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ABSTRACT 

The photocatalytic efficacy of a novel mononuclear rhenium(I) complex in CO2 reduction is 

remarkable, with a turnover number (TONCO) of 1517 in three hours, significantly outperforming 

previous Re(I) catalysts. This complex, synthesized via a substitution reaction on an aromatic ring 

to form a bromo-bipyridine derivative, L1 = 2-Bromo-6-(1H-pyrazol-1-yl)pyridine, and further 

reacting with [Re(CO)5Cl], results in the facial-tricarbonyl complex [ReL1(CO)3Cl] (1). The light 

green solid was obtained with an 80% yield and thoroughly characterized using cyclic 

voltammetry, NMR, FTIR and UV-vis spectroscopy. Cyclic voltammetry under CO2 atmosphere 

revealed three distinct redox processes, suggesting the formation of new electroactive compounds. 

The studies on photoreduction highlighted the ability of the catalyst to reduce CO2, while NMR, 

FTIR, and ESI mass spectrometry provided insights into the mechanism, revealing the formation 

of solvent-coordinated complexes and new species under varying conditions. Additionally, 

computational studies (DFT) were undertaken to better understand the electronic structure and 

reactivity patterns of 1, focusing on the role of the ligand, spectroscopic features, and redox 

behavior. This comprehensive approach provides insights on the intricate dynamics of CO2 

photoreduction, showcasing the potential of Re(I) complexes in catalysis. 
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INTRODUCTION 

Human-induced activities and dependency on fossil fuels have significantly escalated the issue 

of climate change, primarily through the continuous rise in CO2 emissions affecting the Earth's 

thermal balance.1,2 In tackling this global challenge, researchers are turning towards novel methods 

such as CO2 photoreduction, utilizing renewable energy like sunlight to transform CO2 into useful 

products such as fuels and chemicals.3–5 

Metal-based catalysts play a significant role in the process of CO2 photoreduction, effectively 

converting it into a diverse range of products such as fuels,6,7 sustainable materials,8 and essential 

chemical feedstocks. 9-11 These catalytic systems are typically composed of multiple components, 

one of which is a redox photosensitizer that triggers electron transfer from a sacrificial donor to 

the catalyst, ultimately transferring these electrons to the CO2 molecule. The advantage of these 

systems lies in their flexibility, allowing for the adjustment of each component (photosensitizer 

and sacrificial donor) individually to enhance the efficiency of the catalyst. However, the electron 

transfer process between the different components is limited and hampered, primarily due to 

diffusion-collision.12,13 

One solution to overcome these limitations in CO2 photoreduction is the use of photocatalysts. 

Among the notable compounds in this field are Re(I) bipyridine complexes, which have been a 

subject of study since their introduction by Lehn and Hawecker in 1980.14 Recent research has 

unveiled various mononuclear and binuclear rhenium complexes inspired by this pioneering work, 

resulting in increased efficiency and durability. Nevertheless, challenges remain, such as the 

energy input required, the quantity of catalyst needed, and the reliance on high-power visible light 

lamps for photocatalyst activation. For example, fac-[Re(pyr)(CO)3Cl] and fac-[Re(bpy)(CO)3Cl] 

were studied as catalysts for CO2 photoreduction into CO in DMF/TEOA (5:1) solutions with 
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concentrations around the millimolar range (1 and 0.026 mM, respectively) and a 300 W Xe lamp 

(equipped with a 350 nm cutoff filter) exhibiting a good photocatalytic activity and stability 

(TONCO = 120 and TONCO = 17, respectively).14–21 

To address these challenges and enhance the photocatalytic activity and durability of rhenium 

photocatalysts, researchers have employed a ligand functionalization approach using photoactive 

units, such as -conjugated aromatic groups with electron-donating and electron-withdrawing 

groups.18, 22-24 Recognizing the significant role played by the ligand in the photoreduction of CO2, 

our objective is to develop a new family of rhenium photocatalysts with superior activity for CO2 

photoreduction. To achieve this, we have initiated the development of a versatile ligand for 

functionalization and have prepared a novel Re(I) complex that serves as an active and selective 

photocatalyst for CO2 conversion, operating efficiently even at concentrations as low as nanomolar 

levels.14, 24–32 

 

 

EXPERIMENTAL SECTION 

General remarks 

All reagents were used without further purification. The reagents used were purchased from 

different companies such as Sigma Aldrich, Acros Organics, Fluorochem and/or TCI. Solvent 

purifications were performed according to the book “Purification of Laboratory Chemicals” by 

Armarego and Perrin.33 All reactions were done using standard Schlenck techniques and freshly 

distilled solvents. NMR spectra were recorded on a Bruker Advance 400 spectrometer using 

deuterated solvents (dimethylsulfoxide-d6 (DMSO-d6), dimethylformamide-d7 (DMF-d7), 

CD3CN, CD2Cl2). FTIR spectra were obtained on a Nicolet 6700 FTIR spectrophotometer in the 

400-4000 cm-1 range with 4 cm-1 resolution using KBr pellets. Elemental analysis (EA) for C, H 
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and N were performed with a Truspec Micro CHNS 630 200 200 elemental analyser at the 

Department of Chemistry, University of Aveiro. Analysis parameters: sample amount 1.3 - 2.0 

mg; combustion furnace temperature 1075 ºC; afterburner temperature 850 ºC. Detection method: 

C, H and S through infrared absorption; N by thermal conductivity. Gases required: combustion - 

oxygen; carrier   helium; pneumatic - compressed air. 

