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ABSTRACT: Photocatalytic reduction of CO2 to formic acid (HCOOH) was investigated in either 

organic or aqueous/organic media by employing three water-soluble [RhIIICp*(LH2)Cl]+ (LH2 = n,n’-

dihydroxy-2,2’-bipyridine; n = 4, 5, or 6) in the presence of [Ru(bpy)3]2+, 1,3-dimethyl-2-phenyl-2,3-

dihydro-1H-benzo[d]imidazole (BIH) and triethanolamine (TEOA). Through studying the electron-

donating effects of two hydroxyl groups introduced to the bipyridyl ligand, we found that the substituent 

positions greatly affect both the catalytic efficiency and selectivity in CO2 reduction. More importantly, 

the HCOOH selectivity shows a dramatic increase from 14% to 83% upon switching the solvent media 

from pure organic to aqueous/organic mixture, where the H2 selectivity shows a reverse phenomenon. 

The enhanced HCOOH selectivity and the drastic decrease in the H2 yield are well rationalized by the 

fact that the catalytic CO2 hydrogenation is not only driven photochemically via the attack of 

RhIII(H)Cp*(LH2
-•) on CO2 but also partly bypassed by a dark H2 addition reaction yielding 

[RhIII(H)Cp*(L)]- from [RhIIICp*(L)Cl]+, which was also separately investigated under the dark 

conditions. Combination of experimental and theoretical approaches were made to clarify the pKa values 

of catalyst intermediates together with the abundant species responsible for the major catalytic 

processes. Our DFT studies unveil that the exceptionally large structural strain given by the steric 

contacts between the 6,6’-dihydroxyl groups and the Cp* moiety plays a significant role in bringing 

about an outstanding catalytic performance of the 6,6’-subsituted derivative. The intrinsic reaction 

coordinate calculations were carried out to clarify the mechanism of hydride transfer steps leading to 

generate formate together the heterolytic H2 cleavage steps leading to afford the key hydridorhodium 

intermediates. This study represents the first report on the water-induced high selectivity in CO2-to-

HCOOH conversion, shedding a new light on the strategy to control the efficiency and selectivity in the 

catalysis of CO2 reduction. 
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INTRODUCTION 

By following the Paris agreement,1 greenhouse gas emission must be substantially suppressed by 

replacing fossil fuels with sustainable energy sources. Inspired by the natural photosynthesis of green 

plants, artificial photosynthesis converting sunlight into carbon neutral fuels has attracted great attention 

towards the development of clean as well as renewable energy cycles. Up to now, extensive efforts have 

been made to advance the chemistry of catalytic CO2 reduction into chemical fuels such as HCOOH, 

CO, MeOH, and CH4.2-4 The studies involve both photocatalysis and electrocatalysis of CO2 reduction 

into value-added chemical fuels. Among various approaches, homogenous catalysis using transition 

metal molecular systems have attracted a great deal of attention due to the well-defined structures 

enabling researchers to examine and establish the structure-activity relationships. The detailed studies 

on such issues may lead to realization of the factors that govern the catalytic property of individual 

molecular systems. Moreover, the extended studies may lead to provide the mechanistic insights 

correlated with the catalytic efficiency and selectivity.5-8 In general, we suffer from the concomitant 

generation of multiple reduction products, such as HCOOH, CO, and H2. Therefore, it is extremely 

important to explore rational strategies to control the product selectivity in CO2 reduction.  

In the above context, one of our recent interests has concentrated on the selective formation of 

HCOOH (or formate) due to its potential application in reversible hydrogen energy storage technology.9 

The selective formate production is particularly important in order to fabricate the high-pressure H2 gas 

generation technology required to operate the hydrogen fuel cells in various purposes; HCOOH → H2 

(high pressure) + CO2 (liquid).10 As far as our literature search results are concerned, examples of 

catalysts as well as conditions enabling the selective formation of HCOOH in CO2 reduction, especially 

in the presence of a proton source, is quite limited.11,12 In contrast, the majority of reports demonstrate 

selective formation of CO rather than HCOOH,13 which is often due to the predominant formation of 

metal-carbon-bonded CO2
2--bound species, as described elsewhere.8,14-16 Although the formate 

(HCOO-) formation has been often described to take place via the insertion of CO2 into a metal-hydride 

bond (Type A in Scheme 1),17 recent theoretical studies including this work well demonstrate that this 
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definition is rather misleading since formate generally forms via the nucleophilic attack of a metal-

hydride (M-H) at the carbon center of CO2 (Types B-D in Scheme 1),18-20 with minor exceptions.21 In 

other words, the hydride on a metal behaves as a nucleophilic attacker as far as it is hydridic enough to 

stabilize the transition state of reaction. In the earlier studies while lacking the DFT approach, the 

O(formate)-coordinated structures solved by X-ray diffraction directed researchers to define the 

pathway called “CO2 insertion into a M-H bond”.22 Later, the DFT calculations by Ahlquist18 and 

Hazari19 revealed the two-step pathways triggered by (i) the M-H attack to CO2 followed by (ii) the 

transformation into the O(formate)-coordinated catalyst (Type B in Scheme 1). Nevertheless, such two-

step pathways are only applicable to the catalysts which can stabilize the M-O(formate) bond after 

releasing the hydride. Moreover, it still remains ambiguous whether the so-called CO2-insertion 

products are actually given via the intervention by solvent or other coexisting donors in solution (Type 

C1+C2 in Scheme 1). Considering the hydricity high enough to afford formate, the metal center releasing 

the hydride may possess a kinetically labile character leading to allow ligand substitution in a high rate. 

Moreover, an increasing number of reports have recently evidenced direct release of formate via the M-

H attack with the lack of any O(formate)-coordinated products (Types C1 or D in Scheme 1).20,23 The 

present study further demonstrates that the CO2 reduction to formate undergoes via the nucleophilic 

attack of a metal hydride and directly ends up with the release of formate (Type D in Scheme 1). 

 

Scheme 1. Possible reaction pathways to form formate via the attack of a metal 

hydride: CO2 insertion (Type A), M-H attack followed by direct M-O(formate) 

bond formation (Type B); M-H attack followed by both ejection of formate and 

donation of X (Type C1 or C1+C2), and M-H attack followed by ejection of 

formate (Type D), where Type C1+C2 denotes the M-H attack followed by 

indirect M-O bond formation via intervention by a coexisting donor X. 
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The family of RhCp*(bpy) derivatives are of particular interest. Marc Fontecave et al. previously 

developed a series of [RhIIICp*(R,R-bpy)Cl]+ catalysts with a variety of substituents on the R,R-bpy, 

demonstrating the tunability in the CO2 reduction yield together with the selectivity in HCOOH versus 

H2 formation.23d Using a non-aqueous photocatalytic system driven by the standard [Ru(bpy)3]2+ 

photosensitizer (5:1 v/v, MeCN/TEOA mixture, where MeCN is acetonitrile), they were able to control 

the HCOOH/H2 production ratio in the range of 0.29-1.36. On the other hand, our recent studies have 

continued to persist in the use of aqueous media with the aim of fabricating truly environmentally 

friendly photocatalytic systems free of any risks towards the emission of organic pollutants into the 

atmosphere.24 However, the suppression of water reduction to H2 in aqueous media is in principle 

challenging since the water reduction is thermodynamically more feasible relative to the CO2 reduction. 

Nevertheless, we could previously demonstrate how the selectivity in CO2 reduction versus H2 

evolution can be maximized up to ca. 90% in fully aqueous carbonate buffer at pH 6.7 by employing 

water-soluble cobalt porphyrins as CO2 reduction catalysts.8,15 The successful suppression of water 

reduction to H2 was also attributed to the lack of any effective proton relaying species, such as H2PO4
- 

available in a pH 7.0 phosphate buffer.25 Nevertheless, we were somewhat disappointed with the fact 

that the cobalt porphyrin catalysts all exhibit 100% selectivity in CO versus HCOOH formation. Thus, 

the catalysis of selective HCOOH formation in fully aqueous media is still quite limited, except for the 

 

 

Scheme 2. Photocatalytic CO2 reduction system made up of a 

RhCp*(dobpyH2) derivative as a catalyst, [Ru(bpy)3]2+ as a photosensitizer 

(RuPS), and BIH as a sacrificial electron donor (Figure S1). 
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Ru(II)-Re(I) supramolecular catalyst which was proven to be highly selective towards formate 

formation in aqueous solution.12a In the above context, we have investigated the catalytic CO2 reduction 

properties of water-soluble RhCp*(dobpyH2) derivatives shown in Scheme 2 in our hope to obtain 

highly selective formate formation systems operatable under aqueous conditions. Here dobpyH2 denotes 

the family of 4,4′-, 5,5′-, and 6,6′-dihydroxy-2,2′-bipyridine, which will be abbreviated as 44dobpyH2, 

