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ABSTRACT: The rhenium complex Re(bpy)(CO)3Cl (1, bpy = 2,2'-bipyridine) catalyzes CO2 

reduction to CO in mixtures containing triethanolamine (TEOA) as a sacrificial reductant. The 

mechanism of this reaction under photocatalytic conditions remains to be fully characterized. 

Here, we report the competitive carbon kinetic isotope effects (13C−KIEs) on photocatalytic CO2 

reduction by 1 and analyze the results of experimental measurements by comparing with 

computed KIEs via density functional theory (DFT) calculations as a means of formulating a 

chemical mechanism and illustrating the utility of this approach. The 13C-KIEs, k(12C)/k(13C), in 

acetonitrile (ACN) and dimethylformamide (DMF) were determined to be 1.0718 ± 0.0036 and 

1.0685 ± 0.0075, respectively. When [Ru(bpy)3]Cl2 is added to the reaction mixture in 

acetonitrile as a photosensitizer, the reduction of CO2 exhibited a 13C-KIE = 1.0703 ± 0.0043. 

These values are consistent with the calculated isotope effect of CO2 binding to the one-electron 

reduced [ReI(bpy•
−)(CO)3] species. The findings reported here provide strong evidence that the 

reactions in the two different solvents have the same first irreversible step and proceed with 

similar reactive intermediates upon reduction. Theoretically, we found that the major 

contribution for the large 13C isotope effects comes from a dominant zero-point energy (ZPE) 

term. These results lay the groundwork for combined experimental and theoretical approaches 

for analysis of competitive isotope effects towards understanding CO2 reduction catalyzed by 

other complexes. 
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INTRODUCTION 

Catalytic reactions of carbon dioxide reduction have attracted much attention as an 

important component of artificial photosynthesis and because of concerns over increasing 

concentrations of this greenhouse gas in the atmosphere.1 A variety of systems, both 

homogenous and heterogeneous, have been shown to be active catalysts for CO2 reduction.2-18 

Despite the advances made in this field, the origins of the catalytic rate enhancement achieved by 

many of these systems remain to be fully understood.19-23 This is particularly true when it comes 

to mechanistic details of the bond forming and bond breaking steps accompanying the reduction 

of CO2. 

Among the catalysts for CO2 reduction, Re(bpy)(CO)3Cl (1, bpy = 2,2'-bipyridine) and its 

derivatives have been recognized as being very active and selective for reduction of CO2 to 

CO.24-29 Photocatalytic reduction of CO2 to CO in the presence of sacrificial electron donors has 

been reported for 1. The mechanism of the photochemical CO2 reduction has been studied by a 

number of techniques including UV-visible absorption spectroscopy, infrared spectroscopy, 

electron spin resonance and mass spectrometry.19,27,30-37 On the basis of these studies, plausible 

mechanisms have been proposed.20,38 The key equations involved in the proposed mechanisms 

are shown in Eqs 1-6. Upon photoexcitation, the triplet metal-to-ligand charge transfer (3MLCT) 

state of 1 is produced. In the presence of a sacrificial electron donor such as TEOA, the 3MLCT 

excited state is reductively quenched.35 Upon reduction, the Re complex eliminates the chloride 

ion, which results in an available coordinating site. CO2 is known to bind to singly reduced 

rhenium species, for example, the 17-electron species [Re0(bpy)(CO)3] or [ReI(bpy•
−)(CO)3]  (eq
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2).24 Alternatively, the 18-electron species [Re−I(bpy)(CO)3]− is also a plausible nucleophile,24 

although deemed to be less likely when TEOA is used as the sacrificial electron donor. After 

binding, CO2 is reduced to CO and H2O with multiple protonation steps. 

 

In addition, a binuclear pathway involving a rhenium dimer carboxylate intermediate is 

also proposed based on the work by Fujita and co-workers in which a one-electron-reduced 

species of a derivative of 1, Re0(dmb)(CO)3 (dmb =  4,4'-dimethyl-2,2'-bipyridine), is prepared 

by photocleavage of the Re-Re bond of [Re(dmb)(CO)3]2.37,39 Furthermore,  rhenium-carbonate 

(A) and -iminoester (B) species have been reported to form during the photochemical reduction 

of CO2 by 1 (Figure 1).19 The former forms via the insertion of CO2 into the TEOA adduct, 

[Re(bpy)(CO)3(TEOA)]+, when the solvent is DMF, whereas the latter is the product of the 

attack of TEOA on the acetonitrile (ACN) ligand in [ReI(bpy)(CO)3(ACN)]+ when the reaction is 

performed in ACN .19 The former species has recently been proposed as the active form of the 
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catalyst in the photoreduction of CO2 in the presence of TEOA in DMF. However, the chemical 

details of this conversion have yet to be clarified. 

