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Abstract

The endo and exo stereoselectivities of Diels—Alder reactions of cyclopropenone, 

iminocyclopropene, and substituted triafulvenes with butadiene were rationalized using density 

functional theory calculations. When cyclopropenone is the dienophile, there is a 1.8 kcal/mol 

preference for the exo cycloaddition with butadiene, while the reaction of 3-difluoro-methylene 

triafulvene with butadiene favors the endo cycloaddition by 2.8 kcal/mol. The influence of charge 

transfer and secondary orbital interactions on the stereoselectivity of Diels—Alder reactions 

involving triafulvenes and heteroanalogs is discussed. The predicted stereoselectivity correlates 

with both the charge and highest occupied molecular orbital (HOMO) coefficient at the C3 carbon 

of the triafulvene motif.
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1. INTRODUCTION

In 1969, Breslow reported that the Diels-Alder reaction of cyclopropenone with 1,3-

diphenylisobenzofuran proceeds with unusual exo stereoselectivity (Scheme 1).1 Berson 

reinvestigated this reaction in 1994 and confirmed the exo-selectivity of cyclopropenone 

with 1,3-diphenylisobenzofuran by obtaining the crystal structures of the endo and exo 
Diels-Alder adducts. Analysis of the reaction kinetics at −30 °C revealed an estimated 

preference of 50:1 exo/endo.

Bachrach computationally analyzed the Diels-Alder reaction between cyclopropenone and 

furan at the MP2 level.3 He computed a 1.8 kcal/mol kinetic and a 6.4 kcal/mol 

thermodynamic preference for the exo adduct. The exo preference was attributed to a 

stabilizing electrostatic interaction between the oxygen atom of furan and the carbonyl 

carbon of the cyclopropenone in the exo transition state (Scheme 2).3 Recently, we 

computed that cyclopropenone also reacts with exo stereoselectivity when cyclopentadiene 

is the diene,4 in contrast to the highly endo selective cyclopropene.5 This discovery, and the 

fact that cyclopropenones have emerged as stable, minimally invasive probes for 

bioorthogonal labeling studies,6 prompted us to systematically study the origins of the endo 
and exo Diels-Alder stereoselectivity of cyclopropenone (l), cyclopropenethione (2), 

iminocyclopropene (4), the iminium derivative (3), and triafulvenes (5-7), with butadiene 

(Bd) (Scheme 3).

2. COMPUTATIONAL METHODS

Computations were carried out with Gaussian 09, revision D.01.7 Geometry optimizations 

and vibrational frequency calculations were performed using the M06-2X8 density 

functional with the 6-31+G(d) basis set. Single-point energies were calculated at the 

M06-2X/6-311++G(d,p) level of theory. The M06-2X functional has been shown to provide 

relatively accurate energies for cycloadditions9. Solvation effects of dichloromethane 

(DCM) were included in the optimizations and single-point energies using the self-

consistent reaction field (SCRF) using the CPCM model.10 Normal mode analysis was used 

to verify each stationary point as either a first-order saddle point or a minimum. The thermal 

corrections were computed from unscaled M06-2X/6-31+G(d) frequencies for a 1 M 

standard state and 298.15 K. Truhlar’s quasiharmonic correction was applied by setting all 

positive frequencies below 100 cm−1 to 100 cm-1.11 The molecular orbital coefficients from 

the outer Gaussian function charges were calculated from natural bond orbital (NBO) 

analysis at the HF/6-31G(d)//CPCM-(DCM)-M06-2X/6-31+G(d) level of theory.12

Insight into the origins of the endo and exo stereoselectivity was provided by the distortion/

interaction-activation strain model (D/I- ASM).13 This analysis was performed using the 

ADF.2016.102 program14 at the M06-2X/TZ2P8,15 level of theory on the geometries 

optimized at CPCM-(DCM)-M06-2X/6-31+G(d) in Gaussian 09. In this framework, the 

potential energy surface in solution ΔEsolution ζ  is decomposed along the reaction coordinate 

ζ into the energy of the solute ΔEsolute ζ , specifically the reaction system in vacuum with 

the solution phase geometry, plus the solvation energy ΔEsolvation(ζ).16
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ΔEsolution(ζ) = ΔEsolute(ζ) + ΔEsolvation(ζ) 1

Next, the intrinsic energy of the solute ΔEsolute ζ  is separated into the strain ΔEstrain ζ

associated with deforming the individual solute reactants, plus the interaction ΔEint ζ

between the deformed solute reactants.