55dobpyH2, and 66dobpyH2, respectively, where dobpy denotes dioxobipyridine. The ligand will also 

be abbreviated as LH2 where necessary. As depicted in Scheme 2, the catalysts bearing these ligands 

will be abbreviated as RhCp*(44dobpyH2), RhCp*(55dobpyH2), and RhCp*(66dobpyH2), 

respectively. Among them, RhCp*(44dobpyH2) is a reported compound which was previously 

investigated for its catalytic activity (not photocatalytic) towards the hydrogenation of CO2 into 

HCOOH,26 while the remainders are new compounds. In this study, the effect of substituent positions 

as well as the effect of adding water on the photocatalytic efficiency and product selectivity are 

examined in detail with our special attention paid to the selectivity in HCOOH formation. In addition, 

possible reaction pathways for all three catalysts are proposed by developing the free energy diagrams 

computed by the density functional theory (DFT) calculations. Moreover, the structure-activity 

relationships are established based on our careful examinations into the experimental and theoretical 

results. The most remarkable finding in this report lies in the drastic change in the product selectivity 

induced by switching the reaction media from non-aqueous to aqueous/organic phase, leading to 

demonstrate outstanding efficiencies of these catalysts in the CO2-to-HCOOH conversion. We also note 

that our results on the RhCp*(dobpyH2) must be viewed as related to the previous report on the 

IrCp*(bpy) catalysts studied for their activity towards the CO2 hydrogenation.27 
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RESULTS AND DISCUSSION 

Electrochemical Properties  

To clarify the fundamental electrochemical and electrocatalytic properties of the RhCp*(dobpyH2) 

family, the cathodic polarizations were initially made for the anhydrous dimethylformamide (DMF) 

solution of the individual catalyst under either Ar or CO2 atmosphere (Figure 1), in which both the 

square wave voltammetric (SWV) and cyclic voltammetric (CV) techniques were adopted to fully 

understand the relevant properties. Catalyst RhCp*(44dobpyH2) displays two distinct reduction peaks 

at -0.70 V and -0.79 V vs. Fc/Fc+, assignable to the RhIII/II and RhII/I reduction processes. On the other 

hand, both RhCp*(55dobpyH2) and RhCp*(66dobpyH2) exhibit a single 2-electron reduction peak 

attributable to the RhIII/I couple appearing at -0.89 V and -0.94 V, respectively, as described 

elsewhere.23d,28 The observed cathodic shift in the 2-electron reduction potential in the latter is indicative 

of the increased electron density at the metal center, likely due to the stronger electron-donating property 

of the 6,6’-dihydroxyl rather than the 5,5’-dihydroxyl groups because of the closer location of the 

groups with regard to the metal-bonded nitrogen centers. Although exact assignments of multiple 

reduction waves appearing at the more cathodic domain beyond ca. -1.4 V remain unexplored, these 

reduction waves are assignable to the bpy-based reduction leading to afford the [RhICp*(dobpyH2
-•)]- 

species. It may be due to the presence of unidentified multiple RhICp*(dobpyH2)X species, for instance, 

due to the difference in the X ligand (e.g., X = Cl-, DMF, etc.). It should be noted that our DFT results 

deny the two-step 1-electron reductions of the dobpyH2 ligand leading to afford the 

[RhICp*(dobpyH2
2-)]2- species (data not shown).  

  Upon purging CO2 into the electrolysis solution, all systems show enhanced current attributable to 

the electrocatalytic CO2 reduction at around the dobpyH2-based reduction potentials regardless of the 

presence of water. For all catalysts, the overpotential for the electrocatalytic CO2 reduction (Ecat/2) 

remains unaffected by the presence of water. However, only catalyst RhCp*(66dobpyH2) exhibits a 

significant enhancement in the catalytic current upon addition of water, which is in line with the 

enhanced photocatalytic CO2 reduction rate of this catalyst under the similar experimental conditions 
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(see below). By analogy to the similarity in the Rh-based reduction profiles (see above), the Ecat/2 values 

for RhCp*(55dobpyH2) and RhCp*(66dobpyH2) (ca. -1.50~ -1.54 V) are both positive-shifted 

relative to that of RhCp*(44dobpyH2) (-1.72 V). Using these Ecat/2 parameters, the formal driving force 

 
 
Figure 1. SWV and CV data recorded for the solutions of RhCp*(dobpyH2) (1.0 mM) at the scan rate 
of 100 mV/s. The measurements were conducted for the Ar- or CO2-saturated DMF solution (black or 
red) and the CO2-saturated DMF+H2O (85:15 v/v) mixture (blue). The both solutions contain TBACl 
(0.1 M; TBA+ = tetra(n-butyl)ammonium) as a supporting electrolyte. The working, counter, and 
reference electrodes are glassy carbon, Ag/Ag+, and Pt wire electrodes, respectively. The green dashed 
line represents the reduction potential of [Ru(bpy)3]2+.29,30 The insets show the magnification around 
the rise of catalytic current for CO2 reduction. 
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for the electron transfer (∆E) when promoting the CO2 reduction by the photochemically produced 

reducing equivalents (i.e., [Ru(bpy)2(bpy-•)]+) can be discussed as follows. By employing the reduction 

potential for the [Ru(bpy)3]2+/[Ru(bpy)2(bpy-•)]+ couple (Ered = -1.76 V vs. Fc/Fc+), each ∆E can be 

estimated according to ∆E = Ecat/2 – Ered. As illustrated in Figure 1, RhCp*(55dobpyH2) and 

RhCp*(66dobpyH2) possess higher values in ∆E (220-260 mV) compared to that of 

RhCp*(44dobpyH2) (ca. 40 mV). These results can be correlated with the photocatalytic CO2 reduction 

rates described below for these catalysts. 

   On the other hand, one can further recognize that the CV profiles for the catalytic CO2 reduction are 

roughly classified into two groups. The electrocatalysis seems triggered after promoting the dobpyH2-

reduction step when catalyzed by RhCp*(44dobpyH2) and RhCp*(55dobpyH2), while the 

overpotential for the electrocatalysis by RhCp*(66dobpyH2) is obviously shifted to the potential which 

is effectively more cathodic to the dobpyH2-based reduction potential observed in the absence of CO2 

(see Figure 1). In other words, the CV profiles for the electrocatalysis by RhCp*(66dobpyH2) clearly 

lack the dobpyH2-based reduction profiles characteristic of the RhICp*(66dobpyH2) intermediate 

produced at -0.94 V in the absence of CO2. These results suggest that the RhICp*(66dobpyH2) 

 

Figure 2. UV-Vis SEC data for the DMF solution of 

RhCp*(66dobpyH2) (1.0 mM) in the presence of TBACl (0.1 M) 

applied at -1.0 V vs. Fc/Fc+ at 20 ºC by employing platinum mesh 

working electrode under Ar (top) and CO2 (bottom). The interval 

between measurements is 200 seconds. 
 

https://doi.org/10.26434/chemrxiv-2024-t3ltd-v3 ORCID: https://orcid.org/0000-0003-4976-9796 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-t3ltd-v3
https://orcid.org/0000-0003-4976-9796
https://creativecommons.org/licenses/by-nc-nd/4.0/


10 

 

intermediate reacts with CO2 to give a different chemical species while conducting the cathodic 

polarization beyond -0.94 V. In order to confirm the validity of this hypothesis, spectroelectrochemical 

(SEC) studies were carried out for all RhCp*(dobpyH2) derivatives using the conditions used to 

measure the electrochemical data shown in Figure 1. By holding the working electrode potential at -1.0 

V, corresponding to the potential completing the RhIII/RhI reduction for all catalysts, UV-visible spectral 

changes in either Ar or CO2 atmosphere were observed every 200 s (Figures 2 and S9). Under Ar 

atmosphere, all catalysts show spectral changes attributable to the formation of the RhICp*(dobpyH2) 

intermediate (Figures 2a and S9). An important finding is that the time-course of spectral changes are 

drastically affected by introducing CO2 only when the RhCp*(66dobpyH2) derivative is adopted 

(Figure 2b). In contrast, the spectroelectrochemical behaviors of RhCp*(44dobpyH2) and 

RhCp*(55dobpyH2) are clearly insensitive to the exposure to CO2 (Figure S9), implying the lack of 

their driving force to promote the formal CO2-to-CO2
2- reduction by the RhI/RhIII couple, i.e., RhI + CO2 

→ RhIII(CO2
2-), because of the anodically shifted potentials for their RhIII/RhI couples (-0.70~ -0.89 V) 

relative to that of RhCp*(66dobpyH2) (-0.94 V). The new species given in the reaction of 

