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Abstract: The formal hydrogen transfer from single atom catalyst to unsaturated compounds is of great interest in 

the catalysis research. With the hydrogen transfer from metalloporphyrin hydride (MPcH, M = Fe, Co) to imines as 

an example, we have shown that this reaction is an addition coupled electron transfer (ACET) reaction instead of a 

hydride transfer, by combining density functional theory (DFT), multireference calculations, intrinsic reaction 

coordinate analysis and substituent effect study. The ACET mechanism is universe in both low-polar solvent 

(dichloromethane) and high-polar protic solvent (2-propanal). The barrier versus Hammett substituent constant 

relationship under dichloromethane solvation features a volcano-like shape, in which both electron-withdrawing and 

electron-donating groups accelerates the reaction. While the structure-reactivity relationship cannot be rationalized 

by either substituent constant σp or the spin delocalization constant σJJ, it can be successfully explained by a 

theoretical model of ACET proposed by us for the first time in this work. This work shows that ACET may be 

ubiquitous in single atom catalyzed addition reactions. 

 

Introduction 

Since its first being proposed in 2011,1 the field of single atom catalysis 2-4 has been keeping growing and has become 

one of the topics of the highest interest in current chemistry. In a single atom catalyst (SAC), a metal atom is highly 

dispersed and anchored on a solid surface with generally strong covalent bonding, rendering the chemical 

environment of the active site well-defined and tunable, which opens a door to a more understandable and controllable 

catalysis behavior. Single atom catalysts have been applied for the hydrogenation of unsaturated substrates containing 

C–C, C–N or C–O multiple bonds (Figure 1b-i).5-11 Due to its high importance, the mechanistic understanding on the 

key elementary steps in the related reactions is expected to play a key role in understanding the reactivity and rationale 

design of new catalysts. In most of the single atom catalyzed hydrogenation reaction, a formal hydrogen transfer is 

proposed to occur from a metal hydride to the unsaturated substrates.8, 12 In this work, we focus on this step, and 

found that it belongs to a new type of elementary step, namely the Addition Coupled Electron Transfer (ACET), 

which was proposed by us in 2021.13, 14 In an ACET reaction, an addition event into a multiple bond is promoted by 

a single electron transfer (ET), and these two events are coupled in one single elementary step. The presence of ET 

plays an essential role in activating the addition reaction, especially for weak nucleophilic reagent or unactivated 

multiple bonds. The first example of ACET proposed by us was an imaginary nucleophilic addition into a biquinone 

system (Figure 1a-i), in which the addition into one of the two benzoquinone rings is coupled and accelerated by the 

intramolecular ET into another benzoquinone ring. Later on, we proposed that a formal Diels-Alder reaction between 

1,2-diimine and unactivated alkenes could be significantly promoted in the presence of an oxidant, following the 

ACET mechanism (Figure 1a-ii). Although these reactions are artificially designed in order to set up the presence of 

ACET as an elementary step, in this work, however, we are going to show that ACET is not far away from practical 

chemical reactions. On the contrary, it is hidden among some of the most well-known and practically important 
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reactions. 

In this work, with a metalloporphyrin hydride (MPcH, M = Fe, Co), as a model molecule of the single atom catalyst, 

we studied the hydrogen transfer into a series of imines, and found that the overall reaction is an ACET rather than a 

hydride transfer (Figure 1b). These reactions feature a unique volcano-like Hammett relationship, which could not 

be understood by the previously-known substituent constants. According to our basic understanding on the ACET 

process, we proposed a theoretical model for the barrier of an ACET reaction, which well rationalized the observed 

barrier-substituent relationship. 

 

Figure 1. A schematic representation of this work. 

 

Computational Methods 

All computations were conducted in Gaussian 16 15 with the Gaussian 09 default integral grid. The recently designed 

DFT global hybrid functional MN15 16 was used for all calculations. Geometry optimization of all structures was 

performed with the def2-SV(P)17 basis set, and followed by frequency calculations to obtain Gibbs free energy 

correction at room temperature. All the intermediates were verified by the absence of negative eigenvalues in the 

vibrational frequency analysis while all the transition state structures being verified through having a single imaginary 

frequency. Single point calculations were performed with the def2-TZVP basis set to account better accuracy of the 

results. The implicit solvation model based on density (SMD) was employed in both the geometry optimization and 

single point calculation with dichloromethane (DCM) as the solvent medium, if not specially noted.18 The stability 

of wavefunction was checked for all the structures involved in this study. The spin density was plotted with the 

Multiwfn program.19 The molecular geometry and isosurface were plotted with CYLView20 and VMD.21 The 

multireference calculations within the Complete Active Space SCF (CASSCF) method were performed using the 

BAGEL program,22 in combination with the def2-TZVPP basis set. 