All MS data were collected using a Q-trap, time-of-flight MS (Maxis Impact MS) instrument 

supplied by Bruker Daltonics Ltd. The detector was a Time-of-Flight, micro-channel plate detector 

and all data were processed using the Bruker Daltonics Data Analysis 4.1 software, whilst 

simulated isotope patterns were investigated using Bruker Isotope Pattern software and Molecular 

Weight Calculator 6.45. The calibration solution used was Agilent ES tuning mix solution, 

Recorder No. G2421A, enabling calibration between approximately 100 m/z and 2000 m/z. This 

solution was diluted 60:1 with MeCN. Samples were dissolved in DMF/MeOH (2:1) and 

introduced into the MS via direct injection at 180 µL h-1. The ion polarity for all MS scans recorded 

was positive, at 180 oC, with the voltage of the capillary tip set at 4000 V, endplate offset at –500 

V, funnel 1 RF at 300 Vpp and funnel 2 RF at 400 Vpp.  

 

Synthesis 

2-Bromo-6-(1H-pyrazol-1-yl)pyridine (L1) was synthesized according to a literature method.34 

 

[ReL1(CO)3Cl] (1) 

To a solution of L1 (224.6 mg, 1.002 mmol) in toluene (20 mL) was added rhenium 

pentacarbonyl chloride (361.7 mg, 1.000 mmol) and this solution was mixed for 17 h at 110 ºC. 

During this time, a light green solid formed. Afterward, the reaction mixture gradually cooled to 
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room temperature. The solution was then concentrated, and the solid was separated by filtration, 

washed with diethyl ether (3  10 mL) and tetrahydrofuran (1  10 mL, THF). The resulting solid 

was dried under vacuum for 6 hours, yielding 424 mg of the final product (yield: 80%). Crystals 

suitable for single crystal X-ray diffraction (SCXRD) analysis were obtained by layering a solution 

of the complex in dichloromethane with diethyl ether. 1H NMR (400 MHz, DMF-d7, 298 K): δ = 

9.35 (d, J = 3.0 Hz, 1H), 8.63-8.50 (m, 2H), 8.35 (t, J = 8.1 Hz, 1H), 8.13 (d, J = 7.8 Hz, 1H), 7.07 

– 7.01 (m, 1H); 13C NMR (100 MHz, DMF-d7, 298 K): δ = 199.22, 197.07, 191.30, 147.37, 144.90, 

140.59, 133.89, 113.30, 129.62, 113.16; UV-vis (nm, DMF): 349, 355; FTIR (cm-1, KBr pellets): 

ṽ(C-H): 3097 cm-1, ṽ(CO): 2028, 1927, 1911 cm-1, ṽ(C=C): 1600 and 1470 cm-1, ṽ(C=N): 1568; 

Elemental Analysis for [Re(C8N3H6Br)(CO)3Cl]: exp. C 24.6, H 1.1, N 8.1 calc. C 24.8, H 1.7, N 

7.9.  

 

 

Crystallography 

Crystals suitable for SCXRD analysis were grown as described in the synthetic procedures and 

the data was collected at 150(2) K using a RIGAKU XtaLAB Synergy-i equipped with a Mo Kα 

(λ = 0.71073 Å) PhotonJet-i microsource, a HyPix3000 detector controlled by the CrysAlisPro 

software (Y. Oxford Diffraction Ltd, England, 2022, CrysAlis PRO, Rigaku V1.171.142.173a) 

and equipped with an Oxford Cryosystems Series 800 cryostream. Diffraction images were 

processed using the CrysAlisPro software and data was corrected for absorption by the multi-scan 

absorption correction using spherical harmonics implemented in SCALE3 ABSPACK scaling 

algorithm. The structures were solved by the direct methods using SHELXT 2014/5 and refined 

by weighted full matrix least-squares method on F2 using SHELXL2018/3.35 All non-hydrogen 
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atoms were refined with anisotropic thermal parameters. Molecular diagrams were drawn with 

Mercury software.36 The data for 1 was deposited in CCDC under the deposit numbers 2327449. 

 

Photoreduction experiments 

CO2 photoreduction experiments were performed in a 16 mL quartz reactor, directly exposed to 

low-voltage solar lamp irradiation (Philips, Projection lamp type 13117, 18.82 V, 160 W). The 

experiments were carried out under a saturated CO2 atmosphere using 5 mL solutions of different 

concentrations of the catalyst (0.25 mM, 2.5 mM, 25 mM, 250 mM, 500 mM and 1000 mM), 

TEOA (0.3 M) in DMF. These solutions were stirred with a magnetic bar and irradiated for several 

periods of time at 60 ºC (residual heating from the light source). The gases produced were analyzed 

by gas chromatography equipment fitted with a thermal conductivity detector (GC-TCD) using 

gas-tight syringes (500 μL) previously purged with CO2 and the liquid products were not analyzed. 

