysis.26 
In CO2RR, SCS modifications in Fe–tetraphenylporphyrins, such as pen-
dant trimethylanilinium, enhance activity via through-space electrostatic ef-
fects.27-28 Similar concepts have been applied to Re catalysts,29-36 including 
installation of local proton sources,32-33 intramolecular hydrogen-bond do-
nors,34 and ionic groups proximal to the active site35 to stabilize the metal–
carboxylate intermediate. 

For [ReI(bpy)(CO)3Cl] (1), the 6,6′-positions offer close proximity to the 
Re center and are ideal for SCS functionalization. In 2017, Nippe et al. in-
troduced a redox-active imidazolium group (Figure 1, Re-e), which shifted 
the onset potential 100–150 mV positive relative to 1 and improved the cor-
responding activity.31 Incorporation of a phenyl-2,6-diol moiety (Figure 1, 
Re-f) as a local proton source enabled catalysis after the first reduction 
wave, achieving a TON of 14.1 at –1.7 V vs. Ag|AgCl in MeCN/H2O 
(5%).32 Jurss and co-workers installed pendant aniline groups (Figure 1, 
Re-g) in ortho-, meta-, or para positions, finding that the meta-substituted 
complex exhibited the highest TOF (239 s–1) and a Faradaic efficiency (FE) 
of 89% in MeCN/4% TFE.34 Lewis base groups in the SCS (Figure 1, Re-
h) have also been shown to orient Brønsted acids, enhancing FE to 84% and 
achieving TON = 14.36 Matsubara and co-workers combined hydroxy and 
trimethylammonium substituents (Figure 1, Re-i) to couple proton delivery 
with Coulombic stabilization, lowering the overpotential in DMF/H2O.²⁸ 
Marinescu and colleagues further probed pendant amines (Figure 1, Re-j) 
at the 6,6′-positions, finding that NH2 groups increased FE with applied po-
tential, reaching 83%, whereas NMe2 analogues displayed moderate, poten-
tial-independent FE (41–65%).³⁵ 

 

Figure 1. Chemical structure of selected examples of Re-based 
complexes used for CO2 to CO electrocatalytic reduction. 

Collectively, these studies establish that SCS engineering can modulate 
redox properties, overpotentials, and CO2 binding kinetics in Re–bpy cata-
lysts, offering multiple levers to enhance activity and selectivity. Here, we 
target this site with sterically demanding aromatic substituents (Figure 2) 
to simultaneously tune electronic structure, suppress dimerization, and 
probe SCS effects on product selectivity and intermediate stabilization. We 
prepared mesityl (mes, 2: [ReI(bpymes)(CO)3Cl]), 2,4,6-triisopropylphenyl 
(trip, 3: [ReI(bpytrip)(CO)3Cl]), and isophthalic acid (phth, 4: 
[ReI(bpyphth)(CO)3Cl]) derivatives and evaluated their electrocatalytic 
CO2RR performance in the absence and presence of weak proton sources 
(methanol, phenol, and 2,2,2-trifluoroethanol), benchmarking against the 
prototypical [ReI(bpy)(CO)3Cl] (1) and rationalizing the difference in elec-
trocatalytic performance via comprehensive density functional theory 
(DFT) computational studies.  

Results and Discussion  
Synthesis. The desired 6,6′-(Br)2-2,2′-bipyridine ligand was obtained 

through the copper-assisted homo-coupling of 2,6-dibromo-pyridine. After-
wards, two types of substituents were coupled through a typical Suzuki cou-
pling reaction (Figure 2). Coupling to electron-rich substituents, namely 
2,4,6-trimethylphenyl (mes) and 2,4,6-triisopropylphenyl (trip) gave rise to 
the two corresponding 6,6′-functionalized 2,2′-bipyridine ligands, i.e. 
bpymes and bpytrip, respectively. Coupling to the electron-poor isophthalic 
acid derivative gave rise to the corresponding bpyphth ligand. The Suzuki 
coupling took place at reflux in toluene/methanol mixture in the case of 
bpymes and bpytrip, and in a methanol/water mixture in the case of bpyphth. 
The corresponding 6,6′-(R)2-2,2′-bipyridine were isolated in moderate to 
excellent yield (56-94%). The formation and purity of these ligands was 
confirmed by 1H NMR, 13C NMR and high-resolution mass spectrometry.  

The four targeted complexes (1-4, Figures 1 and 2) were prepared in 
yields greater than 60 % by reacting one equivalent of the appropriate ligand 
(bpy, bpymes, bpytrip and bpyphth) with one equivalent of [ReI(CO)5Cl]. In the 
case of complexes 1-3, the reaction proceeded smoothly in refluxing toluene 
for 24 hours, whereas complex 4 required extensive heating in methanol for 
four days as the solubility of the bpyphth prevented carrying out the reaction 
in toluene. The extended reaction time most probably originated from the 
increased bulkiness of this ligand, disfavoring access to the chelation site. 
Complexes 1–3 are soluble in most common solvents: they are highly solu-
ble in acetone, acetonitrile and dimethylformamide (DMF), and have mod-
erate solubility in dichloromethane and chloroform but show poor solubility 
in water. Complex 4 bearing the isophthalic moiety is only soluble in DMF 
and DMSO and sparingly soluble in acetonitrile. The complexes were char-
acterized by 1H and 13C NMR, high-resolution mass spectrometry (HRMS), 
UV-vis absorption, steady-state and time-resolved photoluminescence 
spectroscopy along with electrochemical measurements. In addition, single 
crystals suitable for X-Ray diffraction were obtained for complexes 2 and 
3 by the slow diffusion of hexane into a chloroform solution of the com-
plexes, while crystals of 4 were obtained by slow diffusion of diethyl ether 
into a methanolic solution of 4 (Figure 3). The XRD structure revealed a 6-
coordinate geometry for the Re(I) center with three CO groups occupying 
one face of the octahedral (fac) and the chloride occupying the axial posi-
tion. Varying degrees of tilting between the bipyridine plane and the Re-
CO coordination plane were observed (Figure 3, bottom).37 Complexes 2 
and 4 exhibited the largest tilt angle of 23.53° and 21.28°, respectively, 
while complex 3 displayed a significantly low tilt angle of 7.20°. 

