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Abstract: The formal Diels-Alder (D-A) reaction of alkenes with 1,2-diimine and related substrates 

is designed and studied by density functional theory (DFT), multi-reference and quasi-classical 

trajectory calculations in the presence of a benzoquinone-based organic oxidant. The reaction is 

found to occur through an Addition-Coupled Electron Transfer (ACET) with one electron 

transferred to the oxidant in one elementary step, affording a carbon-radical, followed by an 

intramolecular radical addition. The overall barrier is significantly reduced as compared to the 

traditional concerted D-A reaction. No concerted Pericyclic-Coupled Electron Transfer (cPeriCET), 

the reaction with two new bond formation events in one elementary step coupled with electron 

transfer, was found. 

 

Introduction 

Pericyclic reactions1, and of special interest in this work, Diels-Alder cycloaddition reactions, have 

been a well-known family of fundamentally important reactions with broad mechanistic variety, 

both concerted and stepwise, synchronous and asynchronous, with and without entropy 

intermediates2-10. In most cases, the reactions involving unactivated olefins are challenging due to 

its high barrier. The reactivity is known to be promoted in the presence of redox active environment, 

known as oxidative cycloaddition11-15 and reductive cycloaddition16-19. Most of these reactions make 

use of a redox-active metal, and are made up by multiple elementary reactions with great 

mechanistic diversity. Despite these advances, it is still a question whether a single electron transfer 

event can be coupled in the same elementary step of a concerted or a formal cycloaddition. 

 

In our previous report, we have found that nucleophilic addition can be coupled to a single electron 

transfer in one elementary step, resulting in an Addition-Coupled Electron Transfer (ACET)20. In 

this work, we aim to answer the question whether a similar coupling could occur in the step of a 

cycloaddition reaction. By designing a cycloaddition reaction between 1 and ethylene, and other 

related examples, we found that the reaction follows a stepwise ACET and radical cyclization mode, 

rather than traditional concerted cycloaddition or an imaginary “concerted Pericyclic-Coupled 

Electron Transfer” (cPeriCET). 



 

Figure 1. A summary of this work. TS = transition state, and CP = crossing point. CSS = close-shell 

singlet state. 

 

Results and Discussions 

The model substrate 1 is designed by the following considerations: 1. A p-benzoquinone motif with 

strong electron-withdrawing groups could act as an intramolecular oxidant, and the intramolecular 

nature avoids troubles with the flexible binding conformation related to an intermolecular oxidant. 

The oxidant is linked to the center of the cycloaddition reaction by a CH2 linkage, preventing direct 

influence on the electronic properties of the reaction center. 2. The 1,2-diimine unit is taken as the 

diene partner due to its inertness toward oxidation. However, once the cycloaddition occurs, it will 

be transformed into a strongly reductive 1,2-diaminoethylene product 3, and is expected to be prone 

to the electron transfer to the benzoquinone unit. 

 

The Gibbs free energy profile for the cycloaddition of 1 to ethylene exhibits the co-existence of 

traditional concerted cycloaddition pathway and ACET-involved pathway (Figure 2). The substrate 

and ethylene form a pre-activation complex 1Comp in its close-shelled singlet state (CSS), with a 

slight endothermicity of 4.0 kcal/mol. The corresponding triplet state is quite high in energy (52.9 

kcal/mol). The high energy of the triplet or open-shelled single (OSS) state of 1Comp is further 

validated by N-Electron Valence State Perturbation Theory (NEVPT2) calculation21, which gives 

the relative triplet and OSS energy at 53.3 and 49.8 kcal/mol, respectively. The excellent quantitative 

consistence between NEVPT2 and DFT calculations supports the reliability of DFT on this system. 

The concerted cycloaddition through TS3 on the CSS potential energy surface (PES) requires a high 

barrier of 40.7 kcal/mol, affording the product 13(CSS) with the CSS state as a stable wave-function. 

Although there is a crossing point (CP3) from CSS-PES to triplet-PES near TS3, it is higher in 

energy by 4.8 kcal/mol, rendering it unimportant. 