RhICp*(66dobpyH2) with CO2 is featured by the bleach and growth of absorption at 350 and 450 nm, 

respectively, even though the actual species given remains unclarified in this report. Nevertheless, our 

results clearly reveal the difference in reactivity of these two classes of catalysts. As far as the 

electrocatalysis is concerned, it is considered that an unidentified species is given via the reaction of 

RhICp*(66dobpyH2) and CO2 prior to the dobpyH2-based reduction. On the other hand, the 

[RhICp*(dobpyH2
-•)]- species must be generated to trigger the catalysis of either CO2 or water reduction 

when RhCp*(44dobpyH2) and RhCp*(55dobpyH2) are adopted. However, under the photocatalytic 

conditions in which a substantially different solvent mixture is used, the RhIII(CO2
2-) species does not 

play a significant role in catalysis since the CO expected to be produced from this species is a minor 

product, less than 1% in selectivity (see below).  
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Photocatalytic CO2 reduction  

Photocatalytic CO2 reduction performances were investigated using the CO2-saturated solutions 

prepared by using a mixed solvent consisting of either MeCN+TEOA (5:1 v/v) or MeCN+H2O+TEOA 

(4:1:1 v/v). The use of the latter solvent mixture allows us to understand the role of water in the product 

yield and selectivity. The photolysis solutions contained each RhCp*(dobpyH2) derivative (0.1 mM) 

as a catalyst, [Ru(bpy)3]2+ (1.0 mM) as a photosensitizer, and BIH (1,3-dimethyl-2-phenyl-2,3-dihydro-

1H-benzo[d]imidazole; 0.1 M) as a sacrificial electron donor. Importantly, TEOA in each mixed solvent 

serves as a proton relay to abstract the proton of BIH+ to avoid the backward electron transfer from 

[Ru(bpy)2(bpy-•)]+ (i.e., TEOA + H+ ⇌ [TEOA(H)]+; pKa = 15.9 in acetonitrile) rather than a sacrificial 

 
Figure 3. Photocatalytic CO2 reduction into HCOOH and H2 production for (a) CO2-saturated 

MeCN+TEOA (5:1 v/v) and (b) CO2-saturated MeCN+H2O+TEOA (4:1:1 v/v) solutions containing 

[Ru(bpy)3]Cl2•6H2O (1.0 mM), BIH (0.1 M), and a RhCp*(dobpyH2) derivative (0.1 mM) at 20 ºC 

under 300 W Xe lamp irradiation (λ > 400 nm). (c) Magnified view for the initial period in Figure 3b. 

(d) Summarized selectivity (%) in HCOOH and H2 production. The CO production profiles are shown 

in Figure S11. Blank experiments without the catalyst are also shown in (Figure S12). Each 

measurement is repeated at least twice with an error margin of 1-15% to confirm the reproducibility.  
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electron donor under these conditions.31,32 In the absence of water, the photocatalysis affords HCOOH 

and H2 as the major products, where CO evolution is negligible in the initial stage but shows a gradual 

rise after the induction period of about 2 h (Figure S10), presumably due to unidentified alterations 

given in the coordination environments of catalytically active species at the prolonged reaction stage. 

For all catalysts, the H2 production predominates over the HCOOH formation in the absence of water, 

as listed in Table 1 (entries 1-4) (see also Figures 3a,d and Figure S23). It must be noted that the H2 

evolution activity is the lowest for the non-hydroxylated RhCp*(bpy) catalyst (entry 1). To our great 

surprise, addition of water causes a complete switching in selectivity from H2 into HCOOH only when 

catalyzed by the hydroxylated RhCp*(dobpyH2) catalysts (Table 1, entries 6-8) (see also Figures 3b-

d). Such a selectivity switching is not induced by the non-hydroxylated RhCp*(bpy) catalyst (Figure 

S23), indicative of the importance of having the hydroxyl functional groups to accelerate the formate 

formation in the presence of water. Moreover, the fundamental catalytic performances in terms of the 

total catalytic efficiency, defined by TONtotal, increases substantially for all catalysts (Table 1). The 

reproducibility of our results has been successfully confirmed through three times of measurements for 

each condition. The highest catalytic performances in both the HCOOH yield (TONHCOOH) and the 

HCOOH selectivity (SelHCOOH) are achieved by the RhCp*(55dobpyH2) catalyst (TONHCOOH = 720 and 

SelHCOOH = 82%). The RhCp*(66dobpyH2) catalyst also shows an outstanding performance in HCOOH 

 

Table 1. Summary of photocatalytic performances.a 

Entry  
Catalyst  

(0.1 mM) 
Solvent 

HCOOH CO H2 

TONtotal
f TON (μmol) 

[selectivity] 

TOFmax 

(h-1) 

TON (μmol) 

[selectivity] 

TOFmax 

(h-1) 

TON (μmol) 

[selectivity] 

TOFmax 

(h-1) 

1b RhCp*(bpy) d 46 (23) [37%] 24 28 (14) [22%] 16 51 (26) [41%] 35 125 

2b RhCp*(44dobpyH2) d 63 (32) [34%] 33 28 (14) [15%] 2 92 (46) [50%] 54 183 

3b RhCp*(55dobpyH2) d 42 (21) [15%] 24 55 (28) [20%] 7 180 (90) [65%] 99 277 

4b RhCp*(66dobpyH2) d 55 (28) [14%] 39 99 (49) [25%] 16 239 (120) [61%] 254 393 

5c RhCp*(bpy) e 146 (73) [40%] 41 37 (19) [10%] 7 183 (92) [50%] 74 366 

6c RhCp*(44dobpyH2) e 335 (167) [58%] 43 7 (3) [1%] 1 240 (120) [41%] 102 582 

7c RhCp*(55dobpyH2) e 720 (360) [82%] 83 23 (12) [2%] 5 136 (68) [16%] 24 879 

8c RhCp*(66dobpyH2) e 574 (287) [83%] 111 6 (3) [1%] 2 109 (55) [16%] 45 689 

aThe photocatalysis conditions are same to those shown in Figures 3a,b and S23. bTON at 4 h. cTON at 

24 h. dMeCN/TEOA (5:1 v/v). eMeCN/H2O/TEOA (4:1:1 v/v). fTONtotal = TONHCOOH + TONCO + 

TONH2. 
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production (TONHCOOH = 574 and SelHCOOH = 83%). Meanwhile, the selectivity for H2 evolution is 

significantly suppressed, in sharp contrast with the high activity and selectivity for H2 in a water-free 

mixed solvent, except for the non-hydroxylated RhCp*(bpy) catalyst. To the best of our knowledge, 

this is the first report demonstrating the water-induced suppression in H2 selectivity which 

concomitantly leads to the substantially enhanced formic acid production based on the introduction of 

hydroxyl groups into the bipyridyl ligand. Actually, it has been often reported that photocatalytic CO2 

reduction in such water-containing organic media tends to exhibit simultaneous increase in the yield of 

all reduction products (i.e., HCOOH, CO and H2) without showing any specific preference, 13,21d as is 

the case for the RhCp*(bpy) catalyst examined as a control in this study. It seems also noteworthy that 

the photocatalytically active period is obviously prolonged by the presence of water. 

The more careful examinations into all product formation profiles led us to focus on the following 

issues. First, it is important to pay attention to the fact that the RhCp*(66dobpyH2) derivative which 

shows the highest activity in H2 evolution in the absence of water exhibits the lowest yield in H2 in the 

water-added system. Apparently, the two observations appear rather contradicting. Similarly, the 

RhCp*(55dobpyH2) derivative shows a quite similar behavior. To the contrary, the 

RhCp*(44dobpyH2) derivative, which shows the lowest activity in H2 evolution in the absence of water, 

shows the earliest rise and the highest yield in H2 evolution in the water-added system. In contrast, the 

RhCp*(bpy) shows no induction period in both products in the presence of water by showing obviously 

different characteristics compared to the hydroxylated catalysts (Figure S23). Secondly, we should also 

pay attention to the substantial difference in the induction period of HCOOH formation in the water-

added system among the three catalysts (Figure 3c). The RhCp*(44dobpyH2) shows the longest 

induction period as well as the lowest yield in HCOOH formation. Importantly, the 

RhCp*(66dobpyH2) derivative shows almost no induction period, indicative of its high efficiency in 

the HCOOH formation. The RhCp*(55dobpyH2) derivative also shows a relatively short induction 

period in HCOOH formation. Consequently, we hypothesized that, at least in the catalysis by the 

RhCp*(66dobpyH2) and RhCp*(55dobpyH2) derivatives, the H2 once evolved in the water-added 
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system is effectively consumed in the CO2 hydrogenation into HCOOH, since it well rationalizes the 

reason for the low yield in H2 evolution by these catalysts. The validity of these arguments was 

experimentally confirmed, as described in the next section.  