ΔEsolute ζ = ΔEstrain(ζ) + ΔEint ζ 2

The ΔEint ζ  between the reactants is further analyzed by an energy decomposition analysis 

(EDA) in the conceptual framework provided by the Kohn—Sham molecular orbital (KS-

MO) model17 and is decomposed into three physically meaningful terms:

ΔEint(ζ) = ΔVelstat(ζ) + ΔEpauli(ζ) + ΔEoi(ζ) 3

The ΔVelstat ζ  term corresponds to the classical electrostatic interaction between 

unperturbed charge distributions, ΔEPauli ζ  is responsible for any steric repulsion, and the 

ΔEoi ζ  accounts for charge transfer (HOMO—LUMO interactions) and polarization.

3. RESULTS AND DISCUSSION

Figure 1 shows the endo and exo transition states for the Diels—Alder reactions of 

butadiene (Bd) with triafulvenes (1-7). The computed activation free energies (ΔG‡) are 

shown below each structure, in kcal/mol. For the endo and exo Diels—Alder reactions with 

Bd, the activation free energies are in the range 21-29 and 20-27 kcal/mol, respectively. The 

stereoselectivities of the triafulvene cycloadditions range from a 1.8 kcal/mol exo preference 

to a 2.8 kcal/mol endo preference. The cycloaddition of Bd with cyclopropenone (l) favors 

the exo approach by 1.8 kcal/mol, whereas the 3-difluoromethylene triafulvene (7) 

cycloaddition favors the endo reaction by 2.8 kcal/mol. The activation free energies for 

neutral triafulvene analogs range from 21.8 to 28.6 and from 24.4 to 26.8 in the endo and 

exo reactions, respectively. The activation free energies for the positively charged iminium 

cyclopropene (3) with a low lying lowest unoccupied molecular orbital (LUMO) energy are 

20.5 and 19.5 for the endo and exo transition states, respectively.

The effect of each exocyclic cyclopropene group on the stability of 1-7 was assessed using 

the isodesmic reaction shown in Figure 2, which relates the stability of the triafulvene to a 

similarly substituted cyclopropane. All of the groups stabilize the cyclopropene to a greater 

extent than they stabilize the cyclopropane. We call this aromatic stabilization energy (ASE) 

since the substituted cyclopropenes have cyclic, potentially aromatic conjugation in the 

three-membered ring. A more positive number represents greater stability of the substituted 

cyclopropene compared to the substituted cyclopropane. Schleyer has shown that effects of 
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resonance and hyper-conjugation are also included in this isodesmic equation.18 The 

substituents have a strong influence on the stability of the cyclopropene. For triafulvenes 

1-7, the calculated aromatic stabilization enthalpies (ASE) are all stabilizing and range from 

4.2 to 26.2 kcal/mol. The variation in stabilization arises primarily from differences in the 

aromaticity of the unsaturated three-membered ring. Electronegative substituents polarize 

the exocyclic double bond away from the cyclopropene ring, which causes the cyclopropene 

rings of these compounds to more closely resemble the 2π electron aromatic 

cyclopropenylium cation. The π-donor F destabilizes the triafulvene motif by increasing the 

four-electron character, thus decreasing the aromatic character of the cyclopropene ring.

The Diels—Alder reactions of Bd with cyclopropenes (1-7) are exergonic by −41 to −63 

kcal/mol. Consistent with the Hammond postulate, the timing of the transition structures 

generally becomes earlier as the reaction is more exergonic. As shown in Figure 3a, there is 

no correlation between the activation enthalpies and the aromatic stabilization enthalpies (2, 

3, and 5 are outliers). Figure 3b shows that there is a linear correlation between the 

exothermicity of reaction ΔHrxn  and the aromatic stabilization energy of the triafulvene. 

The substituents have a significant effect on the reaction free energy, by stabilizing the 

reactants, but have little effect on the product or on the activation energies.

