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Abstract 

A variety of (5+2) cycloaddition reactions involving oxidopyridinium and 

oxidopyrilium zwitterions are compared to investigate the effects of nitrogen-for-

oxygen substitution on reactivity. Activation barriers for nitrogen-containing systems 

are predicted to be larger than those for analogous oxygen-containing systems. 

Correlations between barrier heights and synchronicity of C–C bond formation, 

changes to aromaticity, reactant distortion, and interaction energies between zwitterions 

and alkenes were assessed, leading to the conclusion that reactivity depends more on 

distortion effects (including aromaticity loss) than on interaction effects (such as those 

associated with HOMO-LUMO interactions). 

 

Introduction 

The synthesis of many complex organic molecules has benefited from the development 

of cycloadditions between oxidopyrilium zwitterions and alkenes.1,2,3 Analogous (5+2) 

cycloadditions involving oxidopyridinium zwitterions also have been used to 

advantage.2,3 Figure 1 shows four such examples from elegant natural product 

syntheses.4-7 Here we explore the effects of exchanging oxidopyrilium O atoms for 

oxidopryridium NR groups using computational methods. Previously, the reactivities 

of benzene and tetrazines in [4+2] cycloadditions were compared, and it was found that 

nitrogen substitution increases reactivity.8-11 The increased reactivity was attributed to 

a decrease in aromaticity, i.e., disruption of aromaticity was associated with a smaller 



energetic penalty.8 Changing a pyrilium O for an NR group has been found to change 

the reactivity of these ylides,9-11 and we hypothesized that changes to the aromaticity of 

the ring may be responsible for these differences; the effects of this change on barriers 

for (5+2) cycloadditions were thus explored here using density functional theory (DFT) 

calculations.  

 

 

Figure 1. Synthetically useful (5+2) cycloadditions of oxidopyridinium zwitterions (or 

closely relates structures; reactions 2 and 3). Resonance structures highlighting the 

cationic, 4-electron, 5-atom substructure are highlighted in blue. The two atoms in the 

alkene are highlighted in green. The two C–C s-bonds formed in the cycloaddition are 

highlighted in red. 

 

In analogy to previous work,15 we used the alkenes shown at the top of Figure 2, 

here paired with the ions shown at the bottom of Figure 2. In addition, we examined the 

cycloadditions shown in Figure 1. Computed activation barriers, transition state 

structure (TSS) geometries, HOMO/LUMO energies, nucleus independent chemical 

shift (NICS) values,16 and endo/exo selectivities are compared to assess the effects of 
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nitrogen substitution. 

 

 
 

   

 

Figure 2. Cycloaddition partners. R labels indicate the four most reactive alkenes; U 

labels indicate the four least reactive alkenes. Selected distances (Å; M06-2X/6-

31+G(d,p)) are shown for zwitterions A-C. 

 

COMPUTATIONAL METHODS 

All computations were carried out using Gaussian 09.17 Optimizations were performed 

at three different levels: B3LYP18/6-31+G(d,p), B3LYP-D319/6-31+G(d,p), and M06-

2X20/6-31+G(d,p) (except for E, for which only M06-2X20/6-31+G(d,p) was used; see 

below). All stationary points were characterized as either minima or TSSs based on 

frequency analysis. IRC calculations21 were carried out to confirm the identities of TSSs. 

For the cycloaddition between U3 and B at the B3LYP10/6-31+G(d,p) level, IRC 

calculations proved problematic, so the TSS was distorted along the reaction coordinate 

(corresponding to the imaginary frequency) and optimizations were performed on the 



distorted structures to find minima. Zwitterions are named with letters A-C. Prime 

symbols are used to indicate regiochemistry, with prime labels indicating that the 

sterically bulkier end of the alkene was proximal to the C–O– substructure of the 

zwitterion. Alkenes are named with Rn or Un labels, depending on whether they fall 

into the more or less reactive half of alkenes examined (see Figure 2). ∆E‡ and ∆G‡ 

values were computed using separate reactants. ∆G‡ values include standard 

thermochemical corrections at 298K (the default approach in Gaussian 09). 

