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Abstract

Metal-stabilized radicals have been increasingly exploited in modern organic synthesis. Here, we 

theoretically designed a metalloradical complex Co-C●Ph3 with the triplet characters through the 

transition metal cobalt (Co0) coordinating a triphenylmethyl radical. The potential catalytic role 

of this novel metalloradical in the CO2 reduction with H2/CH4 in gas phase was explored by 

performing density functional theory (DFT) calculations. For the CO2 reduction reaction with H2, 

there are two possible pathways. One (path A) is the activation of CO2 by Co-C●Ph3, followed by 

the hydrogenation of CO2. The other (path B) starts from the splitting of the H-H bond by 

Co-C●Ph3, leading to the transition-metal hydride complex CoH-H which can reduce CO2. DFT 

computations show that path B is more favorable than path A as their rate-determining free 

energy barriers are 18.3 and 27.2 kcal/mol, respectively. For the reduction of CO2 by CH4, 

however, two different products, CH3COOH and HCOOCH3, can be generated following 

different reaction routes. Both routes begin with one CH4 molecule approaching the 

metalloradical Co-C●Ph3 to form the intermediate CoH-CH3. This intermediate can evolve 

following two different pathways, depending on whether the H bonded to Co is transferred to the 

O (pathway PO) or the C (pathway PC) of CO2. Comparing their rate-determining steps, we 

identified that the PO route is more favorable for the reduction of CO2 by CH4 to CH3COOH 

with the reaction barrier 24.5 kcal/mol. Thus, the present Co0-based metalloradical system 

represents a viable catalytic protocol that can contribute to the effective utilization of small 

molecules (H2 and CH4) to reduce CO2, and provides an alternative strategy in the exploration of 

the CO2 conversion.
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1. Introduction 

There have been growing interests in the development of metalloradical catalysts 

(MRCs),1-4 which can provide catalytic initiation and selective control in many chemical 

syntheses and contribute to the discovery of new catalytic pathways for stereoselective reactions. 

MRC is a kind of metalloradical complexes as open-shell catalysts for generating 

metal-supported organic radicals and controlling. Early in 2005, Grützmacher5 showed that 

transition metal (Rh(I)) coordination supports an aminyl radical, where electron paramagnetic 

resonance spectroscopy and density functional theory confirm the 57% localization of the 

unpaired spin at N. Since then, plentiful stable metalloradical catalysts have been reported, for 

example, Ti(III)-based MRC6, 7，Co(II)-based MRC8-10，and so on. Notably, the Zhang group 

has developed a family of unique Co(II)-based metalloradical catalysts with tunable electronic, 

steric, and chiral environments. These Co(II)-based MRCs have shown to be highly effective for 

a wide range of stereoselective organic reactions, including the catalytic asymmetric radical 

cyclopropanation of alkenes11, 12 and catalytic radical C–H amination13, 14. Bas de Bruin et al. 

proposed the mechanism for catalytic ketene synthesis via Co(III)-carbene radical 

carbonylation,4 whereas Gansäuer et al. exploited the innate ability of titanocene(III)-based 

catalysts to realize both oxidative addition and reductive elimination in single electron steps6, 7. 

Similarly, many other groups15, 16 have also contributed to the synthesis of metalloradical 

complexes and their broad applications in catalysis.

One of the current research frontiers is the CO2 reduction, which is of imperative and 

enormous interests and implications. The chemical transformation of CO2 into value-added 

chemicals has been considered important for creating a sustainable low-carbon economy. 