 

 

Chemical Speciation by Redox-dependent Proton Dissociation Constants 

Since the photocatalysis was carried out in the presence of a large quantity of basic TEOA, 

dihydroxyl groups in [RhIIICp*(dobpyH2)Cl]+ are expected to be partly or fully deprotonated in solution. 

As depicted in Scheme 3, three stepwise proton dissociation equilibria must be taken into consideration, 

as previously described.26,33 Nevertheless, the metal-centered reductions as well as the bpy-based 

reduction certainly bring about non-negligible impacts to the pKa values. The catalyst intermediates are 

thus considered to possess redox-dependent pKa values. In general, successive reductions cause gradual 

increase in electron density at the bipyridyl moiety, leading to raise the pKa values. The impact is 

expected to be significantly large upon the bpy-based reduction due to the direct injection of an electron 

into the bipyridyl moiety. 

To gain clearer insights into the protonation states of individual species, we adopted combination of 

experimental and theoretical approach described below. First, spectrophotometric pH titrations were 

carried out for all three catalysts in their initial [RhIIICp*(dobpyH2)Cl]+ states. The global spectral 

analysis using the SVD (Singular Value Decomposition) method gave successful results, yielding the 

stepwise pKa values together with the molar absorptivity spectra of individual species (Figures S25-

 

Scheme 3. Three possible proton dissociation equilibria supposed for [RhIIICp*(dobpyH2)Cl]+. 
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S29). Over the pH range of 2-9, the [RhIIICp*(44dobpyH2)Cl]+ and [RhIIICp*(55dobpyH2)Cl]+ 

derivatives show two-step proton dissociation equilibria, while only the [RhIIICp*(66dobpyH2)Cl]+ 

derivative shows three-step equilibria (pKa3 = 8.21(9); see Figure S27). The experimentally determined 

pKa1 and pKa2 values for these [RhIIICp*(dobpyH2)Cl]+ catalysts are listed in Table 2, together with the 

pKa values calculated for several relevant species in different redox or protonation states. For each 

ligand system, the observed and calculated pKa2 values for the [RhIIICp*(dobpyH2)Cl]+ catalyst show a 

good consistency, demonstrating the validity of the calculation method adopted (see Experimental 

Section). The results of calculations allow us to understand several tendencies as follows. (i) The 

RhIII/RhI reduction (i.e., 2-electron reduction) results in increase in all pKa values by about 3~4 units. 

(ii) The RhIII(LH2)/ RhI(LH2
-•) reduction (i.e., 3-electron reduction) leads to the substantial increase in 

pKa by at least ca. 8 units. (iii) The protonation of RhI to give RhIII(H) generally causes decrease in 

electron density at the bipyridyl moiety leading to show a decrease in pKa, where the non-bpy-reduced 

species show a decrease in pKa by 3~5 units while the bpy-reduced species exhibit irregular behaviors. 

(iv) The bpy-reduced derivatives possess relatively high pKa values. These tendencies are quite useful 

in order to rationally select the most abundant form of each intermediate when we make approach to 

the mechanistic interpretations below.  

We also note that the deprotonated pyridyl rings all similarly bear a double bond character at the C-

 

Table 2. Observed and calculated pKa values for the RhCp*(dobpyH2) derivatives in various forms.a  

Protonated Species  

Computed by DFT 

RhCp*(44dobpyH2) RhCp*(55dobpyH2) RhCp*(66dobpyH2) 

pKa1 

(Obsd.) 

pKa2 

(Obsd.) 

pKa1 

(Obsd.) 

pKa2 

(Obsd.) 

pKa1 

(Obsd.) 

pKa2 

(Obsd.) 

1[RhIIICp*(dobpyH2)Cl]+ 
4.87b 

(4.87) 

5.50 

(6.12) 

5.64b 

(5.64) 

6.81 

(6.89) 

4.84b 

(4.84) 

6.11 

(5.97) 

1[RhICp*(dobpyH2)] 7.55 9.25 9.29 10.28 9.12 9.39 

2[RhICp*(dobpyH2
-•)]- 12.80 13.17 13.92 22.28 14.49 15.53 

1[RhIII(H)Cp*(dobpyH2)]+ 3.42 4.35 5.43 7.45 5.01 6.16 

2[RhIII(H)Cp*(dobpyH2
-•)] 11.11 14.45 5.52 9.86 10.12 13.00 

aComputed using the CAM-B3LYP/SDD(Rh)/6-311+G*(others) level of DFT with the solvation model 

based on the density (SMD, water). bThe values are benchmarked using the experimentally determined 

pKa1 values. 
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O bond (ca. 1.25 Å) without losing the aromaticity in the pyridyl donor regardless of the substituent 

positions, indicative of the preservation of d(Rh)-(bpy) associations (Figures S32-S34). In other 

words, the amido character, expected for the keto tautomer by the 4,4’- and 6,6’-substituted catalysts, 

is not evident at the nitrogen donor in the deprotonated rings. Nevertheless, we note that the 

experimentally determined pKa values of [RhIIICp*(44dobpyH2)Cl]+ and [RhIIICp*(66dobpyH2)Cl]+ are 

by 1 unit lower than the corresponding values of [RhIIICp*(55dobpyH2)Cl]+, indicative of the higher 

stabilization of the deprotonated species for the former two catalysts compared to the latter. These 

observations seem reflecting the non-negligible impacts arising from the difference in the resonance 

forms between the ortho-para and the meta substituted bipyridyl ligands.  

 

 

Carbon Dioxide Hydrogenation Slowly Catalyzed in the Dark 

To confirm the role of H2-consumption pathway supposed to accelerate the overall photocatalytic 

HCOOH formation, hydrogenation of CO2 in the dark catalyzed by the RhCp*(dobpyH2) derivatives, 

together with the RhCp*(bpy) derivative, were investigated. First, an aqueous NaHCO3 buffer solution 

containing each catalyst (pH 8.3) was purged with a 1:1 H2/CO2 syngas (1 atm) to determine the 

HCOOH formation yield. Obviously, the doubly deprotonated species [RhIIICp*(dobpy)Cl]- is regarded 

Table 3. CO2 hydrogenation performances.a 

Complex 
HCOOH 

TON μmol 

RhCp*(bpy) n.d. n.d. 

RhCp*(44dobpy) 52 26 

RhCp*(55dobpy) 77 38 

RhCp*(66dobpy) 95 47 

   
aCatalysis conditions: The reaction is carried out in 

an aqueous NaHCO3 (1.0 M, pH 8.3) solution of a 

rhodium complex (0.1 mM) under the 1 atm syngas 

(H2/CO2 = 1:1, v/v) condition for 24 h at 20 ºC. 

Blank experiment without the catalyst does not 

generate HCOOH. 

https://doi.org/10.26434/chemrxiv-2024-t3ltd-v3 ORCID: https://orcid.org/0000-0003-4976-9796 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-t3ltd-v3
https://orcid.org/0000-0003-4976-9796
https://creativecommons.org/licenses/by-nc-nd/4.0/


17 

 

as the major species at pH 8.3 (pKa2 < 7 for all catalysts; see Table 2). As summarized in Table 3, the 

RhCp*(66dobpyH2), showing almost no induction period in photocatalytic HCOOH formation in the 

water-added system (Figure 3b), exhibits the highest HCOOH formation activity (TONHCOOH = 95), 

whereas the RhCp*(44dobpyH2), showing the longest induction period in HCOOH formation in Figure 

3b, exhibits the lowest activity (TONHCOOH = 52). It is important to focus on the fact that no HCOOH 

forms when the non-hydroxylated RhCp*(bpy) is adopted, revealing the importance of hydroxyl 

groups to promote the catalytic hydrogenation. We have also confirmed that the CO2 hydrogenation by 

these catalysts is not accelerated by visible light irradiation in the absence of RuPS and BIH (data not 

shown). These results demonstrate that the HCOOH formation via the dark hydrogenation catalyzed by 

the RhCp*(dobpyH2) derivatives indeed proceeds. However, the observed rates are clearly much lower 

than those observed in the photocatalytic reactions, which is partly attributable to the inability to 

promote further reduction of the [RhIII(H)Cp*(dobpy)]- into the bpy-reduced RhIII(H)Cp*(dobpyH2
-•) 

due to the lack of RuPS-•, as illustrated in Scheme 4. Thus, the dark hydrogenation cannot make access 

to the bpy-reduced intermediate RhIII(H)Cp*(LH2
-•) so that the slow path is only available. In other 

words, the bpy-reduced species is the actual key intermediate attacking CO2 to yield formate in a faster 

photocatalytic route, as described below in the DFT section. We also note that [RhIIICp*(dobpy)Cl]- 

preserves its ligation by chloride in solution (Figure S28) and requires the substitution of Cl- with H2 to 

trigger the hydride formation, which also rationalizes the sluggishness of the dark reactions (see below). 