Following each injection, the temperature of the quartz reactor was measured using a thermometer. 

  For gaseous products quantification, was GC-TCD used from Agilent Technology (GC-TCD 

7820A) controlled by OpenLAB ChemStation edition software. A HP-MOLESIEVE capillary GC 

Column (L×I.D. 30 m×0.32 mm, average thickness 12 μm) was used for H2, CO, CH4 and CO2 

detection. The temperature was held at 200 ºC and 220 ºC both for the injector and the detector 

(respectively). The carrier gas was Ar flowing at 1.7 mL min-1 and injections were performed with 

gas-tight syringes (250 or 500 μL) previously purged with CO2. The method was based on a 

temperature ramp in the oven starting at 40 ºC for 8 min and gradually increased to 200 ºC for 12 

min (retention times (min): H2 1.91, O2 2.14, N2 2.62, CH4 3.17, CO 5.94, CO2 13.18). Calibration 

curves were obtained for H2, CO and CH4 separately by injecting known volumes of the pure gas. 
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Electrochemistry 

Cyclic voltammetry experiments were performed using 1 mM DMF solutions of the complex, 

under N2 or CO2 saturated atmosphere in a three-electrode one compartment electrochemical cell 

at 0.1 mV s-1. Glassy carbon (CHI Instruments, 3 mm diameter) and platinum wire were used as 

working and counter electrodes, respectively. Ag wire was used as the pseudo-reference electrode 

and tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting electrolyte 

(recrystallized from hot ethanol). Ferrocene was used as an internal standard and all potentials are 

referenced to ferrocene/ferrocenium couple. The working electrode was polished with alumina 

paste of 1 and 0.05 μm diameter sizes and washed thoroughly with Milli-Q water and dried under 

a nitrogen flux.  

 

Fluorescence and UV-vis studies 

UV-vis spectra were recorded on a Shimadzu 50/60 Hz spectrometer using a 3 mL solution of 1 

(5 × 10-5 M) in the desired solvent (DMF or DCM). The time dependent experiments were 

performed using the same solution of 1 in DMF until no changes in the spectrum were observed. 

Emission spectra were recorded on a Horiba-Jobin-Yvon SPEX Fluorolog 3.22 

spectrofluorometer.  

 

Electrospray Ionization Mass spectrometry (ESI-MS) solution studies 

The ESI-MS studies were performed in DMF:MeOH (2:1) solution in positive ionization mode. 

During the course of the CO2 photoreduction experiments a 0.3 M TEOA solution in DMF 

saturated with CO2 containing an amount of 1 (0.25 mM) was used. Subsequently, the solution 

was irradiated in a quartz cell using a low voltage halogen lamp (100 W) for 4 hours.  
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Computational Methods 

Electronic structure calculations performed made use of the ORCA version 5.0.4 software37 

package throughout. The hybrid PBE0 density functional38,39 was used (also known as PBE1PBE) 

in conjunction with Grimme’s D4 correction40. 

The triple-zeta relativistic all electron x2c-SVP basis sets41 was used for the light elements and 

x2c-TZVP for rhenium. The IORA modified metric relativistic Hamiltonian42 (IORAmm) was 

used.  

The Resolution of Identity with the Chain of Spheres approximation43,44 (RIJCOSX) was used 

in the multi-centre integral solving with the default integration grid settings and corresponding 

auxiliary basis set (x2c/J). Implicit solvation effects were modelled by the Conductor-like 

Polarizable Continuum Model45,46 (CPCM) with default settings for dimethylformamide.  

Analytic Hessian analysis was carried out on all obtained stationary points to confirm their 

nature. Transition states underwent re-optimization with a fractional displacement of the imaginary 

vibrational mode to confirm the reaction pathway in both directions. Free Energies were computed 

for a temperature of 298.15 K. 

To avoid any charge artifacts the A→B transformation was calculated as the direct free energy 

difference between the [ReL1(CO)3(DMF)]+…Cl- ion pair and the [ReL1(CO)3Cl]…DMF van der 

Waals pair.  

The standard reduction potentials are reported against ferrocenium (Fc+)/ferrocene (Fc) pair as 

the reference. The calculated absolute potential at the chosen level of theory was 

Eabs(Fc+/Fc)=+5.182 eV. The calculated redox potentials were therefore estimated as follows: Eo 

= -(Gred-Gox) -Eabs(Fc+/Fc) = -ΔG−5.182 V.  
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Intra-fragment charge transfer (IFCT) analyses were estimated using the protocol implemented 

in the MultiWfn software program47 version 3.8 with Hirshfeld charge fragment partitioning. 

Emission spectra was simulated using ORCA’s ESD module48 employing both the calculated 

ground and excited state Hessians. Time-Dependent DFT optimizations were carried out for the 

target root among a selection of 40 scalar (singlet and triplet) states equivalent to 160 SOC states.  