However, there are challenges to achieve this ideal goal of a green low-carbon cycle, largely due 

to the inertia of CO2. To reduce CO2 to useful chemical products, transition-metal-catalyzed CO2 

transformations have been regarded as a powerful and realistic tool.17-21 Among various routes of 

CO2 reduction, the CO2 hydrogenation/insertion reaction with 100% atom economy is a 

particularly significant route for CO2 utilization. Most hydrogenations of CO2 to formic acid rely 
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on effective catalysts involving precious metals such as ruthenium,22-24 rhodium25, 26, and 

iridium27, 28. Alternatively, frustrated Lewis pairs (FLPs)29, N-heterocyclic carbenes30, 31 and 

ethynyl dithiocarbamate species32 have been synthesized and applied to CO2 

hydrogenation/insertion reactions. The direct C-C coupling of CO2 with CH4 to form acetic acid 

is another attractive route. A general stepwise method has been proposed to convert CO2 and 

CH4 into acetic acid over Cu/Co-based catalysts,33 Pd/C, Pt/Al2O3,34 Pd/SiO2, and Rh/SiO2
35 by 

heterogeneous catalysis. Recently, Zhao et al. investigated the direct C-C coupling through CO2 

inserting into the C-H bond of CH4 by using Zn-doped ceria catalyst.36 

In this work, we intended to develop a different strategy for the CO2 

hydrogenation/insertion reaction through the concept of metalloradicals (see c in Scheme 1) and 

validate the potentials of the designed metalloradical by performing DFT computations. 

Although increasing reports on metalloradical catalysts have already stimulated increasing 

endeavors in this field, there are still many uncharted research fields to be explored. For instance, 

to our knowledge, there has been no report on any metalloradical complex involving a neutral 

transition metal (M(0)) coordination to a radical so far. As such, we proposed a new 

metalloradical Co-C●Ph3 based on the neutral transition metal cobalt and the triphenylmethyl 

radical. The latter is the first relatively stable free radical ever reported.37 Even more interesting 

is the exploration of this new theoretically designed metalloradical’s potential applications in the 

CO2 reduction. There are two outstanding advantages of the proposed metalloradical. One is that 

it may serve not only as an initiator of CO2 reduction, but also as a supporter of CO2
●- moiety in 

the reactant or intermediate. The other is that the metalloradical is able to provide transition 

metal hydrogen complexes (TMHCs), which can serve as important intermediates in the catalytic 

transfer of protons, hydrogen atoms,38, 39 hydrides,40, 41 or electrons42, 43 to substrates from H2. 

Therefore, novel metalloradicals may be a fascinating tool for providing the hydride source in 

CO2 hydrogenation, and metalloradical catalytic systems are expected to enhance the efficiency 

and economic feasibility of CO2 transformations. Scheme 2 illustrated the two possible routes 

(Path A with CO2 binding to the catalyst first and Path B with H2/CH4 binding to the catalyst first) 
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of CO2 reduction catalyzed by Co-C●Ph3. This metalloradical catalytic process is applicable for 

the CO2 reduction with small molecule (H2 and CH4), offering a direct method for CO2 inserting 

into the H-R bond (R=H and CH3). We note, however, that the formation of the metalloradical 

Co-C●Ph3 has not realized experimentally, and this theoretical study provides a perspective for 

an alternative strategy for the CO2 reduction and an extension of the potential catalytic 

applications of metalloradical complexes.

Scheme 1. Strategies for CO2 activation by using a radical or metalloradical.
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2. Computational details 

All the calculations were performed with the GAUSSIAN 16 programs.44 The geometrical 

optimizations of the reactants, intermediates, transition states (TSs) and products were performed 

with the density functional exchange correlation (B3LYP) method45,46 including the empirical 

dispersion corrections developed by Grimme et al.47, 48, and the combination of the Def2TZVP 

basis set for Co atom and the augmented correlation consistent basis set 6-311+G(d) for all 

nonmetal atoms.49 Vibrational frequency calculations at the same level were performed to 

confirm stationary points as minima (zero imaginary frequency) or transition states (one 

imaginary frequency). In several cases where the TSs could not be easily confirmed by the 

animation of their vibrations, intrinsic reaction coordinate (IRC)50, 51 calculations were 

performed to establish the connection of each TS to its corresponding reactant and product. In 

addition, partial atomic charges were calculated with the natural population analysis (NPA)52-54 

at the same level of the geometrical optimizations.