Application of the distortion/interaction-activation strain model (D/I-ASM) provided 

quantitative insight into the origins of the reactivity differences and endo and exo 
stereoselectivity.13 Figure 4a shows the results of our analysis for the endo (black) and exo 
(red) Diels-Alder reactions of Bd with 3-difluoro-methylene triafulvene (7). The strain, or 

distortion, curves are nearly identical along the respective reaction coordinates, and the endo 
selectivity is a result of the differences in the interaction energies. Figure 4b shows the 

decomposition of the interaction energy for the endo (black) and exo (red) Diels-Alder 

reactions of Bd with 7 along the reaction coordinate. The Pauli repulsion and electrostatic 

terms are nearly identical along the reaction coordinate. The differences in the strength of 

the orbital interactions in the endo and exo reactions are responsible for the endo Diels-

Alder stereoselectivity of 7.

The results from the distortion/interaction-activation strain model along the reaction 

coordinate for the endo (black) and exo (red) Diels-Alder reactions of Bd with 

cyclopropenone (1) are shown in Figure 5a. The strain curves are nearly identical for the 

endo and exo reactions, and the exo stereoselectivity results from differences in interaction 

energies. Figure 5b shows the decomposition of the interaction energies into the 

electrostatic, Pauli repulsion and orbital components along the IRC. The exo selectivity of 

cyclopropenone (l) results from the combination of the electrostatic and orbital interactions, 

which overrule the endo preference of the Pauli repulsion and favor the exo transition state.

Figure 6 summarizes the NBO charges at the C3 position of the triafulvene and heteroatom 

analogs 1-7, along with the sum of charges across all atoms of Bd, and the C3 p-orbital 

coefficient of the triafulvene HOMO in the endo transition states. Secondary orbital 

interactions (SOI) involve overlap of the C2 and C3 p-orbitals of the Bd LUMO with the C3 

p-orbital of the cyclopropene HOMO in the endo transition state. The C3 p-orbital 

coefficients in the HOMO of 1—7 range from 0.0 to 0.26. The charges at the C3 position of 
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1—7 range from —0.18 to 0.61. Polarization of the exocyclic π-bond diminishes the π-

electron density at the C3 position and weakens the strength of the SOI. 3-

Difluoromethylene has the largest p-orbital coefficient and the most negative charge at C3 

and is the most endo selective. Cyclopropenone (1) with the smallest p-orbital HOMO 

coefficient and the strongest positive charge at the C3 is the most exo selective.

We next performed molecular orbital analyses to quantify the contribution of the SOI in the 

endo reactions of 1 and 7 with Bd (Figure 7). The molecular orbital (MO) diagrams and 

overlaps were calculated at the M06-2X/TZ2P//CPCM-(DCM)-M06-2X/6-31+g(d) level of 

theory by using Kohn—Sham19 MO analyses on the geometries at C C bond forming 

distances of 2.24 Å. In the Diels—Alder reaction of 7 with Bd, the FMO energy gap (Δε = 

6.3 eV) and the orbital overlap (S = 0.25) of HOMO(Bd)—LUMO(7) interaction are the 

same for the endo and exo transition states. The HOMO(7)—LUMO(Bd) interaction 

includes the effects of the SOIs in the endo transition state. The HOMO(7)—LUMO(Bd) of 

the endo and exo transition states both exhibit gaps with Δε = 6.4 eV. The orbital overlap of 

the HOMO(7)—LUMO(Bd) in the endo transition state (S = 0.17) is significantly greater 

than that in the exo transition state (S = 0.11), a result of the SOI that arises from the overlap 

of the p-orbital at the C3 position in the HOMO of 7 with the C2 and C3 p-orbitals in the 

LUMO of Bd in the endo transition state.

The reaction between Bd and 1 proceeds primarily through a normal electron-demand Diels

—Alder cycloaddition, where the key FMO interaction is between the HOMO(Bd)—

LUMO(l) with an FMO energy gap of 6.3 eV for both the endo and exo approach (Figure 8). 