Photophysical properties. UV-vis absorption and photoluminescence 
spectra of complexes 1-4 were recorded in argon purged DMF and are all 
displayed in the supporting information (Figure S18). The complexes dis-
played the typical metal-to-ligand charge transfer (MLCT) transitions 
around 370-380 nm.38-39 Ligand-based transition are also observed at wave-
length below 310 nm. These absorption features and corresponding molar 
absorption coefficients are gathered in Table 1. 

The introduction of substituents in the 6,6′ positions of the 2,2′-bipyri-
dine had only marginal effects on the ground-state absorption properties, as 
complexes 2-4 exhibited similar absorption features and molar absorption 
coefficients as complex 1.22, 40 When irradiated around 375±5 nm, com-
plexes 1-3 exhibited steady-state photoluminescence with maxima that are 
centered between 630 and 640 nm, in agreement with the literature value of 
642 nm reported for complex 1 in dichloromethane.41-42 Complex 4 exhib-
ited a marked blue-shift of the photoluminescence, with a maximum cen-
tered at 607 nm in DMF (Figure S18). The excited state of complex 1 de-
cayed mono-exponentially in argon purged DMF with a corresponding ex-
cited-state lifetime of 28 ns, once again consistent with the reported value 
of 39 ns in dichloromethane.41 The three other complexes exhibited slightly 
shorter excited-state lifetime, that ranged from 10 to 15 ns.  
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Figure 2. Reaction scheme for the synthesis of the desired 6,6′-bis-aryl-substituted 2,2′-bipyridine ligands and the corresponding complexes.

 
Figure 3. Ortep representation of complexes 2-4 with the front view 
(left) and side view (right) with ellipsoids shown at the 50% prob-
ability level. Solvent molecules were omitted for clarity. The inter-
secting planes of the bpy (yellow) and Re-CO (pink) display tilt 
angles of 23.53°, 7.20° and 21.28° for 2, 3 and 4, respectively. 
Color code; rhenium (magenta), nitrogen (blue), oxygen (red) and 
chloride (green). 

Table 1. Photophysical properties of complexes 1-4 rec-
orded at 20 °C in argon-purged DMF. 

Re λ(ϵ)/nm(103 M−1 cm−1) λex/
nm 

λem/
nm τ0/ns 

1  318 (7.1), 372 (3.1) 370 631 28 
2 317, 15.3 333 (12.9), 372 (3.0) 370 643 10 
3 320 (9.6), 336 (7.2), 380 (1.45) 380 645 15 
4 322 (10.5), 336 (8.9), 378 (1.8) 380 607 11 
Electrochemistry and electrocatalytic CO2 reduction. Cyclic voltam-

metry (CV) experiments of complexes 1-4 were carried out using a 1 mM 
concentration of complex dissolved in dry DMF in the presence of 0.1 M 
Bu4NPF6 supporting electrolyte. The three electrodes setup consisted of a 
glassy carbon working electrode, a platinum counter electrode and an 

Ag|AgCl reference electrode. DMF was chosen as solvent in these experi-
ments as it allowed to fully solubilize the four complexes, allowing fair 
comparison between the redox potentials and electrocatalytic activity of 
these complexes in identical conditions. The oxidation window comprised 
two oxidation events. For complex 1, the first oxidation was irreversible 
and assigned to the metal-centered ReII/I oxidation resulting in the loss of 
Cl– which is then oxidized at more positive potential.43 Notably, the revers-
ibility of the first oxidation event is enhanced for complexes 2-4, as evi-
denced from the variable scan rate cyclic voltammetry (Figures S19-S22). 
Thus, this oxidation event changed from irreversible for 1 to quasi-reversi-
ble for 2 and 3 possessing the hydrophobic units and then becomes fully 
reversible for complex 4 with the isophthalic unit in its SCS (Figure S22). 
Complexes 1-4 exhibited a reversible one-electron reduction wave followed 
by a second irreversible wave (Figure 4 and Table 2), which are ascribed 
to ligand-centered reduction followed by an irreversible ReI/0 reduction.6, 44-

45 The first reduction occurred at E1/2 = –1.30 V for the parent complex 1. 
This reduction event was slightly shifted to more negative values upon the 
introduction of electron donating units, i.e.  –1.38 V and –1.31 V for com-
plexes 2 and 3, respectively. Similarly, the introduction of electron-with-
drawing units slightly shifted the potential of the first reduction event to 
more positive potentials for complex 4, i.e. –1.21 V. Thus, the difference 
between the first reduction potential of complex 2 and 4 is around 170 mV. 
It is important to note that the reduction event of complex 4 becomes broad 
and difficult to observe when the cathodic window is recorded after the an-
odic scan (Figure 4, cyan dashed line). Conversely, when the cathodic scan 
is recorded first up to –1.50 V and using freshly polished electrode (Figure 
4, blue trace) the first reduction wave becomes discernible and reversible. 
This observation highlights the potential for chemical change upon oxida-
tion and potential deposition on the electrode, presumably via oxidative de-
carboxylation.46  

Table 2. Electrochemical properties of complexes 1-4.a 

Re Ec/V 
(ReI/0) 

E1/2/V 
(Py0/•–) 

Ea/V 
(ReII/I) 

Ea/V 
(L0/•+)  (D)/cm2 s-1 

1  –1.68 –1.30 1.44 1.84 4.8 x10–5 
2 –1.91 –1.38 1.38 2.00 1.7 x10–6 
3 –1.96 –1.31 1.53 2.00 3.5 x10–6 
4 –1.70 –1.21c 1.55 2.00 1.4 x10–5 

arecorded in DMF with 0.1 M (Bu4N)PF6 supporting electrolyte, 
scan rate 100 m V/s, glassy carbon working electrode (d = 2 mm, 
A = 0.03 cm2) vs. Ag|AgCl reference electrode and Pt counter elec-
trode at 20 °C. In this system E1/2(Fc+/Fc) = 0.45 ± 0.01 V. Ec: po-
tential of cathodic wave, Ea: potential of anodic wave, E1/2 half-
wave potential of reversible event. 
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Figure 4. Cyclic voltammetry of [ReI(bpy)(CO)3Cl] 1 (black), 
[ReI(bpymes)(CO)3Cl] 2 (red), [ReI(bpytrip)(CO)3Cl] 3 (green), and 
[ReI(bpyphth)(CO)3Cl] 4 sweeping (blue) 0.0 V → –1.50 V → 0 and 
(cyan) 0.0 V → 2.0 V → –2.0 → 0. All experiments were carried 
out at a concentration of 1 mM of complex in DMF and under ar-
gon. Reduction potentials are summarized in Table 2. Conditions: 
0.1 M (Bu4N)PF6 supporting electrolyte, scan rate 100 m V/s, 
glassy carbon working electrode (d = 2 mm, A = 0.03 cm2) vs. 
Ag|AgCl references electrode and Pt counter electrode at 20 °C. In 
this system E1/2(Fc+/Fc) = 0.45 ± 0.01 V. 