 

 

RESULTS AND DISCUSSION 

 

Synthesis and characterization  

L1 was synthesized using a well-established method, described in the literature.34 This synthesis 

involved a substitution reaction on an aromatic ring to generate a bromo-bipyridine derivative. 

This compound was then used as a ligand in the preparation of the rhenium(I) complex. The 

process entailed mixing L1 with [Re(CO)5Cl] in toluene, followed by refluxing the mixture for 17 

hours. This procedure successfully yielded the anticipated facial-tricarbonyl complex (1), which 

was obtained in a light green solid form. The synthesis was notably efficient, achieving an 80% 

yield. 

Single crystals of 1 were successfully grown employing a layering technique. This involved 

carefully overlaying a dichloromethane solution of 1 with diethyl ether, which promoted the 

formation of well-defined crystals suitable for X-ray analysis. To characterize 1, various analytical 

techniques were employed, including 1H and 13C NMR, FTIR, elemental analysis, UV-vis 

spectroscopy, photoluminescence, and cyclic voltammetry. 

The compound displayed six 1H NMR aromatic resonances assigned to the coordinated ligand. 

13C and HSQC NMR allowed the unambiguous assignment of the carbon and carbonyl resonances 
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of 1 (Figures S1-S4). FTIR confirmed the presence of the characteristic vibrational modes of 

carbonyl groups ṽ(C=O) at 2028, 1927, and 1911 cm-1, as well as the bands attributed to pyridine, 

imidazole, and aliphatic groups at ṽ(C-H) at ~3000 cm-1, ṽ(C=C) and ṽ(C=N) between ~1400 and 

1600 cm-1. The [Re(CO)5Cl] precursor was not detected by FTIR (Figure S5). 

This mononuclear rhenium complex crystallized in the triclinic space group P1̅. The complex 

exhibits a facial octahedral geometry, with the ligand coordinating to the metal center in the 

equatorial plane (Figures 1 and S6). The angle between the ligand and the rhenium metal center is 

73.86º resulting in a complex with a distorted octahedral geometry (Tables S1 and S2). A 

comparison between the powder X-ray diffraction pattern of the synthesized sample and the 

simulated pattern derived from single crystal data reveals that the crystals obtained are 

representative of the bulk sample (Figure S7). 

 

 
Figure 1: ORTEP diagram of the X-ray crystal structure of 1 with thermal ellipsoids at the 50% 

probability level. Re (dark blue); Br (brown); Cl (green); O (red); N (blue); C (grey); H (white). 
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The structure of 1 was optimized in the ground state with the PBE0-D4 density functional. The 

optimized bond lengths are slightly underestimated with respect to the experimental values (Table 

S3) but the agreement is excellent.  

The nature of the electronic structure is typical of what is expected of a 5d6 octahedral complex. 

There is a sizable HOMO-LUMO gap (4.14 eV) and the first two virtual MOs (LUMO and 

LUMO+1) are mostly ligand centered (Figure S8).  

The formation of solvent-coordinated complexes is frequently observed in facial tricarbonyl 

rhenium(I) complexes when coordinating solvents are present 22,49–53, and the compound in 

question is no exception. The formation of these solvated compounds was confirmed by 1H and 

13C NMR using CD3CN, DMSO-d6 and DMF-d7, as well as the non-coordinating solvent CD2Cl2 

(Figures S9-S12) and evidenced as well as by mass spectrometry studies. 

The 1H NMR spectra in the coordinating solvents verified the presence of a solvent-coordinated 

species, as evidenced by the emergence of new peaks, some of which overlapped with the original 

compound. Notably, the ratio of the initial complex to the solvent-coordinated complex stands at 

2:1 for DMSO-d6 and DMF-d7 and 1:1 for CD3CN after 72 h, suggesting a greater exchange for 

the latter. No new peaks appeared in CD2Cl2, further supporting the formation of solvent-

coordinated compounds in the presence of coordinating solvents. The HSQC NMR spectrum 

unequivocally assigned the signals from 1 and the solvent-coordinated complex (Figure S4).  

The behavior of 1 in solution was further analyzed by UV-vis spectroscopy and the results were 

compared with those obtained computationally. The UV-vis spectrum of 1 exhibits a π-π* intra-

ligand band, and a low energy metal-ligand charge transfer (MLCT), possibly dπRe-πNN*, at 307 

nm and 355 nm, respectively. This assignment is borne out by computational analysis. It is clear 

that a metal-ligand charge transfer (MLCT) character occurs among the first electronic transitions. 
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Indeed, the character of the Frank-Condon electronic transitions can be assigned upon performing 

a time-dependent calculation. The agreement with the experimental spectrum is good with regards 

to the most intense band showing up at 292 nm (Figure 2). The theoretical prediction is at 274 nm. 

However, in the calculated spectrum a weak transition also emerges at 359 nm, and this is likely 

the weak shoulder visible at 318 nm. While the agreement with experiment is only fair in this 

instance it is quite reasonable.  

 

 

Figure 2: Normalized experimental (black) and calculated (red) absorption spectrum of 1. 

