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Abstract: The new types of elementary reaction in which a 

nucleophilic addition (A) to quinones is coupled with electron transfer 

(ET) and even further proton transfer (PT) are suggested herein by 

density functional theory calculation, which are called Addition 

Coupled Electron Transfer (ACET) and Addition Coupled Proton 

Coupled Electron Transfer (ACPCET). With a [2.2]paracyclophane-

derived biquinone as the substrate, the nature of nucleophilic addition 

onto its sp2 carbons exhibits a change from stepwise A-ET-PT to 

ACET-PT and further to ACPCET, in parallel with the decreased 

nucleophilicity of the attacking reagent. In addition, we further 

proposed six possible potential energy surfaces and the coupling 

modes among A, ET and PT, among which three have been found in 

this work. Quasi-classical trajectory shows that the ACET and PT 

event can also be dynamically concerted even for an ACET-PT 

mechanism. 

Introduction 

Since its first being proposed in 1981[1], the proton-coupled electron 

transfer (PCET) has become a well-known concept, and both its theory[2] 

and practical use[3] have been continuously explored. Under this scheme, 

besides the Hydrogen Atom Transfer (HAT) reaction, in which both the 

proton and electron being transferred involves the same orbital, during 

the reaction of a hydrogen donor (AH) and an acceptor (B) to give A and 

BH, there are three possible modes. These modes are (1) stepwise 

electron transfer (ET) to form AH+• and B‒• followed by a proton transfer 

(PT), (2) stepwise PT affording A‒ and BH+ followed by an ET, and (3) 

a concerted proton-electron transfer in one elementary step called PCET, 

especially when single PT or ET is thermodynamically unfavorable 

(Figure 1a-i). The key point of PCET is that PT and ET can interplay and 

promote each other: ET leads to increased acidity of the A–H bond, 

promoting the PT process; at the meantime the negative charge resulted 

by PT on A further promotes ET. The inter-promoting nature of PT and 

ET enables their coupling, causing the elementary step of PCET as a 

result, and PCET has been proven to be a useful tool to activate the 

hydrogen transfer. Overall, the PCET has been shown to have many 

synthetic applications through either oxidative or reductive manners 

(Figure 1a-ii) due to the kinetic advantages gained in the mechanistic 

pathway (Figure 1a-iii). [3b] 

The potential reaction mode to couple with ET is not limited to PT. We 

suggest in this work that the coupling of a nucleophilic addition with ET 

or even PCET is also possible, resulting in new type of elementary 

reaction that has not been explored. In this regard, the nucleophilic 

addition reaction towards an olefin substrate is, to some extent, similar 

to PT from an acidic substrate: they both create a partial negative charge 

which is prone to be oxidized, and both are activated by a more oxidized 

(electrophilic) substrate. As a result, the addition reaction is possible to 

be coupled to, and be promoted by an ET event. If this elementary step 

does exist, it will open a door to new methodologies for the activation of 

weak nucleophiles by introduction of ET, just like the case for PCET. 

To set up our new elementary reaction, we have selected 

[2.2]paracyclophane-derived biquinone compound 1 (Figure 1b) as the 

model substrate, and compared the mechanism in the presence of 

nucleophiles with various nucleophilicity. As shown in Figure 1b, the 

addition of various nucleophiles based on their strength will lead to 

different modes of reactions as indicated in our results. Therefore, here 

we report the first example of nucleophilic addition coupled with PT and 

ET, leading to the new elementary reaction called Addition-Coupled 

Electron Transfer (ACET) and Addition-Coupled Proton-Coupled 

Electron Transfer (ACPCET)[4]. In order to establish the mechanism of 

ACET and ACPCET, three questions among this study will be raised 

concerning the nature of the process such as (i) what is the possibility of 

open-shelled intermediates during the addition pathway? (ii) do the 

process of A, PT, and ET occur in a stepwise or concerted manner? and 

(iii) is the whole process dynamically stepwise or concerted from a 

molecular dynamic’s perception when quasiclassical molecular dynamic 

(QCMD) simulations are performed? All of the study is conducted using 

both density functional theory (DFT) and multireference method 

calculations. 
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Figure 1. (a-i) The general concept of PCET, (a-ii) the oxidative and reductive PCET, and (a-iii) the kinetic advantage of PCET. (b) Nucleophilic addition to electron-deficient 

olefins with questions raised about the new concept of ACET and ACPCET. 