 

 



Results and Discussions 

In this work, in order to reveal the reaction mechanism of the hydrogen transfer from transition metal hydrides 

anchored on a planar square ligand, we focus on two selected metal center, namely Fe and Co. While both are 

commonly used in single atom catalysis, they represent two different classes of metal complex, with an odd and even 

number of total electrons, respectively. The cobalt porphyrin hydride (CoPcH) and ferroporphyrin hydride (FePcH) 

4 were selected as the model of the single atom catalysts, because they are both derivatives of structurally well-

defined molecules (metalloporphyrins), which share similarity with the typical planar-square MN4 type single atom 

catalysts. Our simulations were performed at the (SMD/DCM)-MN15/def2-TZVP//(SMD/DCM)-MN15/def2-SV(P) 

level of theory, whereas in the later section the conclusions will be validated under solvation of 2-propanol as a 

solvent with much larger dipole.  

 

Reaction Mechanism. According to the DFT results, both CoPcH 1 and FePcH 4 adopt a low-spin ground state. 

Specifically, 1 exhibits a closed-shell singlet ground state, with no radical character on both Co and H atom (Figure 

1a). The CASSCF calculation with a large active space (12 electrons and 12 orbitals) agrees that the ground state is 

indeed almost closed-shell, as indicated by the high contribution from the electronic configurations in which all the 

occupied orbitals are doubly occupied (95.6%). The lowest triplet state is quite high in energy, as shown by the triplet 

energy relative to the ground state is 41.6 and 35.7 kcal/mol at CASSCF and MN15 level, respectively. The Hirshfeld 

charge 23 at MN15 level shows that the hydrogen atom is slightly negative (-0.026), as compared to the Co atom with 

atomic charge of +0.111. All of these observations disclose that the ground state of CoPcH 1 is a hydride complex of 

Co(III) that has no radical character (Figure 1a). 

 

Even though FePcH 4 has an odd number of electrons, it shares quite similar electronic structure with 1. The unpaired 

electron at MN15 level is almost concentrated on the Fe atom, as indicated by the low spin population on H (-0.129, 

versus 1.242 on Fe). In order to further reveal the distribution of radical character on the more reliable CASSCF level, 

an odd electron density (OED)24 isosurface was plotted (Figure 2c, d). As the OED is a method to visualize the 

distribution of radical distribution based on high-quality post-Hartree Fock density matrix, it is clear that the hydrogen 

atom bears only negligible radical character in both 1 and 4.  

 

Both the reaction of 1 and 4 occurs through the low-spin state (Figure 2e, f). Naively, one may expect that a closed-

shell compound 1 should undergo a nucleophilic addition into an imine substrate, giving an ion-pair intermediate 

(Figure 1), and the hydride complex 4 with negligible radical character on H should behave similarly. However, the 

actual results are on the contrary. Despite the closed-shell hydride nature of 1, the reaction of 1 with imine substrate 

2 gives an open-shell singlet product 3 instead of the ion-pair expected for a hydride transfer (Figure 2e). The 

suspicious closed-shell “ion-pair intermediate” is not a minimum on the PES, and even do not correspond to a stable 

wavefunction (the closed-shell state is 40.8 kcal/mol above the open-shell singlet state). The reaction proceeds 

through an open-shell singlet transition state (TS) 1TS1 with a barrier of 12.5 kcal/mol. The spin density isosurface 

clearly shows that both 1TS1 and its product 13 are biradical at both the Co atom and the imine fragment (Figure 3a). 

In TS1, the biradical character is relatively small (S**2 = 0.2424), while the S**2 increases dramatically to 1.0458 

in 13. The biradical nature of 3 clearly reveals that an electron transfer must occur during the nucleophilic addition 

of the hydride complex 1 into the imine substrate. The reaction for 4 is quite similar, with a barrier of 12.0 kcal/mol, 

affording the radical-pair product 5 in which the unpaired electron lies on the Fe and the imine N atom (Figure 3b). 

As a result, both the “hydride addition” of CoPcH 1 and FePcH 3 is coupled with an ET, from the nitrogen atom into 

the metal center. 



 

Figure 2. (a, b) The structure of CoPcH 11 (a) and FePcH 24 (b). The Hirshfeld atomic charges are labelled on the 

interested atoms. (b). (c, d) The odd electron density (OED) isosurface (isovalue is set to 0.03) at 

CASSCF(12,12)/def2-TZVPP level for 1 (c) and 4 (d). (e, f) The Gibbs free energy profile for the hydrogen transfer 

reaction between imine 2 and 1 (e) and 4 (f).  