The first (weak) band corresponds to an MLCT and is attributable to the second excited state 

singlet (S2) and is a HOMO-1→LUMO transition. The most intense absorption band corresponds 

to two quasi-degenerate transitions S8 and S9, the latter contains a majority HOMO-3→LUMO 

character with a minor contribution of 29% HOMO-2→LUMO+1. HOMO-3→LUMO is a 

majority intra-ligand transition (Table S4 and Figure S13).The formation of the solvent-

coordinated complex was also followed by UV-vis spectroscopy. After 72 h, 1 partially 

transformed into the solvent-coordinated form in DMF, as evidenced by the emergence of two 
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distinct bands at 290 nm and 320 nm (Figures S14 and S15, and Table S5). To explore the influence 

of light on the creation of this solvent-coordinated entity, a DMF solution of 1 was exposed to 

light for 3 hours and subsequently analyzed using UV-vis spectroscopy. This revealed the 

development of a novel compound characterized by absorption bands at 307 nm and 355 nm. 

Interestingly, this spectral signature mirrors that of the solvent-coordinated complex formed after 

72 hours, suggesting that light speeds up the transformation of 1 into its solvent-coordinated 

species. The emission spectrum of the sample after 72 h at 300 K presents an emission band with 

a maximum centered at 330 nm, while at 77 K a stronger emission band at 410 nm appears (Figure 

S16). This temperature dependence suggests that this latter emissive band is associated with a 

3MLCT transition, as previously observed for similar Re complexes.54 

Computational studies revealed that upon the introduction of spin-orbit coupling (SOC) via the 

spin-orbit mean field (SOMF)55 approach the character of the second band becomes more 

convoluted. Scalar roots S8 and S9 are quasi-degenerate and exhibit oscillator strength values of 

0.128 and 0.342, respectively. SOC of these lead to spinor roots 44 and 45, with oscillator strengths 

0.151 and 0.240 respectively, both heavily admixed with the 13th triplet (T13).  

Since the electronic states of the second band have a diverse make-up an intra-fragment charge 

transfer analysis was performed on two fragments: {Re(CO)3Cl} and L1. These will provide the 

net electron gain by the ligand from the metallic fragment. While the first band is assuredly an 

MLCT transition, the second one has more limited MLCT character as may be seen from Table 

S3.  

To describe the photon emission process, a geometry optimization was also performed on one 

of the highest absorbing SOC states, i.e., root 44. The relaxed geometry is not substantially 

different from that of the ground state, the largest deviation being the ring bridge N(2)-C(8) which 
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contracts its bond length by 2.3 pm. There is also a shortening of the Re-N(1) bond by 1.8 pm and 

an enlargement of the Re-N(3) one by 1.3 pm.  

The calculated emission spectrum is close to the experimental one (Figure 3). The experimental 

band maximum is at 330 nm and the calculated one is at 314 nm. The final composition of the 

spinor state is 61%S8+22%T13 where each of the transition densities is identical to those shown in 

Figure 2. The estimated MLCT fragment character of this spinor state is 0.03e- which makes it a 

majority intra-ligand transition as opposed to the usual MLCT in complexes of this type. 

 

Figure 3: Normalized calculated (298 K, red) versus experimental (300 K) emission spectrum of 

1 (5 × 10-5 M) in DMF (λexc=290 nm). 

 

 

 Redox behavior 

 

The cyclic voltammograms of 1 were recorded in DMF using 0.1 M TBAPF6 electrolyte under 

N2 atmosphere (Figure S18). The complex displays three reduction events at -1.26, -1.73 and -2.13 
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V vs. Fc/Fc+ and three oxidation processes at -0.33, -0.46 and -2.08 V vs. Fc/Fc+. The first reduction 

(-1.73 V vs. Fc/Fc+) is ascribed to a one-electron reduction of the ligand NN/NN•ˉ.17 The second 

reduction (-2.14 V vs. Fc/Fc+) is attributed to a second one-electron reduction of the ligand. The 

remaining redox events are due to other ligand processes.56–60  

The redox potentials for complexes 1 and solvent-coordinated, were calculated referenced to 

the ferrocenium/ferrocene couple, considering both their ground and excited states and compared 

with the the experimental ones obtained with cyclic voltammetry. It was found that the reduced 

species is not a formal Re(0) complex but rather an organic-based radical. This conclusion is 

supported by the characteristics of the singly occupied molecular orbitals (SOMOs), as shown in 

Figure 4, and the Löwdin spin densities observed on the metal fragments, which are 0.00 for 

complex 1 and 0.019 for complex solvent-coordinated, respectively. 

 
Figure 4: SOMOs (Unrestricted Natural Orbitals) of the 1e- reduced species 1 (left) and the 

analogous solvent-coordinated complex (right). 