Competitive kinetic isotope effects (KIEs) at natural abundance levels have provided 

direct information about the nature of the transition state in enzymatic and nonenzymatic 

reactions.40,41 KIEs arise from changes in the bond orders of the substrate between the ground 

state and the transition state. For example, determination of oxygen isotope discrimination was 

used to identify the mechanisms of O-O bond formation of water oxidation reactions catalyzed 

by iron and ruthenium complexes.42-44 These studies indicate that competitive KIEs in 

combination with density functional theory (DFT) calculations can discern between distinct O-O 

formation pathways such as water nucleophilic attack and the interaction of two oxo moieties. 

More recently, 18O−KIEs and computational studies were employed to determine that the first 

irreversible and rate-determining step in the catalytic O2 evolution cycle of an oxomanganese 

complex is substrate binding to the catalyst, not the formation of the Mn-oxo/oxyl species as 

previously assumed.45 These reports highlight the power of the methodology to study complex 

inorganic reaction mechanisms containing multiple isotopically sensitive steps.42,46,47   

Figure 1. Schematic representation of the carbonate (A) and iminoester (B) species formed 

during the photochemical reduction of CO2 in DMF and ACN, respectively. 
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In the present work, we combine high precision natural abundance competitive 13C−KIEs 

measurements with computed isotope effects via density functional theory (DFT) calculations to 

examine the mechanism of photochemical CO2 reduction by 1. We further analyze the 13C−KIEs 

using an established competitive methodology to shed light on the mechanistic details such as the 

irreversible and rate determining steps associated with photochemical conversion of CO2 to CO 

by 1.  

RESULTS 

Experimental Kinetic Isotope Effects. The 13C−KIEs for carbon dioxide reduction were 

measured using an established competitive methodology.48 The apparatus design and 

methodology is described in detail in the experimental section. The required equipment can be 

easily constructed by a professional glassblower.  Solutions of TEOA in acetonitrile (ACN) or 

dimethylformamide (DMF) were saturated with 3% CO2 in N2 prior to initiating reactions by 

adding a fixed volume of the saturated solution to an evacuated flask containing the catalyst. The 

reaction mixtures were stirred and photoirradiated before collecting the unreacted CO2. A series 

of cold traps were used to remove impurities (e.g., solvent, CO) prior to the collection of pure 

CO2. Pressures of the unreacted CO2 were determined using a calibrated manometer to determine 

the extent of the reaction. As previously reported by Hawecker et al., no background reaction of 

CO2 was detected in the absence of the catalyst. The change in the 13C/12C and 18O/16O ratios of 

unreacted starting material at varying fractional conversions was analyzed by isotope ratio mass 

spectrometry (IRMS) analysis (Figure 2). The degree of fractionation was also determined using 

the photosensitizer [Ru(bpy)3]Cl2. [Ru(bpy)3]2+ is an outer sphere electron transfer reagent with a 

bimolecular self-exchange rate constant approaching the diffusion limit.49 Equimolar mixtures of 

[Ru(dmb)3]2+ (dmb = 4,4'-dimethyl-2,2'-bipyridine) and Re(dmb)(CO)3Cl have larger turnover 
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numbers (100 after 16 h irradiation) than the catalyst alone (15 under the same conditions) for 

CO formation.50 The reason for this acceleration is attributed to the accumulation of additional 

reducing equivalents that increase the rate of the second electron transfer.32 When [Ru(bpy)3]Cl2 

was used, the experimental procedure described above was varied by introducing the solutions of 

TEOA in either ACN or DMF saturated with 3% CO2 in N2 into a sealed reaction vessel 

containing both the catalyst and photosensitizer.  

Competitive KIEs were determined fitting the data to the Rayleigh equation (eq 7) 

𝑅!
𝑅!

=  1− 𝑓
!
!"#!!                                (7) 

where Rf and R0 are the isotopic ratios (12C/13C) in the remaining CO2 and initial CO2, 

respectively, and f is the fraction of unreacted CO2.51 The error bars shown in Fig. 2 correspond 

to the uncertainty associated with the measurement of carbon dioxide samples during calibration 

of the apparatus. The 13C−KIEs, k(12C)/k(13C), for the photochemical reduction of CO2 catalyzed 

by 1 were determined to be 1.0718 ± 0.0036 and 1.0685 ± 0.0075 in ACN and DMF, 

respectively. In the presence of [Ru(bpy)3]Cl2, the photochemical reduction of CO2 exhibited a 

13C−KIE = 1.0703 ± 0.0043 (Figure 2). 