Plots of the current vs. the square root of the scan rate for the first reduc-
tion event in complexes 1-4 (Figure S23) confirmed that this step is reversi-
ble and diffusion controlled for the four complexes. This facilitates the use 
of the Randles-Ševčík equation (see SI) that yielded the corresponding dif-
fusion coefficient (D, cm2 s–1) for each complex.46-47 Using this equation, 
diffusion coefficients of 4.8 x 10–5, 1.7 x 10–6, 3.5 x 10–6 and 1.4 x 10–5 cm2 

s–1 were determined for complexes 1 through 4, respectively (Table 2). For 
complexes 2 and 3, the trend in diffusion coefficient is consistent with the 
fact that the bulky hydrophobic groups slow down the diffusion rate by one 
order of magnitude compared to 1. Complex 4, bearing the hydrophilic 
isophthalic acid units, diffuses three times slower than the parent complex 
but still faster than complexes 2 and 3. This probably stems from the fact 
that complex 4 is only disubstituted on each phenyl ring whereas complexes 
2 and 3 bear trisubstituted derivatives. These diffusion coefficients are in 
the same range of analogous mono-aryl substituted rhenium-bpy complexes 
(Re-g, Figure 1, D = 1.3 x 10–5 – 1.72 x 10–5 cm2s–1) reported recently by 
Jurss and coworkers34 as well as in close range to the one reported by Demp-
sey and coworker for ferrocene, i.e. 2.7 10–5 cm2 s–1 in MeCN.34 

Next, the four complexes were tested as electrocatalysts for CO2 reduc-
tion using CO2 saturated DMF in the presence and absence of proton source. 
Since the first report of Hawecker, Lehn, and Ziessel in 1984,6 where en-
hancement in catalytic current was observed when 10% of water was added 
to a DMF solution of catalyst 1, the CO2 electrocatalytic enhancement due 

to the addition of proton sources became well documented in the literature.7, 

44, 48 In here, three proton sources of varying strength were used, i.e. 2,2,2-
trifluoroethanol (TFE), methanol (MeOH), and phenol (PhOH) with re-
ported pKa range of 23.5 to 29.0 in DMSO.49 Values in DMF were not avail-
able in the literature. MeOH as a poor acidic proton source has recently been 
employed in CO2 electroreduction.50-51 The use of different proton sources 
provides insight into the CO2 electrocatalytic performance in terms of sta-
bility, activity, and overpotential.  

To assess the catalytic efficiency of these novel catalysts, cyclic voltam-
metry was first recorded for each catalyst under saturated CO2 conditions in 
the absence of a proton source. For all catalysts, current enhancement was 
observed at the onset of the second reduction potential (Figure 5) with the 
stark exception of catalyst 2 where a slight catalytic current is observed at 
the first catalytic wave (vide infra). Owing to the irreversibility of the sec-
ond reduction event under argon atmosphere, the catalytic potential of each 
catalyst was determined from the value of the potential at midpoint of the 
catalytic current (Ecat/2, Table 3, ESI-Section 6), which lies in the steepest 
portion of the catalytic wave.52 The variation in the value of potential at 
Ecat/2 is smaller than that determined from the peak current (icat). This ena-
bles to determine the overpotential from the difference between Ecat/2 and 
E°CO2/CO in DMF.  

An Ecat/2 of –1.68 V was determined for catalyst 1 in CO2 saturated con-
ditions in the absence of any proton source (Figure 5 and Figure S24) 
whereas catalysts 2 and 3 have the corresponding Ecat/2 value negatively 
shifted by 60 mV and 200 mV, respectively (Table 3, Figure 5 and Figures 
S25-S26). This observation was expected as the electron-donating Mes and 
Trip substituents render the corresponding catalysts more difficult to re-
duce, as discussed earlier. Interestingly, catalyst 4, with its isophthalic acid 
group, shifted the CO2 reduction event 140 mV more positive than the ref-
erence catalyst (Ecat/2 = –1.54 V for 4 vs. –1.68 for 1). Although complex 4 
initially appeared to exhibit catalytic activity after the first reduction, simi-
lar to catalyst 2, further controlled potential electrolysis (CPE) experiments 
revealed that its activity was short-lived in the presence of MeOH as the 
proton source (see below). 

The performance of an electrocatalyst for CO2 reduction is evaluated by 
comparing the peak current of the catalytic wave in presence of CO2 (icat) 
with the current value of the same event but in the absence of CO2 (under 
argon, ip). In case of an efficient catalyst, rapid conversion due to high turn-
over of CO2 by the catalyst can result in a high value of icat compared to ip 
(icat/ip).3 For all catalysts, the catalytic activity, dictated by the value of icat/ip 

, and the potential at half of the catalytic wave current (Ecat/2) are both en-
hanced in the presence of 2,2,2-trifluoroethanol, phenol or methanol (Table 
3, Figures S24-S27), with the exception of catalyst 4, for which the cata-
lytic potential is slightly shifted to more negative value with the presence 
of 3 M PhOH (–1.57 V) and drastically shifted to –1.93 V in the presence 
of 3 M TFE, likely triggering the proton reduction process. In the absence 
of proton source, catalyst 2 displayed an icat/ip value that is twice that of the 
other catalysts. This observation is most probably due to residual water in 
the cell or in the solvent that serves as proton source. Among all proton 
source used in this study, MeOH produced the most significant positive 
shift in catalytic potential (Ecat/2), with catalyst 1, 2 and 4 exhibiting nearly 
identical ranges for Ecat/2 between –1.39 V and –1.46 V. Conversely, catalyst 
3 exhibited an Ecat/2 of –1.59 V in the presence of 6.2 M MeOH. Reference 
catalyst 1 catalyzed the CO2 reduction in the absence of proton sources at 
Ecat/2 of –1.68 V with an icat/ip of 3.4, which is in good agreement with the 
icat/ip of 4.4 reported by Nippe and coworkers for the same catalyst in ace-
tonitrile without a proton source.31 In the presence of 6.2 M MeOH, the Ecat/2 

for this catalyst shifted positively to –1.39 V with an icat/ip  of 7.7. Compared 
to 1, the newly studied catalysts displayed improved icat/ip values in the pres-
ence of MeOH with the exception of catalyst 4 bearing the isophthalic 
groups, that showed slightly lower icat/ip of 5.7. Remarkably, catalyst 2 fea-
turing the dimesityl group stands out with an icat/ip of 21.3, nearly four times 
greater than that of reference catalyst 1 and double that of catalyst 3 (icat/ip 
of 11.1).  