 

Photoreduction studies 

In the past few years, multiple research teams have delved into the study of both mononuclear 

and binuclear rhenium complexes under the influence of visible light irradiation in a DMF/TEOA 

mixture.14 Taking inspiration from these studies on rhenium complexes and the corresponding 
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characterization data, we assessed our compound during a series of CO2 photoreduction 

experiments. For these experiments, we employed 1 as the catalyst in a CO2-saturated DMF 

environment in the presence of TEOA (0.3 M). We subjected the solution to visible light irradiation 

using a solar simulator. To improve the CO2 photoreduction efficacy of this mononuclear rhenium 

complex, we performed several optimization trials and control experiments. The catalyst 

preferentially yielded 1.90 μmol of CO, achieving a TONCO of 1517 within a span of 3 hours at 60 

ºC, with a ɸCO of 0.03 % (Table 1, Figures S19 and S20). The experiments were conducted at 60 

ºC, a decision driven by the localized temperature spike from the lamp's irradiation. Remarkably, 

our catalyst's TONCO values surpass those of the best Re(I) catalysts previously reported for CO2 

photoreduction under similar conditions. In our experiments, we used catalyst concentrations 

ranging from 0.25 to 1.000 μM, and our reaction durations were consistently under 3 hours. This 

contrasts with the earlier Re(I) catalysts, which typically required much higher concentrations (in 

the millimolar range) and considerably longer reaction times, often exceeding 24 hours. Some of 

the most promising catalysts reported are fac-[Re(pyr)(CO)3Cl] (TONCO = 125, DMF/TEOA(5:1), 

after 24 h) where pyr = 4,7-bis(1H-pyrrole-1-yl)-1,10-phenanthroline, fac-[Re(pypyri)(CO)3Cl], 

where pypyri = 9-(pyren-1-yl)-10-(pyridin-2-yl)-9H-pyreno[4,5-d]imidazole, (TONCO = 124, 

DMF/TEOA (5:1), BIH (20 mM), after 8 h) and fac-[Re(BDP2)(CO)3Cl], where BDP2 = 4,4’-

bis(4-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4 |4,5 |4-dipyrrolo[1,2-c:2’,1’-f][1,3,2]diazaborinin-

10-yl)phenyl)-2,2’-bipyridine, (TONCO = 1320, DMF/TEOA (5:1), BIH (140 mM), after 30 h). 

22,31,62 

 

Table 1: Optimization of the catalyst concentration for the CO2 photoreduction reaction. 
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Entry [Cat] 

[μM] 

𝒏𝑯𝟐
 

[μmol] 

nCO 

[μmol] 

SelectivityCO 

[%] 

TONCO 

 

TOFCO 

[h−1] 

Φ 

[%]  

1 0 tr. 0.70 - - - - 

2 0.25 tr. 1.90 >99 1517 506 0.03 

3 2.5 tr. 1.46 >99 117 39 0.03 

4 25 tr. 2.02 >99 16 5 0.04 

5 250 tr. 3.33 >99 3 1 0.06 

6 500 tr. 2.56 >99 1 0.3 0.05 

7 1000 tr. 4.11 >99 1 0.3 0.07 

 

Reaction conditions: 5 mL DMF, TEOA (0.3 M), visible light (Philips, Projection lamp type 

13117, 18.82 V, 160 W), 3 h experiment, 6.26 × 1017 photons per second calculated for this 

apparatus by using K3[Fe(C2O4)3] actinometer. tr. = traces 

 

During the series of conducted control experiments under a N2 atmosphere, it was confirmed 

that the main source of CO production was the photoreduction of CO2 by 1. (Table S6, Figures 

S21-S23) We have found that in blank experiments, the CO generation process is primarily 

influenced by the light intensity and the inherent temperature surge due to lamp exposure. 

Interestingly, using a non-coordinating solvent like dichloroethane (DCE) revealed that 1 is not 

catalytically active during the CO2 photoconversion process. This highlights the essential 

coordination role of DMF coordination in this reaction, as presented in Table S6. Additionally, 

studies employing a 72-hour DMF solution of 1 revealed that the presence of solvent-coordinated 

complexes does not inhibit the conversion. This suggests that the transformation of 1 into its 

solvent-coordinated variant is a pivotal initial step in the CO2 photoreduction mechanism. 

To study the performance of 1 as function of time, we conducted a series of experiments using 

a range of exposure times, ranging from 1 to 6 hours. (Table S7, Figures S24 and S25) Notably, 

the catalyst reaches maximum conversion after a 3-hour interval, registering a TON of 1517 and a 
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TOF of 506 h⁻¹. Conversely, after 1 hour, the catalyst’s CO production is equal to the blank 

experiment. This observation suggests that an induction time interval is needed before the catalyst 

becomes fully operational. However, after the 6-hour threshold, there was a considerable decrease 

in the catalyst activity. This decrease suggests that potential simultaneous processes take place, 

such as catalyst degradation, dimerization of the active entities, or the synthesis of rhenium 

TEOA−COx adducts (where x = 0 or 2) that can sequester either the generated CO or the dissolved 

CO2.
12,32,52,53,63  

 

Mechanistic investigation 

 

To get insight into the mechanism driving the interaction with CO2, and to discern the formation 

of novel compounds under varying conditions (whether in different solvents, under light exposure, 

or in the presence of SDs) we employed analytical techniques including FTIR and ESI mass 

spectrometry. The FTIR spectra exhibits two new peaks at 1969 and 2052 cm-1 attributed to the 

solvent-coordinated complex. (Figure S26) The mass traces acquired in DMF and DMF/TEOA 