 

Figure 2. Isotope fractionation of photochemical CO2 reduction catalyzed by complex 1. Plot 

of the theoretical curve of Rf / R0 vs (1 - f) according to eq 7. All of the data points are shown 

with error bars representing standard errors. 
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The experiments were also expected to determine the 18O−KIEs; however, the oxygen 

atoms are exchanged under the reaction conditions, not allowing accurate determination of 

isotope fractionations. When the isotopic composition of samples of CO2 incubated with catalyst 

and TEOA in ACN without exposure to light were measured, the δ13C ranged from −15 ‰ to 

−14.2 ‰, whereas the δ18O varied from −22.6 ‰ to −14.6 ‰. This result indicated exchange of 

the oxygen atoms, large enough to affect the measurements. Less exchange was observed in 

DMF but it was still too large to obtain reliable 18O−KIE measurements. The exchange of oxygen 

atoms might be due to the presence of H2O in the solvent. 

Theoretical Investigation of the CO2 Reduction Mechanism of 1. Density functional 

theory (DFT) calculations at the M06 level of theory coupled with the SMD continuum solvation 

method (see computational methods for details) were used to examine the reaction mechanism of 

CO2 reduction by 1 and to compute the 13C−KIEs associated with the optimized transition state 

structures. The computed free-energy changes for the proposed CO2 reduction mechanism in 

ACN are summarized in Scheme 1 and the results for DMF as the solvent are presented in 

Scheme S2. The results for the initial activation and reduction steps of the catalyst with chloride 

(e.g., [ReI(bpy)(CO)3Cl]0) or solvent molecules (e.g., [ReI(bpy)(CO)3(ACN)]+ or 

[ReI(bpy)(CO)3(DMF)]+) as ligands are reported in the SI and are similar to those previously 

reported in the literature (Scheme S1). Hence, the initial species in Scheme 1 is the one-electron-

reduced, 17-electron [Re0(bpy)(CO)3] complex generated via reductive quenching of the excited 

3MLCT state of 1 by TEOA. The first step of the proposed mechanism involves binding of CO2 

to [Re0(bpy)(CO)3], which proceeds with a free energy of activation (ΔG‡) of 24.6 kcal/mol. This 

value is higher than the computed activation free energy for the binding of CO2 to the two-

electron-reduced species [Re−I(bpy)(CO)3]− (ΔG‡ = 16.1 kcal/mol). This is not unexpected given 
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the fact that the two-electron-reduced species is a better nucleophile.24 Indeed, both calculated 

ΔG‡ values agree well with the activation free-energy barriers estimated from reported pseudo 

first-order rate constants for [Re−I(bpy)(CO)3]− and the [Re0(bpy)(CO)3] species reacting with 

CO2. Within the adiabatic limit, the ΔG‡ for the reaction of [Re0(bpy)(CO)3S] (S = 

tetrahydrofuran) with CO2 is ca. 22 kcal/mol, whereas that of [Re−I(bpy)(CO)3]− is 15 

kcal/mol.37,52 After the reaction of the [Re0(bpy)(CO)3] with CO2, a second reduction could occur 

to produce the anionic intermediate [ReI(CO2)(bpy)(CO)3]− with a computed reduction potential 

of E = −1.26 V vs SCE (Scheme 1). This reduction step is predicted to be facile given the 

relatively low free-energy requirement compared to initial reduction events (Scheme S1). The 

metallocarboxylate intermediate, [ReI(CO2)(bpy)(CO)3]−, can then undergo protonation in a 

barrierless, highly exoergic (ΔG = −23.9 kcal/mol with TEOAH+ as the proton source) step to 

generate [ReI(CO2H)(bpy)(CO)3]. The following steps involve C−OH bond breakage to form CO 

by either protonation–reduction or reduction–protonation steps (Scheme 1).22 The protonation–

reduction pathway starts with the breakage of the C−OH bond in [ReI(CO2H)(bpy)(CO)3] with 

TEOAH+ as the proton source (see computational methods for details) and the optimized 

transition state structure features a ΔG‡ of 18.2 kcal/mol. The protonation step is downhill with 

ΔG  = −8.3 kcal/mol, partly due to entropic gain by release of an H2O molecule, and is followed 

by a reduction step with an associated potential of E = −1.52 V to generate [Re0(bpy)(CO)4]. On 

the other hand, the initial step of the reduction–protonation pathway is the reduction of  