 

Page 4 of 12

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 5 

 

Figure 5. Cyclic voltammetry of 1 mM DMF solutions of [ReI(bpy)(CO)3Cl] 1 (a), [ReI(bpymes)(CO)3Cl] 2 (b), [ReI(bpytrip)(CO)3Cl] 3 (c), 
and [ReI(bpyphth)(CO)3Cl] 4 (d) recorded under Ar (black), CO2 (red) and CO2 in the presence of 6.2 M MeOH (blue). Plots with other proton 
sources are shown in ESI Section 6 with catalytic performance summarized in Table 3. Inset in B shows an enlarged portion of the CV where 
the pre-catalytic wave is observed near the first reduction event of 2. Conditions: 0.1 M (Bu4N)PF6 supporting electrolyte, scan rate 100 
mV/s, glassy carbon working electrode (d = 2 mm, A = 0.03 cm2) vs. Ag|AgCl references electrode and Pt counter electrode at 20 °C. In this 
system E1/2(Fc+/Fc) = 0.45 ± 0.01 V. 

Table 3. Catalytic performance of catalysts 1-4 under CO2 in DMF in absence and presence of proton source; 2,2,2-trifluoro-
ethanol (3 M TFE), phenol (3 M PhOH) and methanol (6.2 M MeOH). 

 icat/ip Ecat/2 (V vs Ag|AgCl) 

Catalyst No H+ TFE PhOH MeOH No H+ TFE PhOH MeOH 

[ReI(bpy)(CO)3Cl] 1  3.4 10 10 7.7 –1.68 –1.51 –1.58 –1.39 

[ReI(bpymes)(CO)3Cl] 2 7.6 9.2 6.2 21.3 –1.74 –1.59 –1.69 –1.46 

[ReI(bpytrip)(CO)3Cl] 3 3.4 6.7 5.2 11.1 –1.88 –1.67 –1.80 –1.59 

[ReI(bpyphth)(CO)3Cl] 4 3.9 9.2 9.0 5.7 –1.54 –1.93  –1.57 –1.36 
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Figure 6. Controlled potential electrolysis (CPE) experiment at –1.80 V (vs. Ag|AgCl) of CO2-saturated DMF solutions in the presence of 
6.2 M MeOH for the blank (grey), and with 1 mM of catalyst 1 (black), 2 (red), 3 (green) and 4 (blue). (A) Current-time plot for 1 hour CPE 
experiment, (B) corresponding charge-time plot for the experiment in A. (C) product distribution analysis (circles: CO, squares: H2) from 
the 1 hour CPE experiment along with the rinse test (magenta) by which the working electrode used with catalyst 2 was gently dipped in 
DMF and then the electrolysis was repeated in CO2 saturated freshly made electrolyte in the presence of 6.2 M MeOH. (D) Bar chart for the 
analysis of the gaseous product for CO (black solid bars) and H2 (dashed bars), the CO Faradaic efficiency is indicated on the top of the bar 
for each catalyst. 

To further evaluate the long term electrocatalytic CO2 activity of these 
catalysts, controlled potential electrolysis experiments were conducted at 
an applied potential of –1.80 V vs. Ag|AgCl using 1 mM of the desired 
catalyst in DMF with 6.2 M MeOH and a glassy carbon working electrode 
(A = 3.1 cm2). As illustrated in Figure 6, catalysts 1-4 exhibited varying 
performances in CO2 reduction. Catalyst 2 displayed the highest current 
value over the course of one hour, averaging –5.5 mA. It achieved a total 
charge of 20.3 C and produced 102 µmol of CO along with a Faradaic effi-
ciency (FE) of 97% and no trace of H2 detected. Rinsing experiments, 
whereby the electrode was removed after the CPE experiment using catalyst 
2 showed minimal activity, with a charge accumulation and gas analysis 
similar to that recorded for the blank (Figure 6C). The unmodified refer-
ence complex (1) ranked second in reactivity under the same experimental 
conditions, yielding half the amount of CO (50 µmol) compared to 2, with 
a FE of only 76% and trace amounts of H2. The FE of 1 was twice that 
reported by Nippe for the same catalyst in MeCN with 10% water as the 
proton source.31 In contrast to 1 and 2, catalysts 3 and 4 demonstrated dras-
tically reduced activity for CO2 reduction, resulting in charge accumulation 
over one hour of 4.5 C for 3 and 2.7 C for 4. The current density for 4 was 
also observed to decrease significantly after 30 minutes of electrolysis, in-
dicating a loss of activity. For catalysts 3 and 4, only a minimal amount of 
CO was detected (7-11 µmol) and only traces of H2, while no other products 
dissolved in the liquid phase were detected, thereby confirming their low 
activity. The significantly reduced catalytic performance of catalyst 4 along 
with its rapid deactivation is likely due to the electron-withdrawing nature 
of the carboxylic acid groups attached to the 6,6' positions. These groups 
likely destabilize the electron-deficient metal center in the metallocarbox-
ylate reaction intermediate (CO2H-ReI), which is crucial for the CO2 reduc-
tion reaction.30-31, 34 In contrast, this intermediate can be stabilized by the 
electron donating groups, as manifested effectively in catalyst 2. The same 
reasoning applies to catalyst 3 with the Trip groups, however, the –1.8 V 
applied potential may not be significantly advantageous for 3, as the cata-
lytic wave observed for this catalyst is the most negative among those 

studied. Additionally, the requirement to apply a potential even more nega-
tive than –1.8 V, as used in this study, is not desirable for catalysis. Control 
experiments in the absence of catalyst demonstrated negligible CO for-
mation over the duration of one hour, with hydrogen being the sole product 
generated. Altogether, these experiments confirmed that 2 is acting as an 
efficient homogeneous molecular CO2RR catalyst and highlights that the 
SCS significantly influences the catalytic performance of the Re-bpy cata-
lyst for CO2 reduction. The modification of the SCS with the electron-do-
nating mesityl group not only increased the catalytic activity but also shifted 
the potential required for catalysis to better align with the first reduction 
wave, thereby enhancing the longevity of the resulting catalyst. Conversely, 
the introduction of either larger electron-donating Trip groups or electron-
withdrawing isophthalic groups reduced the activity for CO2 reduction in 
DMF with MeOH (6.2 M) as the proton source. 