 

At the meantime, there are two other pathways involving open-shelled species. Once 11Comp enters 

the PES of the open-shelled singlet (OSS) or triplet state through the crossing point from the CSS-

PES, namely CP1(CSS_OSS) and CP1(CSS_Triplet), respectively, a biradical intermediate 2 will 

form, in which only one N–C bond (namely N1–C) forms. The moderate spin-orbit coupling matrix 

element between CSS and triplet state at CP1(CSS_Triplet) of 3.18 cm-1 indicates that the change 

of spin state is possible. Notably, the transition state (TS) on the single OSS or triplet-PES was 

unable to be located, and the reaction is suggested to occur directly through CP1 instead of a TS, 

which will be further discussed later. While 2 is not a minimum on the CSS-PES, the minimums of 

OSS and triplet state of 2 are nearly degenerated, and this feature is shared by TS2 and 3. The second 

N–C bond formation occurs through a radical addition of the carbon-centered radical to N2, with a 

very low barrier of ~3.0 kcal/mol for both the OSS and triplet state. The resulting product 33 and 

13(OSS) are much lower in energy than its CSS analogue (-41.6 kcal/mol for 33 versus -17.5 

kcal/mol for 13(CSS)), and shares a planar 1,2-diaminoethylene unit, on the contrary to the non-

planar structure of 13(CSS). This change in geometry is in consistence with an oxidized 1,2-

diaminoethylene unit. 

 

Figure 2. The Gibbs free energy profile for the formal cycloaddition reaction between 1 and ethylene. 

Distances are in angstrom. 

 

The key point to distinguish ACET from ET-A or A-ET in the first N–C bond formation step is the 

absence of related intermediates. Since the addition product 2 is not a minimum on the CSS-PES, 

the first N–C bond formation must not be a nucleophilic addition followed by electron transfer (A-

ET). Then the next question is whether the crossing point from CSS-PES to open-shelled PES, 

namely CP1, is able to lead the substrate to 2. If so, the addition will happen once the crossing into 

open-shelled PES occurs, and the stepwise ET giving high-energy intermediate 31Comp will be 

avoided. Starting from both CP1(CSS_OSS) and CP1(CSS_Triplet), the downhill pathway was 



generated on both the two PESs (Figure 3a for CP1(CSS_Triplet) and Figure S1 for 

CP1(CSS_OSS)). A downhill pathway is produced in a similar method to Intrinsic Reaction 

Coordinate (IRC), and is known to reflect the minimum energy reaction path crossing the starting 

point. With CP1(CSS_Triplet) as an example, it is clear that this species lies on the reaction path 

towards 11Comp and 32 on the CSS and triplet-PES, respectively. The similar situation is shared for 

CP1(CSS_OSS). Therefore, it is concluded that CP1s connect indeed 11Comp and 2. As a result, 

there is no need for a first separated ET to give 31Comp; N–C1 formation coupled by electron 

transfer occurs through a crossing point rather than a TS, and is therefore an ACET reaction. 

 

The electronic structure for the key species is studied by both the spin density distribution and multi-

reference methods. The OSS and triplet species are quite similar, not only with respect to its 

energetics as seen in Figure 2, but also in terms of spin density distribution and geometry. With CP1 

as an example, when the geometry of CP1(CSS_OSS) and CP1(CSS_Triplet) is placed together, 

it can be seen that they overlap well, which shows that their geometries are quite similar (Figure 

3b). According to the spin density isosurface, it is quite clear that 2 is a biradical at both C2 and the 

benzoquinone unit, and the spin density is further distributed over the 1,2-diaminoethylene part in 

3. The spin density of CP1(CSS_Triplet) on its triplet state is located on both N1 and C2. The 

results from DFT calculations were further validated by NEVPT2 calculation with an active space 

size at 10 electrons and 10 orbitals. Based on the DFT-located crossing point geometry, the OSS, 

CSS, triplet states are quite close to be degenerated on the NEVPT2 level, supporting the correctness 

of DFT-located crossing points. The electronic configurations of both the OSS and triplet state are 

dominated (contributed by > 99%) by the HOMO-LUMO excitation. According to the Completed 

Active Space Self-Consistent Field (CASSCF) optimized orbital, it is clear the HOMO and LUMO 

is contributed by the benzoquinone unit and the π orbital of ethylene slightly mixed with N1 lone 

pair, respectively. These results are clearly in consistence with the single electron transfer into the 

benzoquinone. 