[ReI(CO2H)(bpy)(CO)3] to [Re0(CO2H)(bpy)(CO)3]− with E = −1.88 V, followed by concerted  

protonation and C−OH bond breakage with ΔG‡ = 11.3 kcal/mol. The evolution of CO from the 

final product of both pathways, [Re0(bpy)(CO)4], completes the catalytic cycle and regenerates 
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[Re0(bpy)(CO)3] or [Re−I(bpy)(CO)3]− with further reduction. The reduction first pathway has 

been proposed as the preferred route in electrocatalytic reduction of CO2 by 122 but given the 

relatively low activation free energies for protonation in the presence of TEOAH+, it is hard to 

conclude which path will be preferred in photochemical CO2 reduction by 1. However, as will be 

discussed in the next sections, the contribution to competitive 13C−KIEs is computed to be 

similar for both pathways. 
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Scheme 1. Reaction mechanism of CO2 reduction by the precatalyst 1 in ACN obtained at the 

M06 level of theory. The free-energy changes (ΔG) and activation free energies (ΔG‡) are 

reported in units of kcal/mol and reduction potentials (E) in units of volts vs SCE. 

Equilibrium isotope effects (EIEs) and KIEs were calculated for each reaction step from 

the computed vibrational frequencies of the optimized structures using the Bigeleisen and 

Goeppert-Mayer approach, in accord with the Redlich-Teller Product Rule, using the generic 

isotope equation A + B* → A* + B, where the asterisk designates the site of the heavy isotope, 

as follows:53,54  

KIE = (13νRC) (ZPE × EXC × VP)  (8) 

EIE = ZPE × EXC × MMI   (9) 
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       (13) 

 

 

where 13νRC is the ratio of the imaginary frequencies of the transition states associated with light, 

12C, and heavy, 13C, isotopologues, ZPE is zero point energy, EXC is vibrational excitation 

energy, MMI is mass of moments of inertia and VP is vibrational product. Other terms in 

equations 10 and 11 include Boltzmann’s constant (k), Planck’s constant (h), and temperature 

(T). The 13C−KIEs were computed for both the CO2 binding and C−OH bond cleavage steps, the 

results of which are presented in Table 1. The computed intrinsic 13C−KIEs for CO2 binding by 

[Re−I (bpy)(CO)3]− and [Re0(bpy)(CO)3] are 1.086 and 1.061, respectively, in ACN, and 1.088 and 

1.065 in DMF (Table S1). These values are consistent with KIEs reported for binding of small 

molecules to transition metals as well as 13C−KIEs measurements for 1 of 1.072 and 1.068 in 

ACN and DMF, respectively. The C−OH cleavage steps in either [ReI(CO2H)(bpy)(CO)3] or 

[Re0(CO2H)(bpy)(CO)3]− result in smaller intrinsic 13C−KIEs of 1.048 (Table 1 and Table S1). 

The 13C−KIE measurements indicate that the first irreversible step determining the isotope 

fractionation is the same for photochemical conversion of CO2 to CO by 1 in ACN and DMF. 

Based on computed 13C−KIEs, this step is assigned to the binding of CO2 to the one-electron-

reduced [Re0(bpy)(CO)3] species. CO2 binding to the further reduced [Re−I(bpy)(CO)3]− species is 

less likely to be the first irreversible step for two reasons: (i) the computed 13C−KIEs are quite 

high compared to the measured KIEs, and (ii) the generation of [Re−I(bpy)(CO)3]− is not very 

likely in photocatalytic CO2 reduction by 1 in the presence of TEOA as the sacrificial electron 

donor. 
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Table 1. Computed 13C−KIEs and their contributions at the M06 level of theory in ACN 

Recently, Ishitani and co-workers demonstrated that the [ReI(bpy)(CO)3(TEOA-H+)] 

adduct could form in DMF, and CO2 can be captured by these complexes to generate a carbonate 

species which is proposed to be the active form of the catalyst in the photoreduction of CO2. To 

confirm these results, we performed DFT calculations on the feasibility of the Re-carbonate 

species to act as the key intermediate of the photochemical CO2 reduction cycle. Assuming the 

DMF adduct, [Re(bpy)(CO)3(DMF)]+, as the starting material, displacement of the solvent 

molecule by TEOA is thermodynamically downhill (−1.2 kcal/mol, Scheme 2); however, the 

subsequent combined deprotonation and CO2 binding steps to form the carbonate species is only 

slightly uphill (7.4 kcal/mol) and could be enhanced in the presence of bases with higher pKa 

than TEOA. Next, we calculated the associated potentials to reduce the Re-carbonate complexes. 