Computational modeling. To rationalize these observations and gain 
insight into the activation pathways for CO2 reduction, density functional 
theory calculations at the MN15 level,53 in combination with the SMD solv-
ation model54 for DMF were performed. The computed reaction pathways 
are represented in Figure 7, with the computed values for each step pre-
sented in Table 4. We started our mechanistic investigation with the first 
reduction potential of the [Re-Cl]0 or [Re-DMF]+ complexes. The four cat-
alysts, whether bearing Cl or DMF axial ligands exhibit reduction potentials 
that span a narrow range, i.e. E1 = –1.47 to –1.66 V and E4 = –1.32 to –1.44 
V. Following this first reduction event, the catalysts can either undergo lig-
and loss (Cl or DMF) according to steps ∆G1 and ∆G2 or a second reduction 
with concerted ligand loss as indicated by E2 and E5 in Figure 7. Among 
the catalysts investigated, the catalyst bearing the bulkiest substituent (3) 
exhibited the lowest free energy changes of 5.2 kcal mol–1 and -0.7 kcal 
mol–1 for chloride ion and DMF dissociation, respectively. The computed 
potential for the subsequent reduction of the penta-coordinated [Re]0, re-
sulting in the active two-electron reduced species [Re]─, also lies within a 
narrow-computed range, i.e. E3 = –1.44 to –1.59 V. Furthermore, the reduc-
tion of [Re-Cl]─ with the concerted loss of Cl─ requires a more negative 
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potential (E2 = –1.75 to –2.00 V), whereas the reduction of [Re-DMF]0 with 
the concerted loss of DMF results in a lower energy requirement with com-
puted potentials of E5 = –1.49 to –1.63 V. Thus, at this stage it appears that 
the formation of the doubly reduced species is thermodynamically feasible 
for all catalysts, but that the free energy cost and the computed potentials 
are overall more favorable once the initial chlorido ligand has been replaced 
by the solvent. 

 

Figure 7. Computed activation steps for [Re-Cl]0 and solvated [Re-
DMF]+  species. 

Interestingly, the computed free energy values for the CO2 binding to the 
doubly reduced species ([Re]─) to form carboxylate intermediates ([Re-
CO2]─) (∆G3 highlighted in green in Figure 7) ranges between 7.0 kcal mol–

1 for the most active catalyst featuring the mesityl-moiety (2) to 13.4 kcal 
mol–1 for the least active catalyst featuring the excessively bulky trip-moiety 
(3), thereby indicating a more favorable CO2 binding free energy for cata-
lyst 2. At first glance, these results could appear counter-intuitive as the 
mesityl groups are expected to also provide a significant steric hindrance 
for CO2 binding, especially compared to the parent fac-[ReI(bpy)(CO)3Cl] 
catalyst. Interestingly, a closer look at the computed geometries of the dif-
ferent catalysts indicated that the active catalyst 2 displayed a significant 
tilting of the 2,2'-bipyridine unit compared to the other catalysts (Figure 8), 
as reported for other active catalysts.37 This was also confirmed by X-Ray 
crystallography (Figure 3). Specifically, theoretical calculations allowed to 
determine a tilt angle of 6o for 1, 20o compared to 23.53o (XRD) for 2, and 
2.5o compared to 7.20o (XRD) for 3. As ∆G3 represents the only computed 
energy where significant differences were observed, it could thus represent 
a key step within the catalytic cycle and suggests that the bending of 2 may 
account for the higher activity of this complex in overall CO2 conversion. 
Additional pathways were also computed, such as the disproportionation of 
the mono-reduced species, [Re-DMF]0 and [Re-Cl]─. Although thermody-
namically feasible, they do not exhibit systematic differences between the 
catalysts examined in this study. 

Table 4. Summary of computed reduction potentials (E in V vs Fc+/Fc ) and free energy changes (∆G in kcal mol–1) for [Re(6,6’-
(R)2-bpy)(CO)3X] pre-catalysts (1-4) 

Re E1 E2 E3 E4 E5 E6 E7 ∆G1 ∆G2 ∆G3 ∆G4 ∆G5 ∆G6 

1 1.58 1.97 1.55 1.42 1.53 –1.33 –1.70 9.9 –0.4 8.4 –13.3 5.7 –2.9 
2 1.66 2.00 1.59 1.44 1.63 –1.25 –1.65 9.3 0.8 7.0 –13.1 5.5 –3.8 
3 1.60 1.75 1.52 1.41 1.49 –1.31 –1.68 5.2 –0.7 13.4 –14.6 4.2 –4.2 
4 1.47 1.96 1.44 1.32 1.53 –1.20 –1.57 12.1 2.1 10.2 –11.4 6.5 –1.9 

 

 
Figure 8. Calculated structures for catalysts 1, 2, and 3, from left to right. 

Conclusion  
Three 6,6'-substituted 2,2'-bipyridine ligands were synthesized using Su-

zuki coupling reaction between 6,6'-dibromo-2,2'-bipyridine and the corre-
sponding 2,4,6-trimethylphenyl (Mes), 2,4,6-triisopropylphenyl (Trip) and 
isophthalic (Phth) boronic acid. These groups vary in their bulkiness and 
electron donating ability, allowing for fine tuning of fundamental proper-
ties. These ligands were used for the synthesis of a series of Re(I) complexes 
that were evaluated for CO2 reduction and benchmarked against the proto-
typical [ReI(bpy)(CO)3Cl] catalyst, in the absence and presence of weak 
Brønsted acids. Although the introduction of bulky mesityl and triiso-
propylphenyl groups had minor effects on the first reduction event at –1.30 
V, the potentials of the second reduction event shifted to more negative val-
ues under inert conditions to –1.91 V for 2 and –1.96 V for 3 compared to 
–1.68 V for 1 and –1.70 for 4, respectively. Methanol positively impacted 
the electrocatalytic activity represented by icat/ip, following trend in activity 

where 2 > 3 > 1 > 4 with icat/ip  =  21.3 > 11.1 > 7.7 > 5.7. CPE experiments 
conducted at –1.80 V for one hour indicated highest turnover number of 16 
achieved by the most active catalyst 2, followed by the literature structurally 
unmodified catalyst 1 with TON ~7, whereas the least active catalysts 3 and 
4 displayed minimal TON ~1.  