 

 



 

Figure 3. (a) The downhill paths starting from CP1(CSS_Triplet) on the CSS and triplet-PES. (b) 

The spin density isosurfaces (isovalue of 0.02 a.u.) for selected species. (c) The NEVPT2 relative 

energies (kcal/mol) for the interested states of CP1s, with the triplet state of CP1(CSS_Triplet) as 

the zero point. The isosurface for the CASSCF-optimized natural orbital is shown at the bottom. 

 

In order to further study the behavior of the system upon going through CP1, quasi-classical 

molecular dynamics trajectories were generated starting from CP1(CSS_Triplet). All the 

trajectories were initiated according to the vibrational modes on the CSS-PES. After initiation, for 

each of the points along a trajectory, CSS, OSS and triplet states were calculated, and the one with 

the lowest energy was taken for the propagation of the next point. 26 trajectories were generated in 

total, of which 8 trajectories led to the formation of 2 with an averaged timing of 30 fs, and the rest 

gave dissociated substrates (averaged timing of 41 fs). The intermediate 2 in all of the 8 productive 

trajectories remains stable within the time period of 200 fs, indicating no dynamical concertedness 

between the two N–C bond formation events during this time scale. A typical trajectory was selected 

for showing the evolution of the energetics of OSS, CSS and triplet state in Figure 4b. For a typical 

productive trajectory, the triplet and OSS states remain near-degenerated along the whole trajectory. 

Although they are also near-degenerated with CSS near the initiation of the trajectory, the open-

shelled states gain stability rapidly (in ~ 10 fs), and no re-crossing into the CSS state is observed. 



 
Figure 4. The evolution of (a) interested bond lengths and (b) energetics of interested states along 

selected trajectories. The line for OSS almost overlaps with the triplet state. 

 

According to the ACET-involved mechanism established above, the reaction barrier can be 

considered to be the relative free energy of CP1 with 1 as the zero point, although the first addition 

does not occur through a transition state. It is naturally proposed that the position of CP1 along the 

reaction coordinate, as well as its energetics, is influenced by both the oxidizing ability of the 

benzoquinone motif and the electron-richness of the cycloaddition center. The relative Gibbs energy 

of CP1(CSS_Triplet) was thus examined for selected alkene (Figure 5). In general, it is seen that 

for an electron-rich alkene the energy of CP1 is lowered, although efforts to establish simple 

quantitative relationship between CP1 energetics and the HOMO level or redox potential of alkenes 

failed. Notably, for the very electron-deficient 1,1-dicyanoethylene, the mechanism for the first C–

N bond formation has been shifted from ACET into A-ET process (see Figure S2 for details), 

because of its strongly stabilized close-shelled addition product due to the electron-withdrawing 

cyano groups. Besides, Lewis acids coordination into the benzoquinone unit strongly stabilizes CP1, 

leading to a much lower CP1 energy of 21.1 kcal/mol for AlCl3 (with the o-benzoquinone derivative 

4 as the substrate) and 24.3 kcal/mol for BF3 (with 1 as the substrate). The substrate 4 was originally 

designed to explore the possibility of two-electron-transfer in the formal cycloaddition reaction: 

Lewis-acid coordinated o-benzoquinone might act as a two-electron oxidant to be transformed into 

catecholate dianion. However, no two-electron transfer coupled cycloaddition was found, and the 

reaction was determined to be again an ACET coupled with a single electron transfer. 



 

Figure 5. The geometry and relative free energy (kcal/mol) for the CP1(CSS_Triplet)s of selected 

substituted alkenes, or in the presence of Lewis acids. The key bond lengths are shown in angstrom. 