3. Results and discussion 

3.1 Metalloradical Co0-C●Ph3 at the triplet ground state 

The partially vacant d orbitals make transition metals tend to play a dual role in bonding 

ligands as both electron donor and acceptor, leading to the delocalization effect and 

regioselectivity protection and providing means for supporting the stability of a radical such as 

triphenylmethyl. Fig. 1 depicts the optimized structures of the metalloradical Co-C●Ph3 at the 

singlet and triplet states. The formation of the triplet structure is an exergonic process with the 

decreasing of Gibbs free energy by 17.6 kcal/mol, while the formation of the singlet structure 

is an endergonic process with the increasing of Gibbs free energy by 12.9 kcal/mol. Thus, the 

transition metal cobalt is able to considerably stabilize the radical C●Ph3 in the formation of the 

triplet state. The singlet-triplet free energy gap for Co-C●Ph3 is 31.5 kcal/mol, favoring the triplet 

state considerably. This seems conflict with our commonsense. According to chemical bond 

theory, two parts with unpaired electrons tend to form a covalent bond by sharing two electrons 
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and eventually favor the singlet state. In the present case, both Co and C●Ph3 have odd (unpaired) 

electrons and thus it is inclined to form a close-shell singlet state with a C-Co bond. However, 

computations show that Co-C●Ph3 has an open-shell triplet ground state. Thus, it is intriguing to 

figure out what is the governing force for the stability of the triplet state of Co-C●Ph3. In general, 

the preference of a triplet state over its singlet counterpart comes from two nearly degenerate 

orbitals for two electrons.

Fig. 1 The formation of metalloradical Co-C●Ph3 with the triplet characters. The bond distances 

are given in Å. 

The optimized structure of Co-C●Ph3 at the triplet state shows that the Co atom is located 

above one benzene ring in the form of 6, and not directly bonded with the radical center C1 of 

Co-C●Ph3. However, the C1-C2 bond length (1.378 Å) in the complex Co-C●Ph3 is noticeably 

shorter than the distance (1.457 Å) in C●Ph3, suggesting considerable electron (spin density) 

delocalization from C1 to the benzene ring bonded to Co. Indeed, as shown in Fig. 2, both 

SOMOs of Co-C●Ph3 (including  and  orbitals, see Fig S1 in ESI) are close in energy with a 

gap of only 6.9 kcal/mol and contributed from dz- interactions and  orbitals C●Ph3. Of 

particularly, the C1-C2 bond exhibits certain double bond characters, due to the - orbital 

interactions. NBO computations also revealed that secondary orbital interactions between the 
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antibond orbital of the C1-C2 bond and the bond orbitals of C3-Co and C4-Co stabilize the 

complex (through the C1-C2 bond) by 15.2 kcal/mol. The dz- interaction in Co-C●Ph3 guides 

Co interacting with C●Ph3, and the NPA showed that there is significant electron transfer from 

Co to the concerned benzene ring by ~0.6 e.

Fig. 2 (a) Spin density maps of the radical C●Ph3 and metalloradical Co0-C●Ph3, including the 

spin density values on C1 atom; (b) frontier orbitals of Co0-C●Ph3, including  orbitals and their 

corresponding  orbitals.

In consistent with the relative stability of the triphenylmethyl radical, computations showed 

that the majority of the spin density in C●Ph3 is delocalized over the whole molecular skeleton. 

This high delocalization prohibits the combination of two C●Ph3 units to Ph3C-CPh3. For 

Co-C●Ph3, as shown in Fig. 2a, the majority of the spin density is resided on the Co atom and its 

bonding benzene rings, with a minority of spin density on the C1 atom. Thus, the spin density 

(0.0066) on the C1 atom in Co-C●Ph3 decreases in comparison with that in C●Ph3 (0.6108), 
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which makes the dimerization of two metalloradicals even more difficult. In other words, 

Co-C●Ph3 is expected to be more stable than C●Ph3. As a stable metalloradical at the triplet 

ground state, Co-C●Ph3 possesses both advantages of transition metal catalysts and radical 

characters. In brief, the metalloradical Co-C●Ph3 has the potential of being a promising catalyst 

for reducing CO2. 