 

Computational Methods 

The Gaussian 16 package [5] was employed to perform all the 

calculations, with the Gaussian 09 default integral grid. The ωB97X-D 

functional[6] was used for all calculations. For geometry optimization, 

the def2-SVP [7] basis set was employed. Frequency calculations were 

followed to ensure stationary points were found, and to obtain Gibbs free 

energy correction at room temperature. Single point calculations were 

performed with the def2-TZVPP basis set. Both geometry optimization 

and single point calculations were performed under SMD implicit 

solvation using tetrahydrofuran (THF) as the medium solvent.[8] The 

stability of wavefunction was checked for all the structures in this study. 

The spin density analysis were performed with the Multiwfn program.[9] 

The molecular geometry and isosurface were plotted with CYLView [10] 

and VMD.[11] The quasiclassical trajectory molecular dynamics 

simulations were performed using the PROGDYN program.[12] The 

initial geometry for each trajectory was generated by adding 

displacements that follows a QM-like Gaussian distribution to all 

vibrational modes higher than 10 cm−1 of TS2. Each real normal mode 

was given its zero-point energy plus a random Boltzmann sampling of 

the thermal energy available at 298.15 K. Trajectories were propagated 

at the SMD(THF)-ωB97X-D/def2-SVP level of theory in both the 

forward and backward directions, until the product formed, or the length 

of trajectory is longer than 300 fs. The multireference calculations, 

complete active space self-consistent field (CASSCF) and N-electron 

Valence State Perturbation Theory (NEVPT2),[13] were performed using 

the ORCA program,[14] with the natural orbital derived from the triplet 

state UHF calculations as the reference. The crossing point between the 

close-shelled singlet (CSS) and open-shelled singlet (OSS) potential 

energy surface (PES) was located by the self-written open-source 

KST48 program.[15] 

Results and Discussion 

Initial Insight. Compound 1 has been synthesized and characterized by 

Staab by oxidizing its phenol precursor in 1973.[16] It was chosen as the 

model substrate in this work, because it bears two quinone rings 

connected by two short and rigid (CH2)2 linkers, enabling short contact 

of the two reactive rings. As a result, it is of concern that once a 

nucleophile attacks one quinone ring, leading to an enolate (Int2 in 

Figure 1b) whether the other quinone ring could act as an intramolecular 

oxidant to achieve an open-shelled compound Int2’. Furthermore, the 

delicate structure of 1 enables an intramolecular PT from Int2’ across 

the two quinone rings, affording the final biradical product 2. Of 

interests in this paper is whether these A, PT, and ET processes can 

efficiently couple, both in terms of minimum energy reaction path (MEP) 

and reaction dynamics. 

Our first concern is whether the intermediates mentioned in Figure 1b 

can exist or not. The answer to this question depends on the 

nucleophilicity of the attacking reagent. So, we have selected here two 

nucleophiles, namely azide ion (N3
‒) and dimethyl sulfoxide (DMSO). 

Two typical two-dimensional potential energy surfaces along the 

reaction coordinate of both addition and hydrogen transfer are shown in 

Figure 2. On one hand, for a common nucleophile with enough 

nucleophilicity, the approaching to 1 leads to a minimum, corresponding 

to either close-shelled Int2 or open-shelled Int2’. In this case, we expect 

that a stepwise A-ET-PT or A-PCET or ACET-PT should happen (Figure 

2: top). On the other hand, when the nucleophilicity is extremely low, 

like the case with DMSO as the nucleophile, Int2 and Int2’ are unable 

to be a minimum on the potential energy surface (Figure 2: bottom). 

Thus, since 1 is thermodynamically unable to oxidize the nucleophile to 

initialize an ET-A-PT process (see Supporting Information for the redox 



thermodynamics), the subsequent A, ET, and PT steps have to be coupled 

in one single elementary step corresponded to the ACPCET mechanism.  