 

 

Figure 3. Spin density isosurfaces for selected species along the hydrogen transfer reaction. 

 

In order to gain further insights of the electronic nature of the reaction, an intrinsic reaction coordinate (IRC) 

calculation was performed, along which the key spin population and atomic charge were recorded and depicted in 

Figure 4. Interestingly, the energy curve along the IRC exhibits a sharp change near the transition state for both TS1 

(Figure 4a) and TS2 (Figure 4b), different from a common chemical reaction in which the energy curve becomes flat 

at the point of TS. Furthermore, the change of spin population on the imine N atom along the IRC pathway also 



shows a sharp change from zero to around 0.6~0.7 once the TS is reached. The observations on the spin population 

curve confirms that an electron transfer (ET) event occurs at exactly the point of TS1 and TS2, and therefore the TS 

is better considered to be the crossing point between the non-ET and ET potential energy surfaces (PESs).  

 

The addition and ET events can be further identified from the Hirshfeld charge curve (Figure 4e,f), in which the 

evolution of the atomic charge on the imine nitrogen is depicted. Before TS1 or TS2 is reached, a negative charge 

keeps accumulating on the imine N, and reaches its maximum (~–0.17) at the position of TS. The developing of 

negative charge is in consistence with a hydride transfer at the stage before the TS is reached. A sharp loss of negative 

charge occurs, however, at the point of TS, which clearly shows the presence of an instant ET event in which one 

electron is transferred from the anionic N atom to the metal center. Overall, all the observations above show that the 

hydrogen transfer from 1 to imine proceeds through an ACET mechanism, in which the hydride addition and a single 

electron transfer is coupled in one single elementary step. 

 

Effect of Solvation Polarity. Although the above calculations were performed under DCM solvation, a more polar 

solvent, 2-propanol, which is commonly used in transfer hydrogenation reaction, was also examined (Figure 4g-i). 

One major concern about ACET is that whether it will be shifted into a traditional hydride transfer when the solvation 

environment is polar enough or the imine substrate is electronic deficient enough to stabilize the partial negative 

character on the nitrogen atom produced by hydride addition. Therefore, the 4-nitro substituted imine was selected 

as the model substrate, in which the strongly electron-withdrawing nitro group is expected to challenge the existence 

of the ACET mechanism. Furthermore, in addition to the implicit solvation of 2-proponal, an explicit propanol 

molecule was considered by forming a hydrogen bonding with the imine nitrogen. The corresponding transition state, 

namely TS1(4-NO2, 2-propanol), was optimized under (SMD/2-propanol)-MN15/def2-SV(P) level, and the IRC was 

studied as above. In the transition state (Figure 4g), the 2-propanol molecule forms a hydrogen bonding with imine 

of 1.87 Å, and no proton transfer was observed along the IRC. The energy curve and the spin population curve are 

quite similar to the DCM case (Figure 4a-f), featuring a sharp change in the energy, a sudden increase in the spin 

population on the imine N atom, and a clear turning point of atomic charge on N atom at the TS. All these features 

clearly show that the ACET mechanism is remained even under a polar protic solvent. 



 

Figure 4. The evolution of (a, b) energy, (c, d) spin population on the imine nitrogen atom, and (e, f) Hirshfeld charge 

on the imine nitrogen atom along the IRC from TS1 and TS2. (g) The geometry of TS1(4-NO2, 2-propanol), where 

distances are shown in Å. The evolution of the spin population on the imine N atom along the IRC from TS1(4-NO2, 

2-propanol). 

 

Effect of substituents on ACET. After the establishment of the ACET mechanism, we were next interested in the 

substituent effect on the barrier (Figure 5). For a traditional hydride transfer, it is expected that an electron-

withdrawing group (EWG) on the imine substrate promotes the reaction due to the stabilization effect toward the 

negative charge developed on the imine nitrogen atom. As for the ACET reaction, its Hammett relationship is yet 

unknown. By studying various 4-substituted imines 2 of both EWG and electron-donating group (EDG), a Hammett 

relationship was obtained (Figure 5b). All the substrates were determined to react through the ACET mechanism, 

even for 2(4-NO2), in which the strong EWG was expected to stabilize the negative charge generated in the hydride 

transfer phase. Interestingly, both EWGs and EDRs are shown to decrease the barrier, while a maximum barrier 

appears when R = Me, resulting in a unique volcano-type relationship between Hammett constant (σp) and the barrier 

(Figure 5b). Obviously, this Hammett relationship is different from a simple polar addition reaction. 