In order to further ascertain whether the dark hydrogenation indeed proceeds under the 

photocatalytic conditions, the photocatalysis solutions themselves were adopted to monitor the H2-

consumption-based HCOOH formation (Figure S24). Using the molar absorptivity spectra determined 

in the pH titration experiments (Figure S29), the major species appearing after the dissolution of each 

catalyst was also judged to be the doubly deprotonated species [RhIIICp*(dobpy)Cl]- (Figure S31). In 

these additional experiments, the photocatalysis described above for Figure 3b was similarly conducted 

until the induction period is completed, followed by purging the solution with a H2/CO2 gas mixture 

having a mixing ratio of either 5:5 or 1:9. Even with the observed slow rates in HCOOH formation, the 
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results further demonstrate that the “slow hydrogenation path” is also active under the photocatalytic 

conditions. We can therefore consider that the rhodium hydride crucial for producing HCOOH34 during 

the photocatalysis can be given not only via the photocatalytic 3-electron reductions of the RhIII species 

by RuPS-• but also via the simple H2 addition to the RhIII species with additional 1-electron reduction 

by RuPS-• (Scheme 4). The induction periods seen in the photocatalytic HCOOH formation by the 

RhCp*(55dobpyH2) and RhCp*(44dobpyH2) derivatives in Figure 3b may be correlated with the time 

required to establish the so-called stationary conditions in promoting such competitively promoted 

photocatalytic and non-photocatalytic processes.  

 

 
 

Scheme 4. Multiple pathways in competition in the photocatalysis. The protonation states 
of species obey the pKa values in Table 2, except for the assumption on RhIICp*(LH).  
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To elucidate the observed differences in the catalytic activity towards the dark CO2 hydrogenation, 

the H2 addition to the individual catalyst was studied by DFT calculations. Figure 4 shows the DFT 

results on the reaction of H2 with the doubly deprotonated RhIIICp*(66dobpy), considered as the major 

species in solution (see above). The initial intermediate can be supposed as a dihydrogen complex 

RhIII(H2)Cp*(66dobpy). For all catalysts, a similar dihydrogen intermediate can be supposed, as 

 

 
 

Figure 5. DFT-optimized structures of singly deprotonated catalysts ligated by H2: (a) 

RhIII(H2)Cp*(44dobpy), (b) RhIII(H2)Cp*(55dobpy), and (c) RhIII(H2)Cp*(66dobpy), where methyl 

groups on the Cp* and hydrogens on the bpy moieties have been omitted for clarity.  

 
Figure 4. The Gibbs free energy diagram computed by DFT for the H2 

heterolysis by the RhCp*(66dobpy) catalyst. Each value is in 

kcal/mol. All the structures have been optimized at the M06/SDD(Rh)/ 

6-31G*(others) level of DFT with solvation in acetonitrile taken into 

consideration (C-PCM). 

 

https://doi.org/10.26434/chemrxiv-2024-t3ltd-v3 ORCID: https://orcid.org/0000-0003-4976-9796 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-t3ltd-v3
https://orcid.org/0000-0003-4976-9796
https://creativecommons.org/licenses/by-nc-nd/4.0/


20 

 

depicted in Figure 5. The H-H distances in these dihydrogen complexes are in the range of 0.774-0.796 

Å, only slightly longer than that of free H2 (0.742 Å, computed using the same level of calculations) 

and thereby represent them as nearly pure -complexes with a smaller contribution of -back donation 

to the H-H antibonding orbital, i.e., *(1s-1s).35 

An intriguing discovery in our DFT calculations is that the dihydrogen complex 

RhIII(H2)Cp*(66dobpy) can feasibly overcome the barrier (Gǂ = 7.8 kcal/mol) to afford a hydride 

intermediate, i.e., RhIII(H)Cp*(66dobpyH), as a result of heterolytic cleavage of H2 into a hydride and 

a proton with concomitant transfer of the proton to make one of the oxo groups protonated (Figure 4). 

Overall, this step is an exothermic process (Gcleavage = -9.3 kcal/mol). In order to fully understand the 

detailed structural changes during the heterolytic H-H cleavage, we further conducted the intrinsic 

reaction coordinate (IRC) calculation for this step (Figure S13). While passing through the transition 

state (TS), one of the H atoms is withdrawn by the basic oxo site (O-H = 1.400 Å at TS) and the H-H 

bond distance becomes longer (H-H = 0.960 Å at TS). At the same time, the other H atom becomes 

closer to the Rh center (Rh-H = 1.802 Å). In addition to this pathway (i.e., direct H-H cleavage pathway), 

a water-assisted pathway showing a slightly lower barrier (Gǂ = 6.7 kcal/mol) was also realized (see 

Figure 4), which has a strong relevance to the behaviors described for the IrCp* analogs.27b Although 

we have been unsuccessful in determining the TS energies for the rest of catalysts, their H2 cleavage 

steps are similarly downhill in nature (Table S1). The values of Gcleavage = -17.6 and -23.6 kcal/mol 

were obtained for RhIII(H2)Cp*(44dobpy) and RhIII(H2)Cp*(55dobpy), respectively. It seems likely that 

they can also promote the heterolytic cleavage via the water-accelerated pathways.  

It is also important to discuss the interatomic distances between the protons and the oxo oxygens 

which may play a role as a proton relay site to accelerate the heterolytic cleavage of H2.36 This issue can 

be viewed as related to the role of pendant amine sites known to enhance the catalytic activity of 

hydrogenase enzymes and their artificial models.37 As illustrated in Figure 5, the H(H2)-O(oxo) 

distances for RhIII(H2)Cp*(44dobpy) and RhIII(H2)Cp*(55dobpy) are substantially longer than that for 

RhIII(H2)Cp*(66dobpy), rationalizing the reason why the TS optimization for the H2 cleavage within 
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RhIII(H2)Cp*(44dobpy) and RhIII(H2)Cp*(55dobpy) is not straightforward. Nevertheless, our 

experiments also evidenced that the RhCp*(bpy), having no hydroxyl groups, does not catalyze the 

CO2 hydrogenation to HCOOH under the same reaction conditions (Table 3). The results clearly 

indicate that the oxo oxygens at the remote sites in these catalysts indeed play a significant role in the 

H2 cleavage to promote the dark CO2 hydrogenation. These results strongly suggest that the CO2 

hydrogenation catalyzed by these RhIIICp*(dobpy) derivatives is all likely promoted via the water-

accelerated pathways using the oxo as a proton relay site. 

 

 

Stability of Catalysts 

To verify the stability of our photocatalytic systems, the electrospray ionization mass spectrometry 

(ESI-MS) was used to observe the molecular species in solution before and after the photolysis. With 

this purpose, the photocatalysis condition adopted for entry 7 in Table 1, which shows the highest 

photocatalytic performance, was adopted. The measurements were carried out for the cationic species 

deposited by adding an excess of sodium tetraphenylborate to the photocatalysis solution. As shown in 

Figure 6, the mass patterns observed for the species deposited before and after the photocatalysis are 

fundamentally identical, revealing that the cationic species are all well intact during at least the initial 

2.5 h of photocatalysis. The results evidence that the induction period is attributable to neither the 

transformation nor decomposition of any species including the RhCp*(55dobpyH2) catalyst. The four 

cationic species observed are unambiguously assigned as [BI]+, [BIH·H2O]+, [Ru(bpy)3]2+, and 

[RhIIICp*(55dobpyH)(R2NH-CH2CH2-OCO2)]+, where R2NH-CH2CH2-OCO2 (R=CH2CH2OH) is a 

zwitterion (i.e., R2N+H-CH2CH2-OCO2
-) given as a covalent bonding of CO2 and TEOA, as described 

elsewhere.31b,c It should be noted that the R2NH-CH2CH2-OCO2 ligand can remain coordinated while 

the metal has an oxidation state of RhIII. Our DFT calculations clearly reveal that the RhIII-O(R2NH-

CH2CH2-OCO2) bond can only be stabilized with the distance being 2.17 Å, while those for the RhII 

and RhI catalysts are entirely dissociated into 3.86 and 4.07 Å, respectively (Figure S15). These reflect 
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the Jahn-Teller distortion in the low-spin d7 RhII center as well as the pseudo-square-planar geometry 

established by the d8 RhI center. We also note that the R2N+H-CH2CH2-OCO2
- ion does not itself 

participate in the catalysis of CO2 reduction, since the carbon center of CO2 in this adduct has a poor 

electrophilicity and cannot be the target of nucleophilic attack by either a metal or a metal-hydride.  