It should be pointed out that utilizing surrounding ligands completing the coordination 

sphere of the concerned transition metal might provide further stability of a metalloradical 

complex. For the present work, we employed either bipyridyl or pentane-2,4-diimine as the 

-donor ligand to stabilize the metalloradical Co-C●Ph3. The optimized structures with geometric 

parameters are provided in Electronic Supplementary Information (ESI) as Figs. S2 and S3. 

Notably, the triplet structure maintains a lower energy than the singlet structure in both cases. 

We also attempted to investigate their catalytic role in the CO2 reduction. But the complexes of 

Co-C●Ph3 with both ligands fail to activate CO2 or H2 molecules (see Figs. S4 and S5 in ESI). 

This indicates that these -donor ligands may increase the electron deficiency of the transition 

metal, therefore weakening the reactivity of Co-C●Ph3. However, the steric effect may also play 

a role. To identify the role of either electronic or steric effects therein, we further performed 

computations with -acceptor ligands (CO or ethylene) coordinating to the metalloradical 

Co-C●Ph3 (see Figs. S6 and S7 in ESI). Similar to the -donor ligands, the -acceptor ligands 

also weaken the reactivity of Co-C●Ph3. Accordingly, we believe that the steric hindrance effect 

is the primary cause for weakening the reactivity of Co-C●Ph3. Notably, the structure of 

Co-C●Ph3 varies little with the coordination of any ligands, suggesting that the d- interaction 

between the Co atom and one benzene ring is intact, as the Co atom is located above one 

benzene ring in the form of 6 in the metalloradical Co-C●Ph3.

3.2 Hydrogenation of CO2 catalyzed by metalloradical Co0-C●Ph3 

Considering that the metalloradical Co-C●Ph3 possesses both advantages of transition metal 

catalysts and radical characters, here we computationally explored its catalysis in the 
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hydrogenation of CO2. As described in Scheme 2, there are two possible routes for the CO2 

hydrogenation, based on the sequence of adding H2 and CO2 to the catalyst. For the first route 

(denoted as path A), CO2 is added first. The whole process is initiated with one CO2 molecule 

coordinated to the transition-metal center Co atom of the metalloradical Co0-C●Ph3 through d- 

interaction to form a Co-CO2 complex and Fig. 3 shows the optimized structure. This binding 

step is exergonic with the standard Gibbs free energy change (△G0) of -9.6 kcal/mol. For the 

second route (denoted as path B), H2 is similarly coordinated to the transition metal Co, forming 

CoH-H (shown in Fig. 3) where there are two cobalt hydride bonds (Co-H) via the transition 

state TSCoH-H (see Fig. S8 in ESI). This step is also exergonic by -7.6 kcal/mol. It should be noted 

that both CoH-H and Co-CO2 complexes are triplet, as their corresponding singlet states are 

disfavored by 19.7 and 10.1 kcal/mol, respectively. By binding to Co0-C●Ph3, CO2 is 

significantly activated as in the intermediate Co-CO2 it exhibits a bent structure with the OCO 

angle 142º and elongated C-O bonds by 0.03~0.1 Å from a free linear CO2. In the structure of 

CoH-H, the H-H bond is splitted to 2.371 Å from 0.740 Å in the isolated H2 molecule. These 

structural characteristics suggest that both CO2 and H2 are activated by binding to the 

metalloradical Co0-C●Ph3.
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Fig. 3 Optimized geometries of the intermediates and key transition states in the process of CO2 

hydrogenation. The bond distances are given in Å.