(5:1) show two peaks at m/z = 800.14 and 873.19 assigned to 

{Re0(CO)3(C8N3H6Br)(DMF)3(MeOH)(H2O)H}+ and 

{ReI(CO)3(C8N3HBr)(DMF)2(MeOH)5(H2O)3}
+, confirming the formation of the solvent-

coordinated complex discussed in the previous sections (Figure S27, Figure 7 (B)). 52,57,61  

The new species detected by the experimental methods prompted us additionally to explore 

computationally some of the chemical changes that drive the CO2 reduction forward. Concerning 

the A→B transformation (i.e. [ReL1(CO)3Cl] + DMF → [ReL1(CO)3(DMF)]+ + Cl-) this was 
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calculated to be endergonic with a free energy change of +10.8 kcal mol-1. This is consistent with 

a minute formation of B in solution.  

The redox behavior of 1, was also studied under a CO2 atmosphere, displaying notable changes. 

Specifically, the initial reduction peak exhibited a shift of -90 mV vs. Fc/Fc+, paired with an 

increase in cathodic current. Concurrently, there was an enhanced cathodic current observed for 

the peak at -2.13 V vs. Fc/Fc+, and a new peak emerged at -2.34 V vs. Fc/Fc+, which was attributed 

to the formation of a new electroactive compound (Figure S18 and Figure S28). 52,61 

These studies were further complemented by cyclic voltammetry experiments conducted under 

light irradiation and in the presence of TEOA under both N2 and CO2 atmospheres. When cyclic 

voltammetry was undertaken under an N2 atmosphere with TEOA (0.3 M) present, there was a 

noticeable decline in the first reduction peak at -1.76 V vs. Fc/Fc+ after 15 minutes of light 

exposure. This behavior suggests that TEOA is facilitating the reduction of the complex into a 

one-electron reduced species. Shifting to a CO2 atmosphere, the cyclic voltammetry behavior of 

the complex in the presence of TEOA exhibited the vanishing of the first reduction peak at -1.76 

V vs. Fc/Fc+ post 30 minutes of irradiation, indicating that the TEOA is reducing the complex 

under light irradiation. These observations hint at the potential formation of a two-electron reduced 

species, which could then participate in CO2 reduction. (Figures S29 to S33) This species appears 

to be more prevalent in a CO2 atmosphere when TEOA is present (Figures 5 and  7 (C)).22,57–60,73,74  

The rationale behind the reduction of CO2 occurring only when a significant population of 

excited states is present in the solution can be elucidated by examining the calculated reduction 

potential values in both the ground state and the two categories of excited states previously 

described (Table 2). The oxidation potential of triethanolamine in a DMF solution, determined 

experimentally, is +0.37 V. When this value is added to the ground state reduction potentials of 
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complexes 1 and solvent-coordinated complex, the resulting global reduction potential is still 

significantly negative (unfavorable). 

 

Table 2: PBE0-D4 calculated reduction potentials for species 1 and the solvent-coordinated 

complex. 

Reduction 

potential vs Fc/Fc+ 
1 

solvent-

coordinated 

E(0e-/1e-)/V -2.36 -2.17 

E(0e-*/1e-)/V – 

*MLCT (1st band) 
+0.69 +1.77 

E(0e-*/1e-)/V – 

*ILCT (2nd band) 
+2.10 +2.26 

 

Upon forming the first highly absorbing excited states in 1 (SOC root 8) and solvent-

coordinated (SOC root 11), the reduction potentials become large enough to yield an overall 

positive reduction potential (second row of Table 2). The next highly absorbing set of excited 

states in 1 (SOC root 44) and solvent-coordinated (SOC root 44) will result in even higher 

reduction potential values (noted as intra-ligand charge transfer ILCT in the last row of Table 2). 

Regardless of the nature of the excited state the DMF adduct is the thermodynamically more 

favorable species to react with the sacrificial electron donor TEOA.  

To understand the catalytic system and uncover valuable information about the mechanism, we 

investigate the composition of the catalytic mixture in solution. Employing high-resolution ESI-

MS, we were able to identify stable species that might be crucial to our understanding of the 

catalytic mechanism within the range of ca. 600 – 1000 m/z.64,65 These species can be associated 

back to two plausible reaction pathways: protonation and disproportion of CO2.
66,67 More 

specifically the isotopic distribution envelopes centered at 621.94 and 637.95 m/z can be assigned 
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to the {ReI(CO)3(C8N3H4Br)(DMF)(COOH)}+ and {ReII(CO)3(C8N3H4Br)(DMF)(HCO3)}
+ 

cations resulting from the reduction of the CO2 species present in solution. Envelopes centered at 

683.03 and 714.00 m/z can be attributed to {ReI(CO)3(C8N3H4Br)(DMF)(MeOH)(H2O)4}
+  and 

{ReI(CO)3(C8N3H5Br)(DMF)2 (MeOH)2(H2O)4}
+ which can be attributed to 1 with different 

combination of counterions and solvent molecules (Figure 7). Given our current dataset, we 

propose a CO2 photoreduction mechanism anchored on CO2 protonation, taking into account that 

the residual amount of H2O in the solvent and TEOA are responsible for donating protons to the 

system. This preference stems from the limited experimental data available on the formation of the 

pivotal intermediate species inherent in the CO2 disproportion mechanism. (Figure 7) 18,40,47,74 