 
Figure 2. The two-dimensional potential energy contours for the overall A-ET-PT 

reaction, with N3
‒ (top: when addition product is close-shelled means A-ET-PT or A-

PCET whereas when addition product is open-shelled means ACET-PT which is ether 

dynamically stepwise or concerted) and DMSO (bottom) as the nucleophiles, 

respectively. Energies are shown in kcal/mol, and the interested bonds are labelled in 

the inner figure.  

In the following parts, we separately discuss the three cases using three 

different nucleophiles are NaOMe, NaTFA, and DMSO, showing 

stepwise A-ET-PT, ACET-PT, or ACPCET. 

Case I: Stepwise A-ET-PT (Nuc = NaOMe). With NaOMe as 

nucleophile, all the intermediates and transition states in Figure 1b can 

be located, as shown in Figure 3a. The complex of 1 with NaOMe, 

namely 1NaOMe, undergoes a rapid nucleophilic addition with a barrier of 

4.7 kcal/mol, affording a close-shelled enolate Int2NaOMe. Then, some 

geometry adjustment occurs, resulting in another minimum on the open-

shelled potential energy surface, namely Int2’NaOMe. The spin density 

isosurface shows that an intramolecular ET has happened in Int2’NaOMe, 

in which the spin density on the quinone ring being attacked localizes on 

the ortho-site of the carbon attacked by the nucleophile, and the 

conjugating carbonyl group only shares little spin (Figure 3c). The spin 

density on the ring that is acting as the oxidant is delocalized over the 

two carbonyl groups. After the formation of Int2’NaOMe, an 

intramolecular PT occurs through TS2NaOMe with a barrier of 17.0 

kcal/mol. The evolution of the C–H bond being broken and O–H bond 

being formed along the Intrinsic Reaction Coordinate (IRC) of TS2NaOMe 

is shown in Figure 3b. The O–H bond slowly decreases to ~1.5 angstrom 

in the pre-TS region (up to IRC step ~-5) and is sharply shortened to 

~1.0 angstrom through TS2NaOMe. The change of C–H bond length is 

asynchronous with the O–H bond as it almost keeps unchanged at the 

pre-TS region, where it undergoes the first increase from IRC step -5 to 

10 and then another increase starting from IRC step 10. The two 

increases correspond to two phases of the overall reaction: the PT phase 

from IRC point -60 to 10, and then the hydroxyl rotation phase which 

can be seen by comparing the geometry of step 10 (Figure 3b) and 

2NaOMe (Figure 3c). As for the spin density, all the points along the IRC 

are open-shelled, indicating that the reaction is almost a PT, although 

spin density at the ortho-carbon of both Int2’NaOMe and TS2NaOMe is 

delocalized onto the two oxygen atoms in the final product 2NaOMe at the 

end of the reaction. According to the observations above, the presence 

of both Int2NaOMe and Int2’NaOMe, the nature of in TS2NaOMe, and the 

presence of ET in Int2’NaOMe, we concluded that the overall reaction 

follows a stepwise A-ET-PT mechanism when NaOMe acts as a 

nucleophile. 

Case II: ACET-PT (Nuc = NaTFA). We next used NaTFA as the 

nucleophile and a tetrahedral intermediate-like compound Int2’NaTFA 

was also located as the case for NaOMe, although it is much higher in 

energy as it is 44.3 kcal/mol above the complex formed by 1 and NaTFA, 

namely 1NaTFA. The ET-product Int2’NaTFA undergoes a PT through 

TS2NaTFA with an overall barrier of 57.8 kcal/mol to give the final 

product 2NaTFA. Although the barrier is rather high and causing the 

reaction experimentally inaccessible, it is still theoretically valuable in 

providing mechanistic insights into the elementary reaction modes. 

Notably, there is no minimum corresponding to the addition product with 

2,6-dimethyl-1,4-benzoquinone as the substrate, indicating that the ET 

resulted by the second benzoquinone ring is essential. It is the ET event 

that stabilizes the addition product, causing Int2’NaTFA to be able to be a 

minimum. Although in this case the energetics of intermediates are high, 

it suggests the potential opportunity of using an ET event to promote 

addition reaction of weak nucleophiles in the future. 