The computations indicate that the Re-DMF complex, [ReI(bpy)(CO)3(DMF)]+, has first and 

second reduction potentials of −1.87 V and −2.00 V vs SCE, respectively. More negative 

TS 13C KIE 13νRC ZPE MMI EXC 

[(bpy)Re0…CO2] 
(TS-I) 

1.061 1.011 1.053 1.020 0.978 

[(bpy)Re−
I…CO2]− 

(TS-II)
1.086 1.033 1.071 0.995 0.986 

[ReIC(O)OH…TEOAH+]+ 
(TS-III)

1.048 1.018 1.049 0.983 0.999 

[Re0C(O)OH…TEOAH+] 
(TS-IV)

1.048 1.018 1.050 0.984 0.997 
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potentials are predicted for the first (−2.11 V vs SCE) and second (−2.78 V vs SCE) reduction of 

the Re-carbonate species. One assumption for these computed reduction potentials is that the 

ligands remain bound to the Re center (see below for further discussion). Analysis of the HOMO 

of the reduced [Re−I(bpy)(CO)3(DMF)]− complex indicates that its reduction results in the 

formation of a [Re0-bpy•
−]−-like intermediate, whereas reduction of the carbonate complex results

in a species which resembles a doubly-reduced ligand, i.e., a [ReI-bpy2−]−-like species (Scheme 

S3). One likely scenario consistent with the 13C−KIEs is the dissociation of the carbonate ligand 

upon the first reduction, which would generate [Re0(bpy)(CO)3] so that similar active 

intermediates will be formed in both ACN and DMF solutions. 

Finally, we investigated the formation of binuclear carboxylate species starting with 

[Re0(bpy)(CO)3(CO2)] and [Re0(bpy)(CO)3] and found it to be favorable by 23.4 kcal/mol. In 

Scheme 2. Free energy changes in units of kcal/mol during the formation of the Re-
carbonate species. 
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principle, formation of such a species could lead to similar observed 13C−KIEs because the 

binding of CO2 to [Re0(bpy)(CO)3] would necessarily be the first irreversible step. However, the 

formation of the binuclear species is shown to occur starting with photocleavage of a Re-Re 

dimer species in dry DMF and is not likely under the current experimental conditions. 

DISCUSSION 

Interpretation of 13C Kinetic Isotope Effects. When only one step is isotopically 

sensitive, a competitive KIE permits the direct investigation of a transition state. For CO2 

reduction, however, more than one step is presumed to be isotopically sensitive. Thus, both CO2 

binding to the rhenium center and C-OH bond cleavage are expected to be contributors to the 

isotope effects given the changes in covalent bonding involved in these steps. Electron transfer 

reactions, such as the one depicted in eq. 3, can also be isotopically sensitive.55,56  Protonation or 

deprotonation of a carboxylic acid can proceed with a small 13C isotope effect,57 especially in a 

proton transfer step to a species like [ReI(CO2)(bpy)(CO)3]− which features a very low activation 

barrier. Although the equilibrium reaction between gaseous CO2 and carbonate or bicarbonate in 

solution fractionates carbon in the system (1.0077 and 1.013 for bicarbonate and carbonate, 

respectively),58 a contribution to the measured KIE from the formation of the monoalkyl 

carbonate derivative of TEOA is not expected because the R0 value was determined from 

solutions of CO2 in a mixture of solvent and TEOA in the presence of the catalyst without 

irradiation and in the absence of the catalyst. Therefore, any enrichment originating from the 

aforementioned equilibria is already taken into account in the measured KIE values. 

Formulations for mechanisms with multiple isotopically sensitive steps have been 

proposed in the literature.59 The advantage of using these formulations is that they allow a 

physical interpretation of the contributions from the intrinsic isotope effects. In eq. 14, it is 



 16 

assumed that in the reaction catalyzed by 1, CO2 binding (eq. 2), the reduction producing 

[ReI(CO2)(bpy)(CO)3]− (eq. 3), and the protonation followed by C-OH bond cleavage (eq. 4) are 

isotopically sensitive. The sensitivity to isotopic composition is obvious for eqs. 2 and 4, 

whereas the electron transfer (ET) reaction in eq. 3 is not straightforward. In ET reactions, KIEs 

originate from the changes in the classical nuclear barrier and the width of the nuclear tunneling 

barrier.55 One example is that of Guarr et al. who reported 18O−KIE values ranging from 1.04 to 

1.09 for outer sphere redox reactions of hexaaquo FeII.55 These data indicate that an ET reaction 

can have heavy atom isotope effects as large as 1.015.  

 

!"C 𝐾𝐼𝐸 =  
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!!
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!!!
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!!!
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!!!

         (14)  

 

The rate of ET, k3, is expected to be faster than the rate of dissociation of CO2 from the rhenium 

complex, k-2. For example, the quenching of the 3MLCT state of 1 by TEOA is 8.0 × 107 M-1 s-1 

in degassed acetonitrile,35 whereas loss of a ligand in the one-electron-reduced species, 

[Re(bpy)(CO)3Cl]−, is a slow process.24 Although the triplet ligand field, 3LF, excited states of 

rhenium diimine tricarbonyl complexes with phosphine ligands are thermally accessible from the 

triplet metal-to-ligand charge transfer state, 3MLCT, this is not true for other ligands.60 Taking 

these rate constants into account and assuming k3 >> k-2, eq. 14 can be reduced to eq. 15. 
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𝑘!
𝑘!!