The orbital overlaps are similar for the endo and exo approach with overlaps of 0.24 and 

0.25, respectively. The lower lying HOMO—1(l) interacts with the LUMO(Bd); however, 

this interaction has a relatively large energy gap of 9.1 eV for both the endo and exo 
cycloadditions. The orbital overlaps for the endo and exo approach are similar at 0.16 and 

0.15, respectively. Similar orbital overlap of the HOMO—1 of 1 with the LUMO of Bd in 

the endo and exo transition state is evidence of weak secondary orbital interactions in the 

endo transition state. The weak SOIs with 1 are a result of the poor overlap between the 

small p-orbital coefficient at the C3 position in the HOMO of 1 with the p-orbitals of the 

newly forming π-bond in the LUMO of Bd. Weak SOI explains why the endo selectivity 

disappears from 7 to 1, but does not explain why cyclopropenone is exo selective.

The charge transfer between the triafulvene and Bd also appears in the orbital interaction 

term. The charge at the C3 position of the triafulvene and heteroatom analogs 1—7 ranges 

from —0.18 to 0.61 in the endo transition states (Figure 6). The reactions are normal 

electron-demand Diels—Alder reactions, and Bd becomes partially positively charged as a 

result of charge transfer to the dienophile. The magnitude of the charge transfer generally 

increases as the dienophile becomes more electron-deficient. The sum of charge across all 

the atoms of Bd ranges from 0.05 to 0.22 in the endo transition states of 1—7. Figure 9 

shows a qualitative representation of a charge transfer interaction between the C3 position of 

the triafulvene and Bd in the endo transition states. The charge transfer in the endo transition 

state can be understood as being more stabilizing when the C3 carbon is negatively charged 

and destabilizing when the C3 carbon is positively charged. Due to the increased distance 

between the C3 position and the diene, this interaction is much weaker in the exo transition 
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state. The lack of secondary orbital interactions and the unfavorable charge transfer between 

the electropositive Bd fragment and the electropositive C3 position of cyclopropenone (1) in 

the endo transition state explains why there is a preference for the exo transition state in the 

Diels—Alder reaction of Bd with cyclopropene (1).

We have previously shown that both secondary orbital and electrostatic interactions play a 

role in determining the endo and exo Diels—Alder stereoselectivity in reactions of 3-

substituted cyclopropenes.5b The charge at the C3 position of the cyclopropene correlates 

with the cyclopropene stereoselectivity in the absence of steric effects and serves as a useful 

way to predict the stereoselectivity of cyclopropene Diels—Alder reactions. Figure 10 shows 

a linear correlation between the stereoselectivity ΔG‡
endo — ΔG‡

exo  and the NBO charge at 

the C3 position of the triafulvene for the Diels—Alder reactions of triafulvenes 1—7 with 

Bd. The stereoselectivity increases linearly with increasing positive charge at the C3 position 

of 1—7 with cyclopropenethione 2, an obvious outlier, represented by the unfilled diamond.

The π-densities and charges at the C3 positions are determined by the polarization of the 

exocyclic double bond. Compared to the C=O double bond of cyclopropenone (1), the C=S 

double bond of the cyclopropenethione (2) is less polarized because of the smaller difference 

in the electronegativities of carbon and sulfur compared to that of carbon and oxygen. 

However, sulfur is a strong π acceptor, and because of its size, it can accommodate 

additional π-electron density compared to oxygen. Theoretical studies by Wiberg et al. 

found that the π-densities of the C=O bond in cyclopropenone and the C=S bond in 

cyclopropenethione are similar, despite the differences in the polarization of the C=S of 

C=O bonds.20 This is consistent with 1 and 2 having similarly small HOMO orbital 

coefficients at the C3 carbon, but different charges at the C3 carbon (see Figure 6).

Figure 11 shows the distortion/interaction—activation strain and energy decomposition 

analyses for the endo and exo Diels—Alder reaction of Bd with cyclopropenethione (2). The 

slightly exo stereoselectivity in the Diels—Alder reaction of Bd with 2 results from poor 

stabilization of the endo transition state through secondary orbital and electrostatic 

interactions.