Experimental and theoretical calculations point towards the tilting of cat-
alyst 2, in addition to the incorporation of electron donating groups, as key 
factors controlling the catalysis. Indeed, whereas potentials shifts are well 
understood based on electronic factors, geometric contributions are cur-
rently less rationalized. In the present case, it appears that the tilting of cat-
alyst 2 favors the key insertion of CO2 compared to the other catalysts, 
which is paramount to initiate the reductive chemistry. This can be the fac-
tor rendering catalyst 2 faster and more efficient than 1, 3, and 4 and as a 
consequence, the competing hydrogen formation reaction and/or other 
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[Re-DMF]+

E1

E4

[Re-Cl]–

[Re-DMF]0

E2

E3[Re]0
∆G1

∆G3

∆G2

[Re]– [Re-CO2]–

∆G4

[Re-COOH]0

[Re-CO]0

[Re-COOH]– [Re-CO]+

∆G6

∆G5E5
E7

E6

Page 7 of 12

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 8 

deactivation processes are minimized. This represents an approach that war-
rants future investigations in the coming future.  

Experimental section  
1H-NMR and 13C NMR spectra were recorded on a Bruker AC-300 

Avance II (300 MHz) or a JEOL JNM-ECZL R (400 MHz and 600 MHz) 
at 293 K. Chemical shifts are reported in parts per million and referenced to 
the residual protonated solvent peak in the 1H NMR spectra and the residual 
solvent peak in the 13C NMR spectra [CDCl3: 7.26 ppm (1H) and 72.16 ppm 
(13C); d6-DMSO: 2.50 ppm (1H) and 39.52 ppm (13C)]. High-resolution ESI-
MS was performed with a Q-Extractive orbitrap from ThermoFisher using 
reserpine as the internal standard. Samples were ionized by electrospray 
ionization (ESI). UV−vis absorption spectra were recorded on an Agilent 
Cary 60 spectrophotometer in a quartz cuvette with a 1 cm path length. Mo-
lar absorption coefficients were determined in at least two independent 
measurements with less than 5 % standard deviation. 

Time-resolved and steady-state photoluminescence spectra were rec-
orded on an FS5 Spectrofluorometer from Edinburgh Instruments equipped 
with a time-correlated single photon counting module. The steady-state 
photoluminescence spectra were recorded using a 150 W Xenon arc lamp 
as the excitation source. The photoluminescence was detected at a right an-
gle to the excitation beam using a single photon counting PMT-900 in a 
temperature-stabilized housing. The spectra were integrated for 0.1–0.2 s at 
each wavelength. Time-resolved photoluminescence data were collected on 
the FS5 spectrofluorometer using the time-correlated single photon count-
ing technique (TCSPC). Excitation was achieved with a 450±5 nm diode 
laser (EPL-450, 85 ps pulse width at 10 MHz) for rhenium complexes. Pho-
tons reaching the detector were accumulated to reach a count of 5,000. 

Cyclic voltammetry (CV) was performed with an Autolab PGSTAT 100 
potentiostat using a standard three-electrodes cell, i. e., a glassy carbon disk 
working electrode (d = 2 mm, A = 0.03 cm2), a platinum wire counter elec-
trode and an aqueous Ag|AgCl reference electrode. Experiments were per-
formed in dry DMF with 0.1 M TBAPF6 as supporting electrolyte at a scan 
rate of 0.1 V/s.  

Computational Methods. All geometries were fully optimized at the 
MN15 level of density functional theory,53 in conjunction with the SMD 
continuum solvation model54  for DMF using the def2-TZVP basis set on 
Re55 and the def2-SVP basis set55 on all other atoms. Non-analytical inte-
grals were evaluated using the integral=(grid=ultrafine) option as imple-
mented in the Gaussian 16 software package.56  The nature of all stationary 
points was verified by analytic computation of vibrational frequencies, 
which were also used for the computation of zero-point vibrational energies 
and molecular partition functions. Partition functions were used in the com-
putation of 298 K thermal contributions to the free energy employing the 
usual ideal-gas, rigid-rotator, harmonic oscillator approximation.57 Free-en-
ergy contributions were added to single-point MN15 electronic energies 
computed using SMD continuum solvation model for DMF at the optimized 
geometries obtained with the initial basis with def2-TZVPP basis set on Fe 
and Re and the def2-TZVP basis set on all other atoms to arrive at final 
composite free energies. The reduction potentials are computed in reference 
to Fc+/Fc couple. 

Single crystal determination was performed on a MAR345 image plate 
detector using MoKa radiation generated by an Incoatec IµS microfocus 
source (Montel mirrors) at ambient conditions. The unit-cells, data reduc-
tion and absorption correction (multi-scan method) were conducted using 
CrysAlisPro58 software package. The structure was solved by dual space 
direct methods SHELXT59 and refinement by full-matrix least-squares 
against F2 using SHELX-2019/3.60 All non-hydrogen atoms were refined 
anisotropically and hydrogen atoms were placed at calculated positions and 
refined in riding mode. 

Materials. Acetonitrile (99.9 %, VWR), dichloromethane (99.9 %, sta-
bilized with about 0.002 % of 2-methyl-2-butene, VWR), diethyl ether 
(99.9 %, VWR), ethanol absolute (99.9 %, VWR), acetone (99.9 %, VWR), 
ethylene glycol (≥99.5 %, Roth), methanol (99.9 %, VWR), n-hexane 
(97 %, VWR), dimethylformamide (99.9 %, VWR), ammonium hexafluor-
ophosphate (99 %, Fluorochem), tetra-n-butylammonium hexafluorophos-
phate (≥98 %, TCI), ammonium chloride (>99 %, Acros Organics), alumi-
num oxide for chromatography (neutral, Brockmann I, 40–300 μm, 60 A, 
Thermo Fisher), silica gel for flash column chromatography (60 Å, 40–63 
μm, ROCC), hydrochloric acid (37 %, VWR), sodium chloride (99.5 %, 
Acros Organics), 2-bromopyridine (99%, TCI), 4,4'-bipyridine (98%, 
across), n-Butyl lithium (2.5 M-hexane, Sigma-Aldrich), copper(II) chlo-
ride (CuCl2) (99 %, across), rhenium(I) pentacarbonyl chloride 
(Re(CO)5Cl) (99%, Sigma), 5-Boronoisophthalic acid (99%, BLDPharm), 