Although the formation of Int2’NaTFA and the following PT are similar 

to the NaOMe case, there is one substantial difference: in the NaTFA 

case the close-shelled singlet (CSS) Int2 is no longer a minimum. By 

scanning the C–Nuc distance (see Supporting Information), the energy 

monotonously increases while NaTFA approaches on the CSS potential 

energy surface (PES). Instead, the addition product Int2’NaTFA can only 

exist on the open-shelled singlet (OSS) PES. On one hand, no transition 

state for the addition step was able to be found on both CSS and OSS 

PES. On the other hand, the crossing point between the CSS and OSS 

PES, CP1, at which the energy of the CSS and OSS state is degenerated, 

could be determined to be the critical point for the hopping from the CSS 

to the OSS PES. The downhill pathway starting from CP1, which is 

generated in a similar way to the Intrinsic Reaction Coordinate (IRC) 

and represents the reaction pathway across CP1, clearly shows that CP1 

connects directly to 1NaTFA and Int2’NaTFA on the CSS and OSS PES, 

respectively. As a result, it can be inferred that the addition step proceeds 

through CP1 instead of a transition state; once 1NaTFA goes across CP1, 

it will hop into the OSS-PES, and falls down the downhill pathway to 

afford Int2’NaTFA. In this case, the addition and ET are coupled in one 

elementary step (ACET). The difference between ACET and stepwise 

ET-A-PT will be further discussed in the later section. 

In addition to the DFT calculation, the multi-reference calculations 

CASSCF and NEVPT2 [13] were also performed based on an active space 

with 12 orbitals and 12 electrons. The relative energy (shown in 

parentheses in Figure 4a) derived from NEVPT2 single point 

calculations were very close to the DFT results, supporting the reliability 

of the DFT results. According to the CASSCF-results, the electronic 

structure of the OSS state of CP1 is almost contributed by the HOMO-

LUMO excitation of ~97%. According to the CASSCF Optimized 

frontier orbitals (Figure 4c), the HOMO and LUMO distributes on the 

ortho-carbon atom to the NaTFA attacked site and the quinone ring 



acting as the oxidant, respectively, which clearly reveals the existence of 

intramolecular single electron transfer. 

 

 

 
Figure 3. (a) The Gibbs free energy profile for the A-ET-PT reaction with NaOMe as the nucleophile. Distances are in Å. (b) the evolution of energy and key bond lengths along 

the IRC of TS2NaOMe. (c) The spin density isosurface of the key species. Two explicit solvent molecules of THF were added to NaOMe during all steps.

 

Case III: ACPCET (Nuc = DMSO). We further moved to a weaker 

nucleophile DMSO compared with NaTFA. The extremely low 

nucleophilicity of DMSO is reflected by its higher addition barrier of 

69.8 kcal/mol via TS2DMSO (Figure 5a) and absence of both Int2 and 

Int2’ (see Figure 2-bottom) when compared to NaTFA (Figure 4). Thus, 

the overall A-PT-ET process proceeds through only one transition state 

TS2DMSO. The IRC profile of TS2DMSO can be divided into three stages 

(Figure 5b). First, the approaching of DMSO to the substrate carbon 

atom is accompanied by ET and the ACET phase appears up to the IRC 

step -10. Second, the PT phase appears from the IRC step 10 to ~30). 

Third, the hydroxyl rotation phase appears after the IRC step 30. 

Furthermore, we have plotted the eigenvalue of the total spin operator 

(S**2) along the IRC pathway (Figure 5c). The complex remains close-

shelled at the beginning of the addition phase due to the S**2 is zero, 

however at the IRC step ~-30 the ET event suddenly occurs, giving a 

S**2 of ~0.8. Then, the nucleophile continues approaching the substrate, 

although with a less slope, until it reaches ~step -10, where the PT 

process starts according to the decreasing O–H distance. Notably, 

although they are divided into different phases in order to magnify the 

asynchronousity of PT with ACET, the C–Nuc distance keeps decreasing 

after a short platform period in the PT phase, and finally reaches 1.40 Å 

in 2DMSO. The evolution of spin density along IRC shares a similar mode 

with the stepwise mechanism. Here, a close-shelled structure is initiated 

and followed by the ET event, while subsequently the ortho-carbon to 

the carbon being attacked accumulates spin density and finally the spin 

is delocalized onto all the carbonyl groups in 2DMSO. 