4. CONCLUSIONS

The reactivities and stereoselectivities of Diels—Alder reactions of cyclopropenone and 

triafulvene analogs are controlled by both the charge and HOMO coefficient at the C3 

carbon. In the endo transition state, polarization of the exocyclic bond by electron-

withdrawing groups weakens the strength of the stabilizing secondary orbital interactions 

and creates unfavorable charge transfer between the electropositive C3 position of the 

triafulvene and butadiene that favors exo stereoselectivity. The Diels—Alder reactivities of 

the triafulvene and heteroanalogs decrease as the size of the HOMO coefficient at the C3 

carbon decreases as a result of weaker secondary orbital and charge transfer interactions. We 

predict that exo stereoselectivity is favored when the exocyclic triafulvene group is O, S, or 

NR2
+, endo stereoselectivity when CR2 is the exocyclic group, and poor stereoselectivity 

when NR is the exocyclic substituent.
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Figure 1. 
Computed Diels—Alder transition structures for the reactions of butadiene (Bd) with 

triafulvenes 1—7. The two forming bond lengths are reported in angstroms, and activation 

free energies ΔG‡ are reported in kcal/mol.
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Figure 2. 
Isodesmic equation relating the stability of substituted cyclopropenes (triafulvenes) to 

substituted cyclopropanes with the computed reaction enthalpies (ΔHASE) of triafulvenes 1-7 

in the above isodesmic equation.
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Figure 3. 
(a) Plot of the activation enthalpies (ΔH‡) of the Diels-Alder reactions of 1-7 with butadiene 

(Bd) versus the aromatic stabilization enthalpies (ΔHASE) (blue endo, red exo). (b) Plot of 

the reaction enthalpies (ΔHrxn) versus the aromatic stabilization enthalpies (ΔHASE) for the 

Diels- Alder reactions of 1-7 with butadiene (Bd) (ΔHrxn = 1.00 ΔHASE - 66.5, r2 = 0.99).
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Figure 4. 
(a) Distortion/interaction−activation strain and (b) energy decomposition analyses of the 

endo (black) and exo (red) cycloaddition reactions of butadiene (Bd) with 3-

difluoromethylene triafulvene (7).
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Figure 5. 
(a) Distortion/interaction-activation strain and (b) energy decomposition analyses of the 

endo (black) and exo (red) cycloaddition reactions ofbutadiene (Bd) with cyclopropenone 

(1).
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Figure 6. 
Sum of charges across the butadiene (Bd) atoms, charge at the C3 position of the triafulvene, 

and the C3 p-orbital coefficient of the triafulvenes and heteroanalogs HOMO obtained from 

the endo transition state structures for triafulvenes 1-7. Primary orbital interactions and 

secondary orbital interactions are represented by blue and red lines, respectively.
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Figure 7. 
MO diagram with orbital energy gap and overlap of (a) the HOMO(Bd)−LUMO(7) 

interaction and (b) the HOMO(7)−LUMO(Bd) for the cycloaddition between butadiene (Bd) 

and 3,3-difluoromethylene triafulvene (7), computed on structures with C···C bond forming 

distances of 2.24 Å.
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Figure 8. 
MO diagram with orbital energy gap and overlap of the HOMO(Bd)−LUMO(1) interaction 

for the cycloaddition between butadiene (Bd) and cyclopropenone (1), computed on 

structures with C···C bond forming distances of 2.24 Å.
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Figure 9. 
Charge transfer in the endo and exo transition structures for the Diels—Alder reactions of 

butadiene (Bd) with a generic triafulvene. The primary orbital interactions and charge 

transfer are represented by blue and red lines, respectively.
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Figure 10. 
Plot of the stereoselectivities measured as the difference in the activation free energies 

(ΔΔG‡) between the endo and exo Diels− Alder reactions of triafulvenes 1−7 with butadiene 

(Bd) versus the computed NBO charge at C3 in the triafulvene ground state.
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Figure 11. 
(a) Distortion/interaction-activation strain analyses and (b) energy decomposition analyses 

for the endo (black) and exo (red) Diels—Alder reactions of butadiene (Bd) with 

cyclopropenethione (2).
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Scheme 1. 
Diels—Alder Reaction of Cyclopropenone and 1,3-Diphenylisobenzofuran
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Scheme 2. 
Stabilizing Electrostatic Interaction Proposed by Bachrach in the Exo Transition State for 

the Diels-Alder Reaction of Furan with Cyclopropenone3
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Scheme 3. 
Cyclopropenone (l) and Analogs (2—7)
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