+ !"𝑘!                    (15) 
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Studies of quenching with TEOA have shown that the oxidized TEOA�+ rapidly deprotonates 

from its α-carbon to produce an α-amino radical which has the ability to reduce rhenium (I) 

complexes.35 Therefore, the decomposition of the oxidized TEOA makes the quenching step 

irreversible.35 We can assume that k4/k-3 > 100, indicating that C-OH bond cleavage is at least 

100-fold more likely to occur than the back ET from the [ReI(CO2)(bpy)(CO)3]− species. The 

DFT calculations presented herein indicate that the product of 13k4 and 13K2 is 1.097. Since it can 

be safely assumed that EIEs for the ET process range from 1.01 to 1.02,55,56,61 the numerator in 

eq. 15, 13k4×13K3×13K2, ranges from 1.11-1.12. Overall, the contribution of the first term in eq. 15 

to the observed 13C−KIE can only be as large as 0.01. Given that our calculated 13k2 is 1.061, the 

overall 13C−KIE could range from 1.06 to 1.07. This range is in good agreement with the 

measured values for the CO2 reduction reactions in both ACN and DMF. The fact that we 

measured a similar 13C−KIE for the reaction performed in ACN in the presence of Ru(bpy)3
2+ 

validates our assumption that k3 >> k-2.  

13C KIE = 
𝑘!×!" 𝐾! + 𝑘!×

𝑘!
𝑘!!

!"!"

1+ 𝑘!
𝑘!!

                        (16) 

 

Alternatively, if a second reduction occurs before CO2 binding as shown in eqs. 5-6, 

followed by eq. 4, the expression shown in eq. 16 describes the observed KIE on the reduction of 

CO2. Although the formation of [Re-I(bpy)(CO)3]− has been shown to be unlikely under these 

conditions, the analysis of this possibility offers further insight.35 For this, we must first estimate 

the ratio of the intrinsic rate constants k4 and k-6. Unfortunately, to the best of our knowledge, 

these intrinsic rate constants have not been determined. We can, however, solve for three 

different cases: (1) k4 >> k-6, (2) k4 << k-6, and (3) k4 ≈ k-6. In the first case, eq. 16 is reduced to 
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13C−KIE = 13k6. Based on our DFT-calculated 13k6, 13C−KIE = 1.0862. This value is considerably 

larger than the experimental KIE. In the second case, the KIE must be equal to or larger than the 

product 13k4×13K6, 1.097 based on our computations, a value that is also larger than the measured 

KIE. Finally, if k4 ≈ k-6, the observed KIE value will approximate to 1.091, which does not 

compare well with the experimental measurements either. Therefore, on the basis of the 

measured 13C−KIEs, [Re−I(bpy)(CO)3]− is less likely than [Re0(bpy)(CO)3] to be the nucleophile in 

the photochemical reduction of CO2 by 1 when TEOA is the electron donor. 

Physical Origins of 13C Kinetic Isotope Effects. The calculated KIEs can be further 

analyzed to provide insights into the contributions to the isotopic discrimination by the various 

terms, namely 13νRC and 13KTS (13KTS= ZPE×EXC×VP). The DFT calculations in this study 

indicate that for both the CO2-binding and C-OH bond cleavage steps 13KTS is the main 

contributor to the large intrinsic KIEs (Table 1). A dominant ZPE term is responsible for the 

large 13KTS values. The 13νRC values, which are defined as the ratio of light to heavy imaginary 

frequencies, are also larger than 1.0. The difference observed in the intrinsic KIEs between the 

TS-I and TS-II are due to the 13νRC contributions, with that of TS-II being three times as large as 

that of TS-I. Interestingly, the 13νRC values are not affected by the difference in the oxidation 

state of the rhenium center in TS-III and TS-IV. For comparison, in the case of O-O bond 

formation for water oxidation by ferrate, the analysis of the calculated KIEs concluded that its 

normal nature is a consequence of 18νRC.43 

CONCLUSIONS 

In summary, our data show large and normal 13C kinetic isotope effects during the 

photocatalytic reduction of CO2 in acetonitrile or dimethylformamide using 1 as a catalyst and 

TEOA as the sacrificial electron donor. The similarity between the measured 13C−KIEs in both 
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solvents (~1.07) suggests that the reactions involve the same first irreversible step, although with 

subtle variations in their transition state structures. Additionally, we calculated the KIEs and 