To Distinguish the Mechanisms. Up to now, we have discussed three 

examples with different coupling modes among A, ET, PT. In order to 

further clarify their relationship, the schematic models of their potential 

energy surfaces are plotted in Figure 6. Considering the crossing 

between the close-shelled and open-shelled PESs, and in the presence of 

a strong nucleophile, the addition product Int2 can be a minimum on the 

CSS PES. In this regard, if the crossing point occurs later than its 

formation, and the resulted ET product, namely open-shelled addition 

product Int2’ is also a minimum, then the reaction goes through two 

transition states divided by one crossing point, affording a typical 

stepwise A-ET-PT process (Figure 6a). If the ET product Int2’ is not a 

minimum, and directly leads to the product 2, then the reaction follows 

an A-PCET mechanism (Figure 6b). On the other hand, if the crossing 

point appears earlier than the formation of Int2, an ET event should 

happen at the post-TS region of addition, and directly connects with the 

ACET product (Class II ACET, Figure 6d).  

Furthermore, if the nucleophile is too weak to form a close-shelled 



addition product Int2 as a minimum, then we see the cases of Figure 6a, 

6c and 6f. The difference between ET-A-PT and Class I ACET-PT relies 

on whether the “pure” ET product (namely 1– and Nuc+ derived from the 

reaction Nuc + 1 → 1– +Nuc+) is able to exist as a minimum on the open-

shelled surface. If a minimum is formed, then a barrier has to be 

overcome for addition, and a stepwise ET-A-PT reaction occurs (Figure 

6e). However, in the NaTFA case, there is no such ET product (see Table 

SI1 for the redox potential), and thus no addition TS on the open-shelled 

surface. Instead, after the ET event through the crossing point, the 

addition product with electron transferred is directly obtained, which is 

classified as the Class I ACET (Figure 6c). If even the ACET product 

Int2’ cannot exist as a minimum, as seen for the DMSO case, only one 

transition state appears along the whole reaction, and gives a fully 

coupled ACPCET reaction (Figure 6f). 

Figure 4. (a) The Gibbs free energy profile for the ACET-PT reaction with Na(THF)2 (OCOCF3) (noted as NaTFA) as the nucleophile. The relative free energies at NEVPT2(12,12) 

level are shown in parentheses. The geometries of the key species are shown, and distances are labelled in angstrom. (b) The downhill pathway starting from CP1NaTFA on the CSS 

and OSS potential energy surface. (c) The frontier orbitals of CP1NaTFA optimized at CASSCF(12,12)/def2-TZVPP level. 

 



 

Figure 5. (a) The Gibbs free energy profile for the ACPCET reaction with DMSO as the nucleophile. (b) The evolution of key bond lengths along the IRC of TS2DMSO (DMSO). (c) 

The S**2 along the IRC, and spin density isosurface of selected points 

Quasiclassical Molecular Dynamics Simulation (QCMD). We next 

turned our attention toward molecular dynamics to gain a more 

insightful information about the current process. To further study the 

coupling among each step in real reaction, quasi-classical molecular 

dynamics trajectories were initiated from TS2, and the evolution of key 

bond lengths was recorded. For all the three nucleophiles, recrossing is 

quite common, as seen by the nearly doubled number of the trajectories 

leading to 2 over to Int2 or separated 1 and nucleophile. The PT event 

happens rapidly in ~40 fs, regardless of the nucleophile. However, the 

fate of the trajectories toward the direction of Int2 (or Int2’) is relevant 

to the nucleophile. In one hand, in the case of NaOMe 5 out of the 14 

trajectories lead to close-shelled Int2, which is stable during the time 

period of 300 fs. The evolution of S**2 for each point (Figure 7e) 