On the other hand, the results of photocatalytic CO2-to-HCOOH conversion in the water-added 

mixture indicate that RhCp*(66dobpyH2) exhibits the highest maximum TOF (i.e., TOFmax), whereas 

RhCp*(55dobpyH2) demonstrates the highest TONHCOOH (Table 1). The higher TONHCOOH value (720) 

achieved by RhCp*(55dobpyH2) relative to RhCp*(66dobpyH2) (TONHCOOH = 574) seems like 

reflecting its higher stability. These features can be well recognized by the crossing of the HCOOH 

formation profiles of these catalysts at 8 h, together with the induction period only seen for 

RhCp*(55dobpyH2) (Figure 3b). In spite of the superior catalytic rate of the RhCp*(66dobpyH2) 

derivative, this catalyst is found to be rather inferior in its stability during the photocatalysis. Two 

possible reasons can be pointed out as follows. First, the RhCp*(66dobpyH2) derivative possesses an 

intense as well as broad visible absorption band above 400 nm, which is not seen for other catalysts 

 
Figure 6. ESI-MS spectra observed for the cationic 

species deposited before and after 2.5 h of photolysis, 

where the conditions used for entry 7 in Table 1 was 

adopted. The cationic species in solution were once 

precipitated as by adding a large excess of NaBPh4 

followed by dissolving the solid sample in acetonitrile to 

measure the spectra (see Figure S14 for more details). 

https://doi.org/10.26434/chemrxiv-2024-t3ltd-v3 ORCID: https://orcid.org/0000-0003-4976-9796 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-t3ltd-v3
https://orcid.org/0000-0003-4976-9796
https://creativecommons.org/licenses/by-nc-nd/4.0/


23 

 

(Figure S16). It is therefore quite reasonable to consider that the photodegradation of this catalyst is 

much more severely enhanced compared to other catalysts. Second, through our DFT studies, we 

encountered the fact that somewhat unusual structural strain is only established in the 

RhCp*(66dobpyH2) species due to the intramolecularly established steric hindrances by the 6,6’-

hydroxyl groups on the dobpyH2 ligand. As depicted in Figure 7, an exceptional canting of the dobpyH2 

plane with regard to the Cp* plane is given only by the RhCp*(66dobpyH2) catalyst, indicative of the 

difficulty in forming an ideal coordination mode of the bpy chelate which are achievable by the 

44dobpyH2 and 55dobpyH2 moieties. Here the hydride intermediates with 1-electron reduced at the 

dobpyH2 moiety (i.e., 2[RhIII(H)Cp*(dobpyH2
-•)]) are adopted to compare the structural features since 

they are judged to serve as a key intermediate in HCOOH formation (see below). This factor is likely 

to contribute to the relatively lower stability of the RhCp*(66dobpyH2) catalyst.  

   

 

Mechanistic Studies 

To elucidate the mechanism of formate generation in the photochemical CO2 reduction catalyzed by the 

RhCp*(dobpyH2) derivatives, DFT calculations were carried out to develop the free energy diagrams 

showing possible reaction pathways (Figure 8 and Table S2). For the simplicity, the non-deprotonated 

form of the ligand (dobpyH2) is adopted to model the possible reaction pathways, considering the 

 
 

Figure 7. Dihedral angles between the dobpyH2 and Cp* planes for 

(a) 1[RhICp*(44dobpyH2)], (b) 1[RhICp*(55dobpyH2)], and (c) 
1[RhICp*(66dobpyH2)]. 
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relatively high pKa values for the lower redox intermediates appearing in the diagrams (Table 2). To 

ensure the consistency with the conditions adopted for the photocatalytic reactions, the reduction 

potential of [Ru(bpy)3]2+/[Ru(bpy)2(bpy-•)]+ (-1.76 V vs. Fc/Fc+ in MeCN) 29,30 was used to estimate the 

driving force for each electron transfer step. Similarly, the value of pKa = 15.9 reported for [TEOA(H)]+ 

was adopted to benchmark the protonation processes.32 The validity of our treatments was also 

confirmed by comparing the computed potentials for either the RhIII/II or RhII/I couple with those 

experimentally determined by the SWV. 

In Figure 8, the major reaction pathways are illustrated in black lines using those computed for the 

RhCp*(55dobpyH2) derivative with the corresponding pathways for the RhCp*(44dobpyH2) and 

RhCp*(66dobpyH2) derivatives also shown in red and blue, respectively. The following arguments 

mainly use the pathways derived from the RhCp*(55dobpyH2) derivative. The diagram starts with 

1[RhICp*(LH2)], with the chloride in the initial species dissociated upon 2-electron reduction.28 The 

thermodynamic stability of this species was unambiguously confirmed by conducting additional 

calculations (Figure S17). Protonation of this species leading to afford RhIII(H), i.e., 

1[RhIII(H)Cp*(dobpyH2)]+, is thermodynamically feasible as a subsequent step.38 Although Figure 8 was 

 

Figure 8. The Gibbs free energy diagram computed by DFT for the CO2 reduction to formate catalyzed 

by the RhCp*(dobpyH2) derivatives when driven by the reductive equivalent based on the 

[Ru(bpy)3]2+/[Ru(bpy)2(bpy-•)]+ couple (-1.76 V vs. Fc/Fc+ in MeCN) with the protonation step 

promoted by [TEOA(H)]+ (pKa = 15.9) as a proton source. Each value is given in kcal/mol. 
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originally constructed by ignoring the redistribution in the proton dissociation equilibria, the detailed 

pKa properties obtained at the revision stage (Table 2) clearly indicated the complete deprotonation of 

RhIII(H) to yield 1[RhIII(H)Cp*(dobpy)]- as a major species. We therefore had to re-examine whether the 

PT-ET pathway for the induvial catalyst is indeed feasible through the fully deprotonated RhIII(H) 

species. The PT-ET pathways through all three possible protonation states are illustrated in Figures S35-

S37. The results reveal that the ET step through 1[RhIII(H)Cp*(dobpy)]- to yield 2[RhIII(H)Cp*(dobpyH2
-

•)] is similarly feasible for the 5,5’- and 6,6’-substituted catalysts but becomes endergonic (G = 10 

kcal/mol) for the 4,4’-substituted catalyst. Interestingly, this finding is rather consistent with the 

relatively slow photocatalytic reaction exhibited by the 4,4’-substituted catalyst. We additionally note 

that the contribution of a CPET (concerted proton-electron transfer) route to yield 

2[RhIII(H)Cp*(dobpyH2
-•)] from 1[RhICp*(dobpyH2)] without ligand deprotonation cannot be ruled out. 

A possibility of affording Cp*-protonated intermediates, e.g., [RhI(Cp*H)(bpy)]+, was reported in 

the literature.39 However, we will not discuss the pathways arising from such species, although we have 

also confirmed the feasibility of catalytic paths for formate formation using such Cp*-protonated 

intermediates (Figure S18). On the other hand, the CO2 binding to 1[RhICp*(LH2)], often crucial for the 

CO production, is rather considered to be disfavored (G = 7.9~8.8 kcal/mol, Gǂ not determined) 

(Figure S19). The combined results reveal that the protonation of 1[RhICp*(LH2)] affording 

1[RhIII(H)Cp*(LH2)]+ is the most favorable path to promote. It must be noted that this step is promotable 

due to the presence of [TEOA(H)]+ but is not favored under the electrocatalytic conditions shown in 

Figure 1. Although we examined the availability of the formate formation via hydride transfer40 using 

1[RhIII(H)Cp*(LH2)]+, the activation barrier for producing formate from this species is rather demanding 

(Gǂ = 22.6 kcal/mol) (see TS1 in Figure 8). Moreover, both RhCp*(44dobpyH2) and 

RhCp*(66dobpyH2) similarly show a relatively high barrier by showing Gǂ = 22.7 and 18.6 kcal/mol, 

respectively. We have also confirmed that these tendencies remain unchanged even if one of the 

hydroxyl groups is deprotonated (Figure S20). 