2,4,6-triisopropylphenylboronic acid (99%, BLDPharm), 2,4,6-trime-
thylphenylboronic acid (99%, BLDPharm).1,1,1-trifluorethanol (99 
%TCI), phenol (99%, TCI) tetra-n-butylammonium hexafluorophosphate 
(99 % electroanalysis, Sigma-Aldrich), deuterated acetonitrile (99.8 %D, 
Eurisotop), deuterated dimethylsulfoxide (99.8 %D, Eurisotop), were pur-
chased from commercial suppliers and used as received. Water was purified 
by a Millipore Milli-Q system. [ReI(bpy)(CO)3Cl] was prepared according 
to a literature procedure.3 Tetrakis(triphenylphosphine)palladium(0), 
[Pd(P(C6H5)3)4] ([Pd(PPh3)4]) was prepared following literature procedure61  
and stored in the dark at –20 °C. All reactions were conducted under inert 
atmosphere unless otherwise stated. 

Synthesis 
6,6′-Dibromo-2,2′-bipyridine This precursor was prepared according to 

a literature procedure with slight modifications.62 Typical procedure in-
volved using rigorously dried reagents and glassware. n-butyl lithium (2.5 
M-hexane, 12.15 mL, 30.4 mmol, 1.2 equiv) was added over 1 hour to a –
70 °C cooled suspension of 2,6-dibromopyridine (6.0 g, 25.3 mmol, 1 
equiv) in anhydrous diethylether (24 mL) in a three-neck round bottom flask 
kept under argon. CuCl2 (1.40 g, 15.7 mmol, 0.5 equiv) was then added and 
stirred for 30 minutes. The reaction mixture was thoroughly bubbled with 
dry air for 40 minutes. HCl (6 M, 60 mL) was subsequently slowly added 
to quench the reaction mixture that was then filtered and the solid product 
was washed with 0.5 M HCl. More product was obtained by extracting the 
filtrate with CHCl3. The resulting combined brown solid was recrystallized 
from hot CHCl3. The desired product was obtained as white crystals (2.37 
g, 60 % yield) which were filtered off and washed with pentane. 1H NMR 
(400 MHz, CDCl3, δ (ppm)): 8.39 – 8.34 (m, 2H), 7.66 (td, J = 7.8, 0.7 Hz, 
2H), 7.49 (dd, J = 7.9, 0.9 Hz, 2H). 

6,6′-Dimesityl-2,2′-bipyridine (bpymes) This was synthesized according 
to a literature procedure with slight modifications.63 To a suspension of 6,6′-
dibromo-2,2′-bipyridine (0.80 g, 2.54 mmol, 1 equiv) in toluene (170 mL), 
were added mesitylboronic acid, (1 g, 6.1 mmol, 2.4 equiv) and methanol 
(20 mL). Aqueous Na2CO3 (2 M, 32 mL) was then added, and the mixture 
was bubbled with argon for 10 minutes before adding [Pd(PPh3)4] (0.157 g, 
0.127 mmol, 0.05 equiv). The reaction mixture was bubbled with argon for 
an additional 5 minutes before being refluxed for 72 h. Afterward, the reac-
tion mixture was cooled to room temperature, the organic layer was taken 
and washed with saturated Na2CO3 solution (100 mL). The aqueous layer 
was washed with DCM (100 mL x 3 times) and the combined organic 
phases (toluene and DCM) were dried over anhydrous MgSO4, filtered and 
evaporated under reduced pressure to obtain the title compound as a white 
solid (0.63 g, Yield 64%). 1H NMR: (300 MHz, CDCl3, δ (ppm)): 8.38 (dd, 
J = 8.0, 1.1 Hz, 2H), 7.80 (t, J = 7.8 Hz, 2H), 7.21 (dd, J = 7.6, 1.1 Hz, 2H), 
7.01 – 6.95 (m, 4H), 2.35 (s, 6H), 2.12 (s, 12H).  

6,6′- Di-(2,4,6-tiisopropylphenyl)-2,2′-bipyridine (bpytrip). To a sus-
pension of 6,6′-dibromo-2,2′-bipyridyl (0.5 g, 1.59 mmol, 1 equiv) in tolu-
ene (170 mL), were added 2,4,6-triisopropylphenylboronic acid, (1.0 g, 
4.03 mmol, 2.52 equiv) and methanol (7.5 mL). Aqueous Na2CO3 (2 M, 7.5 
mL) was then added, and the mixture was bubbled with argon for 10 
minutes before adding [Pd(PPh3)4] (0.100 g, 0.08 mol, 0.05 equiv). The re-
action mixture was bubbled with argon for an additional 5 minutes before 
being refluxed for 72 h. Afterward, the reaction mixture was cooled to room 
temperature, the organic layer was taken and washed with saturated Na2CO3 
solution (100 mL)). The aqueous layer of the reaction was washed with 
DCM (100 mL x 3 times) and the combined organic phases (toluene and 
DCM) were dried over anhydrous MgSO4, filtered and evaporated under 
reduced pressure to obtain the title compound as a white solid (0.84 g, Yield 
94%). 1H NMR (400 MHz, CD2Cl2, δ (ppm)): 8.41 (dd, J = 8.0, 1.1 Hz, 2H), 
7.81 (t, J = 7.8 Hz, 2H), 7.26 (dd, J = 7.6, 1.1 Hz, 2H), 7.13 (s, 4H), 2.97 
(p, J = 6.9 Hz, 2H), 2.68 – 2.54 (m, 4H), 1.32 (d, J = 6.9 Hz, 12H), 1.13 
(dd, J = 7.9, 6.8 Hz, 24H). 13C NMR (400 MHz, CD2Cl2, δ (ppm)) δ 159.22, 
155.67, 149.01, 146.59, 136.90, 136.57, 125.16, 120.73, 118.79, 34.53, 
30.42, 24.00, 23.95, 23.86. HRMS m/z (calcd for [bpytrip+H]+ [C40H35N2+ 
H]+ 561.4209, found 561.4221). 