suggested that the complex returned to be close-shelled in almost ~50 fs, 

and then the system oscillates between Int2NaOMe (S**2 = 0) and 

Int2’NaOMe (S**2 ~ 0.8, appears near ~150 fs). On the other hand, in the 

case of weaker nucleophiles like NaTFA and DMSO, our QCMD results 

showed a disappearance of Int2NaTFA (or Int2DMSO) and Int2’NaTFA (or 

Int2’DMSO) with an adequate stability in the trajectories, in which all the 

trajectories running toward their direction lead to dissociated reactants 1 

and nucleophile in a similar timing of ~120 fs. As a result, although the 

addition reaction with NaTFA and DMSO follows the ACET-PT and 

ACPCET mechanistic pattern, respectively, they dynamically behave 

similarly. Both Int2’NaTFA or Int2’DMSO are not a “dynamically stable” 

intermediates, and even the ACET and PT steps are sterpwise according 

to the PES study (Figure 4) in the NaTFA case, the ACET and PT events 

are dynamically concerted. Finally, these MD simulation results 

concluded that the coupling between the A, ET and PT reactions might 

be even stronger in terms of real molecular dynamics behavior than what 

is expected through a PES-based point of view. An ACET-PT reaction 

can be dynamically concerted, as shown in the NaTFA case. 

 



 

Figure 6. The schematic potential energy surface (PES) for the possible coupling modes among the A, ET, PT reactions.

 

Conclusion 

According to the discussions above, based on DFT and multireference 

calculations, IRC analysis and quasiclassical molecular dynamics, we 

have suggested the reaction mode of ACET and ACPCET, in which the 

addition, proton transfer and electron transfer steps effectively couple in 

one elementary step. With the [2.2]paracyclophane-derived biquinone 1 

as the model substrate, we have shown that the mechanism of 

nucleophilic addition onto its sp2 carbon exhibits a consecutive change 

from stepwise A-ET-PT to ACET-PT and finally to ACPCET. The 

coupling of A with ET and PT is in consistence with the order of 

nucleophilicity: when the nucleophile is strong, a stepwise A-ET-PT 

occurs; otherwise, with an adequately weak nucleophile, the ACET-PT, 

ACPCET, or other coupling modes has to occur to compensate the 

unfavorable addition, and which of them occurs depends on the shape of 

potential energy surface, as shown in Figure 6. Besides, QCMD 

trajectories show that these steps can be dynamically concerted, even 

when they seem to be stepwise according to the potential energy surface. 

 
Although the examples of ACET and ACPCET in this work are of 

extremely high barrier, we believe that there exist other systems that 

ACET and ACPCET process is able to occur under experimentally 

accessible condition. For example, before submitting this work, we saw 

Fujii’s latest report[17] on the electron-coupled epoxidation reaction of 

olefin, with should be another example of ACET.  Also, we believe that 

the remaining three types of coupling not discussed in this work, namely 

Class II ACET, A-PCET and ET-A-PT, can also be found in the future.[18]  

 



 

Figure 7. (a-c) The evolution of interested bond lengths along the trajectories initiated from TS2 with various nucleophiles. (d) The numbers of 

trajectories leading to each outcome. The average timing (fs) is shown in parenthesis. (e) The S**2 along the trajectories leading to Int2 (NaOMe) 

from TS2 (NaOMe). 

As it has been well-known that a weak proton donor or 

acceptor can be activated by an ET event in a PCET 

reaction, we expect that the discovery of ACET could shed 

light on the activation of weak nucleophile or unactivated 

alkenes. In this work, for example, we have found that the 

addition product for the extremely weak nucleophile, 

NaTFA or DMSO, cannot exist as a minimum in the 

absence of intramolecular oxidant. Similarly, by proper 

design of ACET systems, we expect that the activation of 

these weak nucleophiles in a real experimentally 

accessible condition can be achievable in the future. We 

also suggest that some of the well-known and of 

fundamentally important addition reactions in a redox 

active environment follow ACET mechanism, and our 

further researches are ongoing. 
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