Although the radical delocalization constant (σJJ) 25 is known to have been successfully used to explain the Hammett 

relationship in some of the radical addition reactions, no satisfactory linear relationship was achieved by a multi-

variant regression procedure combining σJJ and the Hammett constant (σp) 26 (Figure 5c). The failure of traditional 

Hammett regression to rationalize the barrier-substituent relationship further indicate that the reaction has a different 



nature from the known polar or radical addition, validating our conclusion that the reaction belongs to a new type of 

elementary step named ACET. According to these observations, the ACET reaction might does not follow a simple 

linear free energy relationship. As a result, in the next section, we turned our attention to put forward a theoretical 

model using two imaginary diabatic PESs in order to give a satisfactory quantitative description of the barriers of 

ACET reactions. 

 

Figure 5. (a) The calculated barrier and C–H bond length in TS1 or TS2 for substituted imines (2). (b) The barrier 

versus para-Hammett constant σp plot. (c) The actual barrier versus the barrier predicted by a multi-variant regression 

using substituent constant σp and σJJ
 plot. 

 

The ACET Theoretical Model. To explain the irregular Hammett relationship shown in Figure 5, a theoretical model 

considering the crossing of two diabatic PESs is proposed. This model is similar to the known theoretical model of 

proton-coupled electron transfer, but much more simplified, considering only the four critical points of the reaction.27 

The two PESs, namely PES1 and PES2, correspond to the PES for the reaction between metalloporphyrin MPcH 

and imine 2 without and with ET, respectively (Figure 6a). The reaction coordinate is defined by the extent of 

hydrogen transfer: the hydrogen atom lies on the metal center when the reaction coordinate (x) is zero, and is 

completely transferred when the reaction coordinate x reaches 1. The real product 3 (when M = Co) or 5 (when M = 

Fe) is the radical pair consisted of two fragments, noted as 6 and 7. PES1 is the diabatic PES for a pure hydride 

transfer, starting from its minimum (MPcH + 2) at the point x = 0, and connects an imaginary ion-pair state consisted 

of the anionic 7– and the metallic cation 6+
 when x = 1. On the other hand, the PES2 deals with an imaginary state 

after the ET from the metal center to the imine substrate. While the radical pair formed by 6 and 7 lies on the minimum 

of PES2 when x = 1, the x = 0 point corresponds to the imaginary state MPcH– + 2+. In our ACET theoretical model, 

the real reaction occurs through the adiabatic PES (labelled in bold in Figure 5a) formed by the crossing between 

PES1 and PES2, and therefore the position and energetics of the TS can be evaluated by solving the crossing point 

between the two imaginary PESs. 

 

In this scheme, in order to understand the PES crossing behavior to a basic extent, we only need to know the energies 



of four points (the point x = 0 and x = 1 on PES1 and PES2, respectively). The starting compound (x = 0), namely 

MPcH + 2, is the minimum of PES1, which is defined to be the origin point (Grel = 0) in our scheme. The relative 

energy of the x = 0 point on PES2 can be roughly approximated to be the sum of the vertical electron affinity (EA) 

of MPcH and the vertical ionization potential (IP) of 2. As for the reaction product on PES2 (reaction coordinate = 

1), its relative energy is the overall Gibbs free energy change of the reaction, noted as △G, and the energy of the 

corresponding point on PES1 can be evaluated to be △G + IP(6) + EA(7), in which 4 and 5 is the product Co(II) 

porphyrin and the N-radical, respectively, as shown in Figure 5a. Then, the PES1 and PES2 can be approximated to 

be the quadratic curve through the key species (for convenience, straight lines were used instead in qualitative scheme 

in Figure 5), and TS1 is the crossing point between the two PESs. 

Qualitatively, we can consider the influence of substitutes as the follows. First of all, we take the non-substituted case 

as the reference (Figure 5a, center). For any substituent group, EA(MPcH) and IP(6) are constant. If we take E1 = 

EA(MPcH) + IP(2), and E2 = EA(7) + IP(6), we will easily know that an EWG will increase E1 and decrease E2, 

shifting PES1 flatter and PES2 more precipitous (Figure 6a, right), resulting in a later TS1 and lower barrier. On the 

contrary, an EDR raises E2 and decreases E1, affording an earlier TS1 and, again, a lower barrier. In this framework, 

both EWGs and EDRs promote the ACET reaction, in consistence with the observed volcano-type barrier- substituent 

constant relationship. Furthermore, the prediction on the shifting of the TS1 position is also validated by the C–H 

bond length (Figure 5a). The EDR substituted 2 exhibits a significantly longer C–H bond length in both TS1 and TS2 

(for example, the C–H bond length in TS1(p-NMe2) is 1.5155 Å, as compared to 1.4707 Å for TS1(p-H)), indicating 

an earlier TS, whereas the opposite situation is observed for EWGs.  