According to Scheme 2, the next step is the addition of the second reactant. For path A, the 

complex Co-CO2 would react with H2 to form a key intermediate HCo-COOH through the 

transition state TSa1. For path B, CO2 approaches CoH-H to form a key intermediate 

HCo-OCHO through the transition state TSb1. Computations showed that the formation of 

HCo-OCHO is both kinetically and thermodynamically favored over the formation of 

HCo-COOH, as the addition of CO2 to CoH-H requires to overcome an energy barrier of 18.3 

kcal/mol whereas the addition of H2 to Co-CO2 needs 27.2 kcal/mol. Further, the intermediate 

state HCo-OCHO is more stable than HCo-COOH by 8.8 kcal/mol. These results highlight the 

significance of sequence in adding H2 and CO2 to the catalyst Co0-C●Ph3. Fig. 3 shows the 

optimized geometries of key structures. In TSa1 for path A, the H-H bond is essentially splitted 

by both O and Co atoms of Co-CO2 as the H-H distance is 1.014 Å. The splitted hydrogen atoms 

are bonded to the O and Co atoms, respectively, and the O-H distance is 1.301 Å and the H-Co 

distance is 1.699 Å. The transition state TSb1 for path B is different from TSa1 in that CO2 

molecule is coordinated by the H and Co atoms of CoH-H. The C-H distance is 1.689 Å, and the 

O-Co distance is 2.257 Å. Between the intermediates HCo-OCHO and HCo-COOH, the notable 

difference lies in the formed moieties -OCHO and -COOH, respectively. In HCo-COOH, the 

C-Co and H-Co distances are 1.867 Å and 1.507 Å, respectively, and their intersection angle is 

only 83.8º. But in HCo-OCHO, the O-Co and H-Co distances are 1.835 Å and 1.479Å, 

respectively, and their intersection angle is 90.1º.

To complete the CO2 hydrogenation, it is necessary to have the hydride ion transferred 

from the Co site to the moiety -HCOO or -COOH from the intermediate HCo-OCHO or 

HCo-COOH, respectively. In both cases, the hydride ion transfer goes through transition states 

(labelled as TSa2 and TSb2) which are characterized with a three-membered ring mode, as 

depicted in Fig. 4. However, we found that the energy barrier of TSb2 is higher by ~8 kcal/mol 
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than that of TSa2. Two factors may contribute to the higher barrier for path B than for path A in 

this step. First, the hydride ion transfer occurs from the Co site to the positively charged C of the 

moiety -COOH in TSa2. But in TSb2, the transfer is from the Co site to the negatively charged O 

of the moiety -HCOO. Second, the intermediate HCo-OCHO has a lower energy by 8.8 kcal/mol 

than HCo-COOH. Therefore, we found that the hydride ion transfer from the Co site to the 

moiety -COOH is more favorable than to the moiety –HCOO. With the hydride ion transferred, 

the same final product, HCOOH, is produced. Fig. 5 plots the energy flow charts for both 

reaction pathways.

Fig. 4 Optimized hydride ion-transfer transition states TSa2 and TSb2. The bond distances are 

given in Å.
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Fig. 5 Pathways (path A in red and path B in blue) for the CO2 hydrogenation catalyzed by 

metaloradical Co0-C●Ph3.
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Fig. 5 shows that for path A, the rate-determining step is the formation of the key 

intermediate HCo-COOH with the energy barrier of 27.2 kcal/mol. Similarly, for path B, the 

rate-determining step is the formation of the key intermediate HCo-OCHO with the total barrier 

of 18.3 kcal/mol. By comparing these two reaction pathways, we found that the path B is more 

favorable for the CO2 hydrogenation than the path A. 

Herein, it would be interesting to examine the CO2 hydrogenation catalyzed by the 

complex Co(C6H6) (or B-Co in short) which is formed through the transition metal (Co0) 

coordinating a benzene molecule. The formation of the B-Co complex is a slightly exergonic 

process with the decreasing free energy of 4.3 kcal/mol. Similar to the CO2 hydrogenation 

catalyzed by metalloradical Co0-C●Ph3, there are two possible reaction routes based on the 

sequence of adding H2 and CO2. One (path A) is that CO2 molecule is first coordinated to the 

transition-metal center Co to form the complex B-Co-CO2, while the other (path B) is that one 

H2 molecule is first adsorbed by Co to form the complex B-Co-H2. The further addition of H2 to 

B-Co-CO2 and CO2 to B-Co-H2 complete the CO2 hydrogenation. Computations identified that 

the first step the addition (either CO2 or H2) is the rate-determining step in both reaction 

pathways (see Fig. 6). The CO2 addition requires an energy barrier of 42.1 kcal/mol whereas the 