Our studies have led to the identification of the reported TEOA−CO2 adduct, specifically fac-

[Re(L1)(CO)3(CO2−OCH2CH2NR2)] (R = CH2CH2OH). In the range of 800 – 1000 m/z, another 

group of envelopes has been identified and assigned as a singly charged mononuclear complex 

with different coordination environment where the sacrificial TEOA moiety is directly involved 

in this case. More specifically, there are three species with isotopic envelopes centered at 839.10, 

867.09 and 911.14 m/z that can be attributed to the 

{ReI(CO)3(C8N3H5Br)[N(CH2CH2OH)2(CH2CH2CO2)](DMF)2}
+, {ReII(CO)3(C8N3H6Br) 

[N(CH2CH2OH)2(CH2CH2OCO2)](DMF)(MeOH)3}
+ and {ReI(CO)3(C8N3H5Br) 

[N(CH2CH2OH)2(CH2CH2OCO2)](DMF)2(H2O)3H}+, respectively.69-72 These species, with 

isotopic envelopes centered at 867.09 and 911.14 m/z, is the product of the sequential replacement 

of the axial DMF ligand by a deprotonated TEOA, followed by the insertion of CO2 into the Re−O 

bond (Figure 5 and Figure 7 (species H and I)).51,70 Moreover, the discovery of a previously 

undocumented TEOA−CO adduct, fac-[Re(L1)(CO)3(CO−OCH2CH2NR2)] (R = CH2CH2OH), 

was notable with its isotopic envelope centered at 839.10 m/z. This species is presumably formed 
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via the nucleophilic attack by a TEOA molecule on the C≡O bond (Figure 5 and Figure 7 (G)). 

The synthesis of these COx-TEOA adducts, where x can be either 0 or 2, is in good agreement with 

the IR analyses conducted in a DMF/TEOA (5:1) mixture. These studies pinpoint the emergence 

of intermediary species attributed to [Re(L1)(CO)3(TEOA)], evidenced by their vibrational 

frequencies at 2015, 1891, and 1880 cm-1 (Figures 5 and 7 (H) and Figures S34 and S35). 

 

 
Figure 5: Positive ion ESI mass spectrum of 1 after 4 h of irradiation. 

Concerning the H→I transformation this side reaction was analyzed, and its potential energy 

profile calculated (Figure S36). While there is an identifiable transition state (TS1‡) with 0.7 kcal 

mol-1 activation energy there is also a sizeable (16.8 kcal mol-1) barrier height (TS2‡) however for 

the ligating atom switch within the rhenium coordination sphere. A different picture emerges upon 

analysis of the F→G profile (Figure 6). The activation energy is still low but the product lands on 

a thermodynamic sink and the resulting side product is irreversibly formed with a resulting free 

energy of -29.0 kcal mol-1.  
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Figure 6: Potential energy profile of the nucleophilic addition of species F with TEOA. 
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Figure 7: Proposed mechanism for the photochemical reduction of CO2 to CO catalyzed by 1. 
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CONCLUSIONS 

In this work we employed a ligand functionalization approach, resulting in the synthesis and 

characterization of a novel Re(I) complex as a catalyst for CO2 photoreduction. This complex, 

formulated as [ReL1(CO)3Cl], where L1=2-Bromo-6-(1H-pyrazol-1-yl)pyridine, exhibited 

impressive activity even at nanomolar concentrations. The study confirmed the facial octahedral 

geometry of the rhenium complex and highlighted the importance of DMF coordination during the 

CO2 photoreduction process. While this latter process is endergonic by 10.8 kcal mol-1, NMR 

measurements show that minute quantities are formed which facilitate the subsequent ligand 

exchange needed for the mechanism. 

The redox behavior of 1 indicated a CO2 reduction mechanism facilitated by CO2 protonation. 

This was substantiated through the detection of various species, including [Re(CO)3Cl(COOH)], 

TEOA−CO2, and TEOA−CO, utilizing a suite of complementary analytical methods such as NMR, 

FTIR, and ESI-MS. A remarkable aspect of this novel catalyst is its ability to achieve superior 

TONCO values of 1517 within a three-hour span at the nanomolar scale under controlled conditions. 

This performance contrasts with that of previously reported Re(I) catalysts. 

Interestingly, ESI-MS analysis has revealed the hitherto undiscovered side product (G) 

exhibiting a Re(I)-CO2R bond, bearing an organic carbonite functional group. This formation is 

practically barrierless (+3.2 kcal mol-1) and highly exergonic (-29.0 kcal mol-1).  

Addition of CO2 to the [Re(CO)3(TEOA)] intermediate is also reversible but slow with a 16.8 

kcal mol-1 barrier height. 

The innovative approach to catalyst design presented here holds promise for the development of 

better photocatalysts for the conversion of pollutants into valuable starting materials, underscoring 
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the potential for significant impact in the realm of environmental remediation and resource 

conservation.  
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