We then evaluated the thermodynamic hydricity (GH-) of 1[RhIII(H)Cp*(L)]- to understand their 
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efficiency in hydride transfer. As supplied in Table S4, we computed the GH- values for all the 

protonation states using the two different levels of DFT with different solvation conditions, i.e., M06/C-

PCM(MeCN) and CAM-B3LYP/SMD(water). In both calculation models, the hydricity is found to be 

highly dependent on the protonation state by showing stepwise decrease in GH- by successive 

deprotonation. The GH- values for 1[RhIII(H)Cp*(L)]- in MeCN (C-PCM) were found to be 62.7, 72.6, 

and 64.7 kcal/mol for the 4,4’-, 5,5’-, and 6,6’-subsituted catalysts, respectively. These values are 

significantly higher than the 44.2-kcal/mol threshold required for the generation of HCOO- in 

MeCN,34,41 indicating that these 1[RhIII(H)Cp*(L)]- intermediates possess an extremely low efficiency 

in hydride transfer. As an additional clue, the results using the CAM-B3LYP/SMD(water) model 

provide quite similar behaviors (Table S4). Such intriguing pH-dependent tunability in hydricity has 

never been discussed in the literature and can be utilized as a new strategy to control various types 

hydride transfer reactions of interest. 

It is also noteworthy that the 1[RhIII(H)Cp*(LH2)]+ species similarly cannot evolve H2 via the proton 

transfer from [TEOA(H)]+ (pKa = 15.9), since the hydricity must be lower than the 55-kcal/mol 

threshold required for the H2 evolution under these conditions, as reported elsewhere.42 We therefore 

pay attention to the hydride transfer via the bpy-reduced intermediate, i.e., 2[RhIII(H)Cp*(LH2
-•)], which 

is energetically accessible by all the RhCp*(dobpyH2) derivatives (G = -7.4 ~ 0.6 kcal/mol). The spin 

density computed for these species clearly shows the delocalization of the unpaired electron over the 

dobpyH2 ligand (Figure S21). As shown in Figure 8, the RhCp*(55dobpyH2) derivative can undertake 

hydride transfer to CO2 to afford HCOO- with a relatively low activation barrier of Gǂ = 11.8 kcal/mol 

(TS2). The suppression in the TS2 barrier presumably results from the increased electron density at the 

RhIII-H center due to the higher donating strength by the 1-electron-reduced dobpyH2 donors (Figure 

S22). The TS2 barrier for the RhCp*(66dobpyH2) derivative also shows a feasibility of this step (Gǂ 

= 15.3 kcal/mol), while that for the RhCp*(44dobpyH2) derivative is rather higher compared with other 

catalysts (Gǂ = 18.4 kcal/mol). These results well agree with the observed tendency in the rate of 

photocatalytic HCOOH formation shown in Figure 5. The feasibility of these hydride transfer steps can 
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also be convinced by the substantially increased hydricity of 2[RhIII(H)Cp*(LH2
-•)]. The GH- values 

computed by the M06/C-PCM(MeCN) model are 43.4, 40.4 and 47.0 kcal/mol for the 4,4’-, 5,5’-, and 

6,6’-subsituted catalysts, respectively. These values more or less satisfy the 44.2-kcal/mol threshold to 

promote the hydride transfer to CO2. Our DFT results using the CAM-B3LYP/SMD(water) model also 

unveil the substantial increase in hydricity (i.e., decrease in GH-) upon deprotonation of this 

intermediate (Table S4). The much higher initial photocatalytic rate for the RhCp*(66dobpyH2) 

derivative relative to the RhCp*(55dobpyH2) derivative is likely relevant to the higher driving force 

for the ET from [Ru(bpy)2(bpy-•)]+ to 1[RhIII(H)Cp*(LH2)]+ leading to yield 2[RhIII(H)Cp*(LH2
-•)] (G 

= -7.4 kcal/mol).  

 

  

 
Figure 9. (a) IRC for the transition state of the hydride transfer process with RhCp*(55dobpyH2) at 
2[RhIII(H···CO2)Cp*(LH2

-•)]‡. (b) Illustration of electron density from the total SCF density mapped 

with ESP. Calculation conditions are same to those described in Figure 4. The blue and red surfaces 

represent the highest (fewer electrons) and lowest (more electrons) ESP, respectively. Isovalue of ESP 

mapped model is 0.015. 
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Finally, to clearly understand the hydride transfer step until the HCOO- is released, the IRC and 

electrostatic potential (ESP) calculations with regard to the TS2 of the RhCp*(55dobpyH2) derivative 

were conducted (Figure 9a). As CO2 approaches to the hydride, the Rh-H bond length slightly increases, 

with concomitant rise in the average C=O bond length. By viewing the ESP by mapping the electron 

density, an intriguing shift of electron density from the rhodium-hydride to CO2 can be recognized 

(Figure 9b). Particularly noteworthy is the increase in electron density on the oxygen atoms of CO2 by 

shifting from ESP1 to ESP5, indicating that the approach results in the transfer of electron density from 

the hydride to the CO2 fragment, clearly demonstrating that the HCOO- formation proceeds simply via 

the transfer of a hydride to CO2 and ends up by kicking out the HCOO- without forming a bond to the 

Rh center. We can thus conclude that the formate formation by the RhCp*(dobpyH2) catalysts is not 

defined as the so-called CO2 insertion but proceeds via the simple addition of hydride to CO2 according 

to the Type-D mechanism defined in Scheme 1. 

  

 
 

Scheme 5. Schematic representations for the HCOOH production processes catalyzed by the 
RhCp*(dobpyH2) derivatives, clarifying the role of H2-consumption pathway in competition with the 
purely photocatalytic pathway.  
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Based on our DFT and experimental results, the overall mechanism of the highly selective CO2-to-

HCOOH conversion catalyzed by RhCp*(dobpyH2) derivatives in the water-added media can be 

proposed in Scheme 5. The primary catalytic cycle proceeds in a purely photocatalytic fashion via the 

protonated 3-electron-reduced intermediate RhIII(H)Cp*(LH2
-•), which is generated through the 

additional 1-electron reduction of the non-bpy-reduced [RhIII(H)Cp*(L)]-. The formate formation via 

the attack on CO2 by RhIII(H)Cp*(LH2
-•) is regarded as a fast catalytic pathway. On the other hand, the 

non-bpy-reduced [RhIII(H)Cp*(L)]- can also be formed in the dark reaction via consumption of the in-

situ generated H2 by utilizing the oxo group as a proton relay site in combination with the water-assisted 

proton transfer processes. The promotion of this H2-consumption pathway well rationalizes the 

substantial loss in the yield of H2 in the water-added systems. Scheme 5 also illustrates that the formate 

formation via the attack on CO2 by [RhIII(H)Cp*(L)]- does not play a significant role under the 

photocatalytic conditions.  

 

 

CONCLUSIONS 

The present study demonstrates the impact of electronic and steric factors of two hydroxyl 

functional groups introduced into the bipyridyl ligand of the RhCp*(bpy)-type catalysts with regard to 

the activity and selectivity for CO2-to-HCOOH conversion. Through a combination of experimental 

and computational approaches, we have successfully gained profound insights into the effects of water 

and the hydroxyl functional groups of the catalysts in CO2 reduction. The most remarkable finding is 

the dramatic increase in both the yield and selectivity of formate upon switching the solvent from the 

purely organic to aqueous/organic system. Our study for the first time reveals that the CO2 reduction to 

formate proceeds not only via the purely photocatalytic route but also via the H2-consumption route 

bypassing the formation of the non-bpy-reduced hydride intermediate. The unique redox- and ligand-

dependent pKa values of several possible catalyst intermediates together with the dependence of 

hydricity on the protonation state of dihydroxyl groups have been investigated in detail. Our DFT results 
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also unveil the exceptionally large canting of the bipyridyl plane due to the steric congestion caused by 

the 6,6’-dihydroxyl groups, indicative of the destabilized nature of the RhI and RhIII(H) species of this 

derivative. This situation not only explains the reason for the cathodically shifted RhIII/RhI reduction 

potential but also rationalizes the fast catalytic rate together with the earlier degradation of the 6,6’-

substituted derivative. Additionally, it can be correlated to the results of electrochemical study which 

showed the exceptional reactivity of 6,6’-substituted RhI species with CO2. Moreover, the 6,6’-

substituted derivative is found to exhibit the highest performance in the heterolytic H2 cleavage leading 

to evolve the RhIII(H) species by utilizing the proton-relaying oxo group positioned in close proximity 

to the H2-activating RhI center. We have also elucidated the mechanism of hydride transfer and the 

intermediates formed during the photocatalysis in detail. All these findings underscore the valuable 

insights derived from our research and will help further advance the chemistry and technologies in the 

field of artificial photosynthesis.  

 

EXPERIMENTAL SECTION 

Materials and Reagents. Rhodium trichloride (RhCl3·3H2O) was supplied from Tanaka Kikinzoku 

Kogyo Co., Ltd. 4,4’-Dihydroxy-2,2’-bipyridine (44dobpyH2), 5,5’-dihydroxy-2,2’-bipyridine 

(55dobpyH2), and 6,6’-dihydroxy-2,2’-bipyridine (66dobpyH2) were purchased from Tokyo Chemical 

Industry Co., Ltd., and were used as received. BIH was prepared as previously described.31c All other 

reagents were purchased from Kanto Chemicals Co., Inc. and were used without further purification. 