H2 coordination goes over an energy barrier of 55.4 kcal/mol. Both the energy profile and 

optimized key transition states are depicted in Fig.7. We note that both reaction barriers in the 

CO2 hydrogenation catalyzed by B-Co are much higher than the corresponding values in the 

hydrogenation process of CO2 catalyzed by metalloradical (Co-C●Ph3), respectively. This 

suggests that the metalloradical Co-C●Ph3 may be a more appropriate candidate as a catalyst for 

reducing CO2.
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Fig. 7 Optimized intermediates and key transition states in the process of CO2 hydrogenation 
catalyzed by the complex B-Co.

3.3 Conversion of CO2 and CH4 catalyzed by metalloradical Co0-C●Ph3

Here we continued to study the reduction of CO2 by CH4 catalyzed by the metaloradical 

Co0-C●Ph3 with the triplet characters. The combination of CO2 and CH4 may result in acetic acid 

and methyl formate. The reaction initiates from the approaching of one CH4 molecule to the 
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metaloradical Co0-C●Ph3 by forming a slightly less stable intermediate CoH-CH3, through a 

quick hydrogen transfer from CH4 to the Co atom via the transition state TSCH3-H. The reaction 

barrier for this initial step is only 10.1 kcal/mol, suggesting the efficient breaking of the C-H 

bond of CH4 by Co0-C●Ph3. This is comparable to the metalloradical activation of methane 

studied by Sherry and Wayland,55 whose approach extended the range of C-H bond reactions for 

rhodium(II) porphyrin complexes. The optimized structures of the intermediate CoH-CH3 and 

the transition state TSCH3-H are shown in Fig 8. At this point, a legitimate question is why the 

conversion of CO2 and CH4 to acetic acid does not begin with the absorption of CO2 by the 

metalloradical Co0-C●Ph3. In the pretext, we showed that CO2 molecule can interact with 

Co0-C●Ph3 through the d- interaction to form Co-CO2 with the decreasing of the free energy by 

9.6 kcal/mol. For the subsequent reaction with H2, there is a free energy barrier 27.2 kcal/mol. In 

the present case where the subsequent reaction is with CH4, our computations showed that the 

free energy barrier is more than 40 kcal/mol, leading to the reaction essentially prohibited under 

mild conditions. Hence, in the following, we focused on the preferential intermediate CoH-CH3, 

which represents a kind of transition metal hydrogen complexes (TMHCs), to reduce CO2.
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Fig. 8 Optimized intermediates and key transition states in the conversion of CO2 and CH4. The 

bond distances are given in Å

With the formation of CoH-CH3, the Co-H bond therein can be employed to reduce CO2 

through hydrogen transfer from the Co site to CO2. There are two likely reaction routes in this 

step, involving different transition states TS1CoH-O and TS1CoH-C whose optimized structures are 

shown in Fig.9. These two transition states generate different intermediates, including Co-COOH 

and Co-HCOO. TS1CoH-O concerns a hydrogen transfer from Co to the O of CO2 (denoted as 

pathway PO) and TS1CoH-C corresponds to a hydrogen transfer from Co to the C of CO2 (denoted 

as pathway PC). These two routes are dramatically different, with energy barriers of 24.5 and 6.5 
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kcal/mol, respectively. The generated intermediate Co-HCOO via the lower barrier is more 

stable by 12.7 kcal/mol than Co-COOH via the higher barrier. Therefore, the PC route is more 

favorable than the PO route.
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Fig. 9 Pathways for the conversion of CO2 and CH4 catalyzed by metalloradical Co0-C●Ph3.