EIEs associated with the different steps in the reaction using DFT calculations and demonstrated 

excellent agreement between experimental and computed values.  Analysis of the data combined 

with the computational studies indicates that the measured 13C−KIEs are dominated by the 

intrinsic KIE of the first irreversible step, CO2 binding. The latter is a novel observation that 

allows experimental access to the nature of the transition state during CO2-binding by means of 

DFT calculations. The kinetic analysis allowed us to determine that the [Re0(bpy)(CO)3] species, 

is the nucleophile under photocatalytic conditions. After CO2 binding, the following steps have 

low activation energies up to the C−OH bond cleavage step. Although the intrinsic 13C−KIE for 

C-OH bond heterolysis is large, 1.048, its contribution to the overall 13C ΚΙΕ amounts to ≤ 1 %. 

This report serves as a reference point for mechanisms associated with CO2 activation and 

highlights the fact that a combined natural abundance competitive KIE measurements and DFT 

calculations approach is a powerful and useful methodology to probe mechanistic aspects of CO2 

reduction. 

EXPERIMENTAL SECTION 

Materials. 2,2�–bipyridine (bpy), pentacarbonylchlororhenium (I), and triethanolamine (TEOA) 

were all purchased from Sigma-Aldrich and used as received. Ruthenium (III) chloride trihydrate 

was purchased from Pressure Chemical Company and used as received. Re(bpy)(CO)3Cl and 

[Ru(bpy)3]Cl2 were both synthesized according to the literature. Solvents used in this work were 

purified by passing through a solvent purification system (Glass Contour). 1H and 13C NMR 

spectra were recorded on a Bruker AVANCE (300 MHz) or Bruker AVANCE III (400 MHz) 
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system at ambient temperature and were referenced to residual solvent peaks. UV-Vis spectra 

were recorded on a Cary 50 spectrophotometer. 

 Synthesis. Re(bpy)(CO)3Cl was prepared with slight modifications from previously reported 

methods.62 Three different batches were prepared for the current experiments. Briefly, in a 100 

mL round bottom flask, Re(CO)5Cl (0.502g, 1.35 mmol), 2,2�-bipyridine (0.211g, 1.35 mmol) 

and toluene (50 mL) were added together and the resultant reaction mixture was heated under 

refluxing conditions for 5 hours. Upon cooling, the product was vacuum filtered, and rinsed with 

cold toluene. 1H NMR (δ, 400 MHz, DMSO-d6): 9.02 (d, 1H), 8.77 (d, 1H), 8.34(t, 1H), 7.76(t, 

1H). FT-IR (acetonitrile): 2022 (vs), 1917 (s), 1900 (s). Anal. Found for C13H8N2O3ClRe: C, 

40.30; H, 2.05; N, 5.76. Calcd. C, 40.47: H, 1.75; N, 6.06. 

KIE determination. The reaction and collection of samples was done using the 

apparatus shown in Figure 3. To the graduated solvent reservoir was added a solution that was 

five parts solvent to one part TEOA, where the solvent was either acetonitrile or 

dimethylformamide. The undissolved catalyst was pre-weighed in such a way that its 

concentration would 2 mM, 1 mM, or 0.5 mM once dissolved in solution, depending on 

individual reactions, and added to the lower bulb of the reaction vessel. From the right of valve 

1, onwards, the manifold was evacuated down to approximately 0.2 torr. Valves 3 and 4 were 

then closed. After saturating the solvent/TEOA mixture with a gas mixture that was 3% CO2 in 

N2, a 20.0 ml portion was introduced into the lower bulb of the reaction vessel by opening valve 

1. The lower bulb has a volume of 30.0 ml, so the headspace above the solution was 10.0 mL. 

The vessel was then removed from the manifold setup, and positioned in front of an ORIEL lamp 

with a 1000V FEL bulb, and a 350-450 nm band pass filter. For experiments that included the 

catalyst but not the photosensitizer, reaction times ran from 16 to 72 hours to obtain a range of 
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CO2 conversion fractions. When the photosensitizer was used, the reaction time dropped 

dramatically. Run times of only 30 to 60 minutes were required to achieve the same amounts of 

CO2 conversion. Once these reactions were performed, the reaction vessel was re-attached to the 

KIE manifold. 