All solvents were of the highest quality available and were used as received. Purification of water was 

performed with an Advantec RFD250RB water distillation apparatus. 

Measurements. UV-visible absorption spectra were recorded on a Shimadzu UV2450SIM or Shimadzu 

UV3600 spectrophotometer, where measurement solutions were thermostatted at 20 °C. Electrospray 

ionization mass spectra (ESI-MS) were recorded on a JEOL JMS-T100LC mass spectrometer in the 

positive ion mode. In order to confirm the stability of chemical species during the photocatalysis, 
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cationic species in the reaction mixture were deposited by adding a large excess of an aqueous saturated 

NaBPh4 (sodium tetraphenylborate) solution to once isolate their solid samples, which were then 

subjected for the ESI-MS analysis. 1H NMR spectra were acquired on a JEOL JNM-ESA 600 MHz 

spectrometer. Cyclic voltametric experiments were recorded on a BAS ALS Model 602DKM 

electrochemical analyzer using a three-electrode system consisting of a glassy carbon working electrode, 

a platinum wire counter electrode, and an Ag/Ag+ reference electrode. All the potentials reported are 

given relative to Fc/Fc+. The quantification of gaseous products was carried out using a Shimadzu GC-

14A gas chromatograph equipped with a molecular sieve 13X-S Å column of 2 m × 3 mm i.d. at 50 °C. 

The injection of each sample gas (200 μL) was performed manually using a gastight syringe, and the 

output signal from the thermal conductivity detector (TCD) was analyzed using a Shimadzu C-R8A 

integrator. The quantification of formate was carried out using a Metrohm 761 Compact IC ion 

chromatograph. Photoirradiation experiments were carried out using an ILC Technology CERMAX 

LX-300 Xe lamp equipped with a CM-1 cold mirror that reflects the lights in the range of λ > 400 nm. 

The photolysis vial (21 mL) was immersed in a 20 °C water bath to remove IR radiation and to eliminate 

the temperature effects. 

Photocatalytic Experiments. Typically, a 5-mL solution containing RhCp*(dobpyH2) (0.1 mM), 

[Ru(bpy)3]Cl2•6H2O (1.0 mM), and BIH (0.1 M) was purged with CO2 for 30 min prior to irradiation, 

where two types of solvent conditions were adopted, as noted in the captions in Figure 3. The analysis 

of the products in the gaseous and liquid phases were carried out by separately preparing the photolysis 

solutions under the same conditions. 

DFT Calculations. DFT calculations were performed using the Gaussian09 software package43a to 

better understand the structural and spin-state candidates and also to computationally determine the 

redox potentials and the pKa values of the reaction intermediates supposed to participate in the reactions. 

The structures of the RhCp*(dobpyH2) derivatives were fully optimized using the M0643b functional 

with the effect of solvation in MeCN taken into consideration using the conductor-like polarizable 

continuum model (C-PCM) method.44 The use of M06 theory of DFT was reported to show good 
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consistency with theoretical and experimental results for metal complexes having either redox innocent 

or non-innocent ligands.45 Calculations were performed by applying the SDD basis set for the Rh atom 

with the 6-31G* basis set applied to the rest of atoms (Cl, O, N, C, and H). The pKa values used to 

develop the free energy diagrams (Figures 8, S18, and S19) were determined using isodesmic reaction 

methods20,46 based on the pKa value reported for [TEOA(H)]+ (pKa =15.9 in acetonitrile32). The pKa 

values of dobpyH2 in different redox intermediates listed in Table 2 were computed using the CAM-

B3LYP/SDD(Rh)/6-311+G*(others) level with the solvation model based on density (SMD47), as 

recently indicated to be efficient.48 For these calculations, the values were benchmarked using the 

experimentally determined pKa1 value of each [RhIIICp*(dobpyH2)Cl]+ catalyst. The redox potentials 

were also determined using isodesmic reaction methods20,46 based on the potential value for the process 

([RhIIICp*(55dobpyH2)Cl]+ + e- → [RhIICp*(55dobpyH2)]+ +Cl-) supposed to be -0.89 V vs. Fc/Fc+ in 

acetonitrile. Structures of transition states were determined using the TS option in Gaussian. The 

thermodynamic hydricity of 1[RhIII(H)Cp*(dobpyH2)]+ and 2[RhIII(H)Cp*(dobpyH2
-•)] was calculated 

according to the hydride transfer method34 by employing the hydricity value of formate as 44.2 

kcal/mol.41 ESP-derived charges were computed using the Merz-Kollman-Singh scheme with the 

MKUFF option in Gaussian, which conducts the MK fitting with UFF radii.49 Graphical representations 

were generated using GaussView 6.1.50  

Synthesis of [RhCp*(44dobpyH2)Cl]Cl·1/2H2O. [RhCp*Cl2]2 (0.031 g, 0.05 mmol), prepared by the 

literature method,51 and 44dobpyH2 (0.021 g, 0.11 mmol) are dissolved in MeOH (2 mL) and refluxed 

for 2 h, leading to afford an orange solution with no dispersion. The reaction mixture was concentrated 

by evaporation under reduced pressure followed by addition of an excess of a 8:2 mixture of diethyl 

ether and ethanol to yield an orange precipitate of the complex, which was collected by filtration and 

dried under vacuum (yield: 0.039 g, 71%): 1H-NMR (600 MHz, DMSO-d6) δ 1.62 (s, 15H), 7.25 (d, 

2H), 7.85 (d, 2H), 8.58 (d, 2H), 12.24 (bs, 2H) (Figure S2). ESI-MS(+) (MeOH) m/z calcd. for 

C20H22N2O2Rh 425.08; found 425.04 (M+), 461.05 ([M]2++Cl-) (Figure S6). Anal. Calcd (%) for 

C20H23N2O2RhCl2·1/2H2O (506.05): C, 47.55; H, 4.59; N, 5.54; found: C, 47.23; H, 4.64; N, 5.06. 
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Synthesis of [RhCp*(55dobpyH2)Cl]Cl·H2O. This was prepared in the same manner as 

[RhCp*(44dobpyH2)Cl]Cl using [RhCp*Cl2]2 (0.031 g, 0.05 mmol) and 55dobpyH2 (0.021 g, 0.11 

mmol) as starting materials (yield: 0.039 g, 71%): 1H-NMR (600 MHz, DMSO-d6) δ 1.65 (s, 15H), 7.60 

(d, 2H), 8.30 (d, 2H), 8.43 (s, 2H), 11.4 (bs, 2H) (Figure S3). ESI-MS(+) (MeOH) m/z calcd. for 

C20H22N2O2Rh 425.08; found 425.09 (M+), 461.09 ([M]2++Cl-) (Figure S7). Anal. Calcd (%) for 

C20H23N2O2RhCl2·H2O (515.05): C, 46.62; H, 4.89; N, 5.44; found: C, 46.58; H, 4.91; N, 5.46. 

Synthesis of [RhCp*(66dobpyH2)Cl]Cl·1/2H2O. This was prepared in the same manner as 

[RhCp*(44dobpyH2)Cl]Cl using [RhCp*Cl2]2 (0.031 g, 0.05 mmol) and 66dobpyH2 (0.021 g, 0.11 

mmol) as starting materials (yield: 0.038 g, 70%): 1H-NMR (600 MHz, DMSO-d6) δ 1.54 (s, 15H), 7.09 

(d, 2H), 8.00 (s+t, 2H+2H), 12.9 (bs, 2H) (Figure S4). ESI-MS(+) (MeOH) m/z calcd: 425.08 (M+); 

found 425.0 (Figure S8). Anal. Calcd (%) for C20H23N2O2RhCl2·1/2H2O (506.05): C, 47.55; H, 4.59; N, 

5.54; found: C, 47.79; H, 4.74; N, 5.54. 

Synthesis of [RhCp*(bpy)Cl]Cl. This was prepared in the same manner as [RhCp*(44dobpyH2)Cl]Cl 

using [RhCp*Cl2]2 (0.031 g, 0.05 mmol) and bpy (0.017 g, 0.11 mmol) as starting materials (yield: 

0.047 g, 90%): 1H-NMR (600 MHz, DMSO-d6) δ 1.67 (s, 15H), 7.88 (t, 2H), 8.35 (t, 2H), 8.71 (2, 2H) 

(Figure S5). Elemental analysis Calcd: (%) for C20H25N2Cl2Rh·H2O (483.24): C, 49.71; H, 5.21; N, 

5.80; found: C, 49.72; H, 5.13; N, 5.79. 
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