 

Summary 

In this work, we studied the formal Diels-Alder reaction of a diimine 1 with alkenes, in the presence 

of an intramolecular benzoquinone based oxidant. The reaction was found to proceed through a 

stepwise mechanism with open-shelled intermediates, either OSS or triplet, to give a biradical as 

the product. For most of the systems covered in this work, the first of the two N–C bond formation 

events proceeds through a crossing point rather than a transition state. Once the substrate goes 

through the crossing point CP1, it will hop into the OSS or triplet-PES, and directly fall into the 

intermediate 2 with N–C bond formed. This process is an ACET reaction, in which the ET and A 

events occur in one elementary step. 

 



 

Figure 6. (a) A schematic representation of the reaction of 5 with ethylene. (b) An outlook of the 

field of cPeriCET.21 

 

Although the diimine 1 was taken as the model diene substrate, it is shown that the carbon-based 

diene substrate 5 also follows an ACET mechanism for the formal cycloaddition into ethylene, with 

a “barrier” determined by CP1 of 27.3 kcal/mol (see Supporting Information for the full PES), 

which is much lower than the barrier of 48.7 kcal/mol for the conventional concerted D-A. This 

observation indicates that the ACET-based formal cycloaddition might be not limited to some 

special cases. 

 

In addition to the ACET coupled with a single electron transfer as studied above, it is of interest 

whether two-electron transfer in one elementary step can be coupled with a formal pericyclic 

reaction. Another question is whether the truly concerted Pericyclic-Coupled Electron Transfer 

(cPeriCET) exists. The relationship between cPeriCET and ACET is shown in Figure 6. Consider a 

concerted transition state which is injected or removed by one electron: the singly occupied orbital 

might locate in either bond 1 or bond 2. In this case, Jahn-Teller distortion might happen, shifting 

the mechanism into a sequence of ACETs and radical additions. In addition, if cPeriCET exists, it 

will be of interest if cPeriCET mechanism could alter the well-known allowing and forbidding rule 

of cycloadditions. As a result, it might be a continuous task to find examples for the cPeriCET 

mechanism, in addition to the ACET mechanism reported herein. 

 

Methods 

The Gaussian 16 package22 was employed to perform all the calculations, with the Gaussian 

09 default integral grid. The wB97x-D functional23 was used for all calculations. For geometry 

optimization, the def2-SVP24 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 ma-def2-TZVP basis set25. Both geometry 

optimization and single point calculation were performed under SMD implicit solvation26 of 

acetonitrile. The stability of wave-function was checked for all the structures. Notably, for many of 

the structures, both the CSS and OSS wavefunctions are stable, although the OSS state is lower in 

energy, and sometimes the OSS state is rather hard to be found. The key point to reproduce the 

results in this work is to try various methods for the generation of initial SCF guess; the most reliable 

method to converge to an OSS state is to read the converged OSS wavefunction of 2 as the initial 

guess. 

The crossing point between different PESs were located using the program KST48 written by 

the author27. Due to both the CSS and OSS states are stable, the location of OSS and CSS state by 

DFT method is relatively easy: by making use of the “read” mode in KST48, and reading the 

converged CSS and OSS wavefunctions for the two states, respectively, and then CP1(CSS_OSS) 

can be located. 

The multi-reference calculations were performed by the ORCA program28-29 with the natural 

UHF orbital from the triplet state as the reference orbitals. In order to better compare with the DFT 

results under solvation, the SMD solvation model was also employed for the UHF calculation. 

The spin density analysis was performed with the Multiwfn program30. The molecular 

geometry and isosurface were ploted with CYLView31 and VMD32. 

The quasi-classical trajectory molecular dynamics simulations were performed using the 

PROGDYN program33. 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 the initial geometry. 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 wB97x-D/def2-SVP/SMD(Acetonitrile) level in both the forward and backward 

directions, until the product formed or the length of trajectory is longer than 200 fs. For each 

point the three states (CSS, OSS, Triplet) were calculated and the one with the lowest energy 

was used for further propagation. 
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