The remaining unreacted CO2 was then collected as follows. Solvent trap A was 

immersed in a bath of liquid nitrogen. Valve 5 was closed, and valves 4 and 3 were opened, in 

that order. The reaction mixture would start to bubble as the sudden vacuum would cause it to 

outgas. A mixture of gases and the respective solvent were collected in trap A. Valve 3 was 

closed after 2.5 minutes of constant outgassing from the reaction mixture. Valve 4 was left open 

for an additional five minutes. Valve 4 was then closed, and the liquid nitrogen was removed 

from trap A. The frozen solvent was given time to melt and collect at the bottom of trap A. Trap 

B was then immersed in liquid nitrogen, and valve 6 was closed. Trap A was then immersed in a 

cold bath of isopropanol/dry ice. This kept the solvent frozen, but allowed the gas to transfer 

Figure 3. Vacuum apparatus for the determination of 13C isotope effects. 
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over into trap B. Valve 5 was opened for ten minutes. Valves 4 and 6 were then also opened, to 

evacuate the N2 and CO. The liquid nitrogen is cold enough that it keeps the CO2 frozen, even at 

such low pressures. The same is true for the ability of the isopropanol/dry ice bath to retain the 

frozen solvent. Once the pressure of the system had dropped back down to 0.2 torr, valves 5 and 

6 were closed. The liquid nitrogen bath over trap B was replaced with the isopropanol/dry ice 

bath. The bottom one-third of trap C was immersed in liquid nitrogen (approximately at marking 

i). Valves 8 and 9 were closed, and then valve 6 was opened. The pressure initially increased, but 

quickly declined as the CO2 condensed in trap C. After ten minutes the pressure would have 

leveled off. The level of liquid nitrogen was then increased so that at least two-thirds of trap C 

was immersed (approximately marking ii). Valve 7 was closed. Valve 9 was opened to evacuate 

any uncondensed gasses, such as N2 or CO. The liquid nitrogen is cold enough that the CO2 in 

trap C will not evaporate, even at these low pressures. Valve 9 was closed, and the pressure was 

recorded as Plow. The liquid nitrogen was removed from trap C, and the pressure increased as the 

CO2 sublimated. After a few minutes, the pressure leveled off, and this was recorded as Phigh. 

The difference between Phigh and Plow should be PCO2 (Note: The CO2 pressure measured when 

no reaction occurs should be measured experimentally and recorded as a blank (P°)). After PCO2 

had been measured, the removable tube, labeled as trap D, was immersed in liquid nitrogen, and 

valve 8 was opened. Once all CO2 had been collected, the liquid nitrogen level was raised 

slightly, and valve 9 was opened briefly. Valve 8 was then closed, and a torch was used to seal 

the tube 10 cm up from the bottom. The liquid nitrogen was removed, and the torch was used to 

completely remove the 10 cm segment from the rest of the apparatus. 

The enrichment of the residual carbon dioxide was analyzed by isotope ratio mass 

spectrometry (IRMS) using a dual-inlet instrument. The unreacted CO2 was isolated and purified 
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as described above. The calculated turnover number (TON) in the reactions ranged from 0.3 to 

7.1. The TON was calculated from the ratio of moles of reacted CO2 to moles of catalyst used.  

As previously observed by Hawecker et al., control reactions in the absence of 1 did not result in 

the consumption of CO2.29  

Computational Methods. All geometries were fully optimized at the M06 level of density 

functional theory63 with the SMD aqueous continuum solvation model64 using the Stuttgart 

[8s7p6d2f | 6s5p3d2f] ECP60MWB contracted pseudopotential basis set65 on Re and the 6-

31G(d) basis set on all other atoms.66 Non-analytical integrals were evaluated using the 

integral=grid=ultrafine option as implemented in the Gaussian 09 software package.67 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, molecular partition 

functions (with all frequencies below 50 cm–1, with the exception of the imaginary frequency of 

transition states, replaced by 50 cm–1 when computing free energies), and for determining the 

reactants and products associated with each transition-state structure (by following the normal 

modes associated with imaginary frequencies). Partition functions were used in the computation 

of 298 K thermal contributions to the free energy employing the usual ideal-gas, rigid-rotator, 

harmonic oscillator approximation.68 Free-energy contributions were added to single-point, 

SMD-solvated M06 electronic energies computed at the optimized geometries obtained with the 

initial basis with the SDD basis set on Re and the larger 6-311+G(2df,p) basis set on all other 

atoms to arrive at final, composite free energies. The quenching studies with TEOA have shown 

that the oxidized TEOA�+ rapidly deprotonates from its α-carbon to produce an α-amino radical35 

and TEOA itself could be the proton acceptor to generate TEOAH+, which is employed as the 

proton donor species in the current work for modeling of the CO2 reduction mechanism. As an 
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additional note, throughout the manuscript and supporting information, the formal oxidation state 

of Re has been depicted for the sake of clarity even though in some cases the electronic structure 

of the complexes is more complicated and assignment of oxidation states is not straightforward. 
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