After the success in qualitatively understanding the substituent effect on the ACET reaction, we next turn to compare 

the quantitative behavior of our model. The following calculating procedure is used to predict the barrier of an ACET: 

1. Optimize the geometry of MPcH, 2, 6, 7 to derive their vertical EAs and IPs. Calculate E1 and E2 according to 

these results. Calculate and the reaction thermodynamics △G for a given substrate 2. 

2. Do a quadratic fitting towards PES1 and PES2, in which x is the reaction coordinate: 

𝐺1 = (∆𝐺 + 𝐸2)𝑥2 ………. (1) 

𝐺2 = (−∆𝐺 + 𝐸1)(𝑥 − 1)2  +  ∆𝐺 ……….(2) 

3. Calculate the reaction coordinate x and free energy G of the crossing point by solving G1 = G2. 

Following the above procedure, the predicted barriers were calculated for all the substituted 2 studied (Figure 

6c). Surprisingly, although our theoretical model seems rough and simple, a much better linear relationship 

between the barriers evaluated by this model and the actual DFT-derived barrier is gained. Although the barrier 

is systematically underestimated by ~3 kcal/mol, which is quite understandable considering the high simplicity 

of this model, the R2 for the reaction of 1 and 4 is determined to be 0.83 and 0.70, respectively, significantly 

higher than that obtained by multivariant Hammett regression (0.61 and 0.55, Figure 5c). The good linear 

relationship clearly reveals the success of our model among the examples studied herein. More importantly, as 

our model is completely derived from our basic physical understanding on ACET, and involves no parameter 

fitting, its success further supports the ACET nature of these reactions. Overall, according to the theoretical 

model above, not only can we successfully explain the observed substituent relationship for an ACET reaction, 

but also are we able to obtain a good qualitative agreement with the DFT-calculated barrier through this simple 

theoretical model. 

 



 

Figure 6. Our theoretical model for ACET reaction (a), the schematic procedure for calculating ACET barrier 

according to this model (b), and the predicted versus DFT-calculated barrier plot (c). 

 

 

Conclusion 

In this work, taking the hydrogen transfer from two typical metalloporphyrin hydride, namely CoPcH 1 and FePcH 

4 to imines as the model reaction, we have shown that this reaction occurs through an ACET mechanism. Electronic 

structure analysis by combining DFT and CASSCF shows that both 1 and 4 exhibit negligible radical character on 

the hydrogen atom and, more importantly, 1 is even a closed-shell complex. Although they are best considered to be 

hydride complexes, the hydrogen transfer reactions from both 1 and 4 to imines give a radical pair product 3 (for 

CoPcH 1) or 5 (for FePcH 4) in one elementary step, significantly different from the hydride transfer product expected 

based on the hydride nature. The IRC shows clearly that the reaction coordinate is divided into two phases at exactly 

the point of the TS: within the pre-TS region, the reaction can be considered to be a nucleophilic hydride addition, 

resulting in developing negative charge on the imine nitrogen atom. Once the TS is reached, a sudden change in both 

the atomic charge and spin population occurs, leading to a N-radical, which is in consistent with an instant ET event. 

The nucleophilic addition and ET event are coupled in one elementary step, leading us to conclude that the overall 

reaction follows an ACET mechanism. 

In addition to the mechanistic analysis, we further investigated the substituent effect on the ACET reaction. The 

reaction exhibits a unique volcano-type Hammett relationship, which cannot be rationalized by linear regression 

using substituent constants. Instead, we proposed a theoretical model to evaluate the ACET barrier, and successfully 

rationalized the observed Hammett behavior. This theoretical model makes use of a quadratic modelling of two 

crossing diabatic PESs, giving a description of the position of TS and its energetics from the IPs and EAs of relevant 

species. Based on this quite simple but effective model, we are able to understand the substituent effect on the ACET 

barrier and TS position both qualitatively and quantitively. Specially, the ACET barriers predicted by this model 



shows significantly improved linear relationship as compared to the traditional Hammett regression. 

The metalloporphyrin system studied here is closely connected to single atom catalysis, because it features a rigid, 

planar-squared metal center which is shared by most single atom catalysts. We suggest that ACET might be ubiquitous 

in the group transfer reaction involved by single atom catalysts, as a new type of elementary step which has not been 

separately studied before. 
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