To accomplish the conversion of CO2 and CH4, it is necessary to transfer the CH3 radical 

from the Co site to the moiety -HCOO and -COOH, respectively. The CH3 radical transfer 

experiences two transition states TS2CoH-C and TS2CoH-O (shown in Fig. 8) from two different 

intermediates Co-HCOO and Co-COOH, respectively. TS2CoH-O refers to the CH3 radical transfer 

from the Co site to the positively charged C of the moiety –COOH, and TS2CoH-C corresponds to 

the CH3 radical transfer from the Co site to the negative O of the moiety -HCOO. Since the 

intermediate Co-HCOO is more stable by 12.7 kcal/mol than Co-COOH but TS2CoH-C is of 

higher energy than TS2CoH-O, we found that the CH3 radical transfer from the Co site to the C 

of–COOH resulting in CH3COOH is far more efficient than the transfer from the Co site to the O 

of –HCOO leading to HCOOCH3. Fig. 9 plots the whole energy profiles for two reaction routes. 

In summary, we computationally studied the conversion of CO2 and CH4 catalyzed by the 

metalloradical Co0-C●Ph3. Two different products, CH3COOH and HCOOCH3, are possible 

following two different reaction routes (PO versus PC). Both routes begin with one CH4 
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molecule approaching to the metalloradical Co0-C●Ph3 and forming a slightly less stable 

intermediate CoH-CH3, but the subsequent pathways are different, depending on whether the H 

atom bonded to the Co center is transferred to the O (PO) or the C of CO2 (PC). The hydrogen 

transfer from the Co site to the C of CO2 (TS1CoH-C) is more favorable than from the Co site to 

the O of CO2 (TS1CoH-O). But in the following step of the CH3 radical transfer, TS2CoH-C is of 

higher energy than TS2CoH-O. Putting all steps together and examining the rate-determining steps, 

we found that the reaction route concerning the hydrogen transfer from the Co site to the O of 

CO2 is more favorable than the alternative route involving the hydrogen transfer from the Co site 

to the C of CO2 both thermodynamically and kinetically. In fact, the reaction of CO2 and CH4 

catalyzed by Co0-C●Ph3 can only result in acetic acid.

Conclusion 

In this prospect work, we proposed an innovative strategy to study the conversion of CO2 

with H2/CH4 catalyzed by the theoretically designed metalloradical complex (Co-C●Ph3). This 

metalloradical is formed through the neutral transition metal (Co0) coordinating to a 

triphenylmethyl, and is stable and of the triplet characters. Due to the unique properties, 

Co-C●Ph3 is expected to be applicable in the CO2 reduction. DFT computations showed that 

there are two possible reaction pathways for the reduction of CO2 with H2. The first pathway 

(path A) starts from the activation of CO2 by Co-C●Ph3, leading to an intermediate state Co-CO2 

which further reacts with H2 to complete the hydrogenation cycle. The second pathway (path B) 

begins with the bond breaking of the hydrogen molecule by Co-C●Ph3, generating the key 

transition-metal hydride complex CoH-H, which further reduces CO2. Computational data reveal 

that the second pathway with an energy barrier of 18.3 kcal/mol is more favorable than the first 

one with an energy barrier of 27.2 kcal/mol. 

For the conversion of CO2 and CH4, there are two different products, CH3COOH and 

HCOOCH3, following two different reaction routes. Both routes begin with the bonding of one 

CH4 molecule to the metalloradical Co0-C●Ph3, and the bonding breaks one C-H bond with the H 
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bonded to the Co center. The subsequent hydride transfer has two possible pathways. One 

(pathway PO) is to the O atom of CO2 and the other (pathway PC) is to the C atom of CO2. By 

comparing with the rate-determining steps, we identified that the PO route with the energy 

barrier of 24.5 kcal/mol is more favorable for accomplishing the conversion of CO2 and CH4 into 

CH3COOH than the PC route leading to HCOOCH3. 

This present Co0-based metalloradical system represents a novel catalytic protocol that may 

contribute to the development of effectively utilizing small molecules (H2 and CH4) to reduce 

CO2. We anticipate that this work can stimulate further theoretical and experimental studies on 

the catalytic applications of metal-stabilized radical system in the CO2 reduction. 
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Graphical Abstract

Two advantages of metalloradical: serve as an initiator of CO2 reduction and provide 
transition metal hydrogen complex (TMHC).
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