6,6′-Di-(5-isophthalic acid)-2,2′-bipyridine (bpyphth) To a suspension 
of 6,6′-dibromo-2,2′-bipyridyl (0.80 g, 2.54 mmol, 1 equiv) and 5-boro-
noisophthalic acid (1.35 g, 6.42 mmol, 2.5 equiv) in methanol (12 mL), was 
added aqueous Na2CO3 (2 M, 12 mL) and the mixture was bubbled with 
argon for 10 minutes before adding [Pd(PPh3)4] (0.157 g, 0.127, 0.05 equiv). 
The reaction mixture was bubbled for an additional 5 minutes and refluxed 
for 72 h. Afterward, the reaction mixture was cooled to room temperature 
and the resulting white-brown solid was filtered, the solid was washed with 
20 mL H2O. The resultant aqueous phases were combined and acidified 
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with HCl (6 M) to pH ~ 2-3 to give a white precipitate which was filtered 
and washed with water, small portions of cold ethanol and diethylether and 
then dried under vacuum (0.64 g, Yield 56%). 1H NMR (400 MHz, 
D2O/NaOD, δ (ppm)): 8.59 (d, J = 1.6 Hz, 4H), 8.44 (d, J = 7.8 Hz, 2H), 
8.34 (t, J = 1.6 Hz, 2H), 8.10 (t, J = 7.8 Hz, 2H), 7.95 (d, J = 7.8 Hz, 2H). 
13C NMR (400 MHz, d6-DMSO, δ (ppm)) δ 167.07, 155.60, 154.43, 139.97, 
139.73, 132.65, 131.77, 131.03, 121.93, 120.63. HRMS m/z (calcd for [M-
H]- [C26H15N2O8- H]- 483.0823, found 483.0828) 

[Re(bpymes)(CO)3Cl] (2) Pentacarbonylchlororhenium(I), [ReCl(CO)5] 

(100 mg, 0.276 mmol, 1equiv) and 6,6′-dimesityl-2,2′-bipyridine (bpymes) 
(108 mg, 0.276 mmol, 1 equiv) were suspended in toluene (15 mL) and 
refluxed at 120 °C for 24 h. After cooling to room temperature, the reaction 
mixture was filtered to remove any unreacted solid and the filtrate was re-
duced to 3 mL. Diethyl ether (10 mL) was then added and the solution was 
left for 2 hours to allow the precipitation of a yellow solid, which was fil-
tered and washed with diethyl ether and dried in vacuum to afford a yellow 
product (125 mg, 65% Yield). 1H NMR (300 MHz, DMSO-d6, δ (ppm)): 
8.79 (dd, J = 8.4, 1.3 Hz, 2H), 8.33 (t, J = 7.9 Hz, 2H), 7.53 (dd, J = 7.7, 
1.2 Hz, 2H), 7.29 – 7.09 (m, 2H), 6.97 (d, J = 7.3 Hz, 4H), 2.27 (s, 6H), 
2.05 (s, 6H). HRMS m/z (calcd for [M+Na]+ [C31H28O3N2ClRe+Na]+ 
719.12102, found 719.12152) and (calcd for [M-Cl+MeCN]+ 
[C33H31O3N3Re]+ 702.18895, found 702.18953) 

[Re(bpytrip)(CO)3Cl] (3) Pentacarbonylchlororhenium(I), [ReCl(CO)5] 

(100 mg, 0.276 mmol, 1equiv) and di-(2,4,6-tiisopropylphenyl)-2,2′-bipyr-
idine (bpytrip) (108 mg, 0.276 mmol, 1 equiv) were suspended in toluene (15 
mL) and refluxed at 120 °C for 24 h. After cooling to room temperature, the 
reaction mixture was filtered off, and the filtrate volume was reduced to 3 
mL. Diethyl ether (10 mL) was added which resulted in the formation of a 
yellow precipitate that was collected by filtration, washed with diethyl ether 
and dried under vacuum to afford pure product. (170 mg, 71% Yield). 1H 
NMR (400 MHz, DMSO-d6, δ (ppm)): 8.85 – 8.72 (m, 2H), 8.27 (t, J = 8.0 
Hz, 2H), 7.73 (d, J = 6.8 Hz, 2H), 7.09 (d, J = 2.1 Hz, 4H), 2.97 – 2.80 (m, 
2H), 2.44 (s, 4H), 1.28 – 1.10 (m, 24H), 0.91 (dd, J = 15.0, 6.8 Hz, 12H). 
13C NMR (400 MHz, CDCl3, δ (ppm)): 164.63, 158.08, 151.48, 147.08, 
145.39, 136.83, 129.93, 122.75, 121.99, 120.89, 34.67, 30.90, 30.83, 25.73, 
25.69, 24.06, 24.04, 23.34, 22.62. HRMS m/z (calcd for [M+Na]+ 
[C43H52O3N2

35ClRe+Na]+ 887.30882, found 887.30949) and (calcd for [M-
Cl+MeCN]+ [C45H55O3N3Re]+ 870.37675, found 870.37766) 

[Re(bpyphth)(CO)3Cl] (4) Pentacarbonylchlororhenium(I), [ReCl(CO)5] 

(100 mg, 0.276 mmol, 1 equiv) and 6,6′-di-(5-isophthalic acid)-2,2′-bipyri-
dine (bpyphth) (134 mg, 0.276 mmol, 1equiv) were suspended in metha-
nol/toluene (1/1, 30 mL) mixture and heated at reflux for 96 h. The reaction 
mixture was concentrated to half its volume and filtered giving a yellow 
solid which was washed with diethylether (15 mL) and acetonitrile (10 mL). 
Subsequently, the solid was solubilized in MeOH/DMF mixture (1/0.2, 5 
mL) which upon slow ether diffusion (10 mL) precipitated. The precipitate 
was filtered and washed with ether to afford a yellow solid (134 mg, 61 % 
Yield). 1H NMR (400 MHz, DMSO, δ (ppm)) δ 13.40 (s, 4H), 8.92 (d, J = 
7.4 Hz, 2H), 8.60 (t, J = 1.6 Hz, 2H), 8.49 – 8.37 (m, 4H), 8.23 (s, 2H), 7.91 
(dd, J = 7.7, 1.1 Hz, 2H), 7.28 – 7.08 (m, 6H). 13C NMR (400 MHz, DMSO-
d6, δ (ppm)) δ 166.59, 161.48, 158.11, 142.54, 141.12, 134.89, 133.83, 
132.47, 132.10, 131.48, 128.36, 124.96, 118.64. HRMS m/z (calcd for [M-
Cl+MeCN]+ [C31H19O11N3Re]+ 794.05437, found 794.05503) 
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