 

Results and Discussion 

 

Barriers. Barriers (both ∆E‡ and ∆G‡) computed with M06-2X/6-31+G(d,p) are listed 

in Tables 1-6; results from B3LYP and B3LYP-D3 calculations can be found in Tables 

S9-14. In general, predicted barriers decrease on going from B3LYP to B3LYP-D3 to 

M06-2X, as expected for these levels of theory (see SI).22,23 In particular, while B3LYP 

has been used to capture many important features of cycloaddition reactions (including 

activation barriers for many reactions),24-27 it is not suited for predicting contributions 

from dispersion and is known to have difficulty in predicting the relative energies of 

cyclic and acyclic isomers (likely a dispersion-related problem).28-30 Nonetheless, all 

three levels of theory agree as to the relative reactivity of different systems, 

regioselectivity and endo/exo stereoselectivity. Predicted barriers for N-containing 

systems B and C (Table 1-4) are consistently larger than those for oxidopyrilium 

zwitterion A (Table 5).  

 

  



Table 1. Computed barriers for B + more reactive alkenes/alkyne from Figure 2 

(M06-2X/6-31+G(d,p), kcal/mol).  

Transition State 

△E
‡
 

 

△G
‡
 

 

B-R1-endo 5.5 20.3 

B-R1-exo 1.8 16.6 

B-R2-endo 6.8 21.8 

B’-R2-endo 9.8 24.8 

B-R2-exo 6.2 21.1 

B’-R2-exo 9.4 24.2 

B-R3-endo 10.4 25.3 

B’-R3-endo 13.5 28.7 

B-R3-exo 4.4 20.1 

B’-R3-exo 10.1 25.6 

B-R4 2.0 17.3 

 

  

  



Table 2. Computed barriers for B + less reactive alkenes from Figure 2 (M06-2X/6-

31+G(d,p), kcal/mol).  

Transition State 

△E
‡
 △G

‡
 

B-U1-endo 7.6 22.9 

B-U1-exo 7.4 22.4 

B-U2-endo 10.5 26.5 

B’-U2-endo 10.3 26.3 

B-U2-exo 5.9 21.6 

B’-U2-exo 5.2 21.1 

B-U3-endo 13.6 30.1 

B’-U3-endo 18.6 34.7 

B-U3-exo 14.9 30.9 

B’-U3-exo 17.3 33.5 

B-U4-endo 11.5 27.3 

B’-U4-endo 16.6 31.5 

B-U4-exo 14.0 30.0 

B’-U4-exo 17.2 32.5 

 

  



Table 3. Computed barriers for C + more reactive alkenes/alkyne from Figure 2 

(M06-2X/6-31+G(d,p), kcal/mol).  

Transition State 

△E
‡
  

 

△G
‡
  

C-R1-endo 6.6 20.9 

C-R1-exo 0.6 15.0 

C-R2-endo 5.3 20.1 

C’-R2-endo 7.9 22.8 

C-R2-exo 4.5 19.1 

C’-R2-exo 7.4 22.1 

C-R3-endo 8.1 22.9 

C’-R3-endo 11.5 26.6 

C-R3-exo 1.8 17.4 

C’-R3-exo 8.0 23.2 

C-R4 2.2 17.0 

 

  



Table 4. Computed barriers for C + less reactive alkenes from Figure 2 (M06-2X/6-

31+G(d,p), kcal/mol).  

Transition State △E
‡
  △G 

‡
  

C-U1-endo 6.0 21.2 

C-U1-exo 5.8 20.7 

C-U2-endo 11.1 26.6 

C’-U2-endo 11.2 26.8 

C-U2-exo 3.8 19.4 

C’-U2-exo 3.4 19.3 

C-U3-endo 10.4 26.7 

C’-U3-endo 15.6 31.8 

C-U3-exo 11.3 27.3 

C’-U3-exo 14.6 30.7 

C-U4-endo 7.6 23.6 

C’-U4-endo 12.9 28.1 

C-U4-exo 12.0 27.9 

C’-U4-exo 14.4 29.5 

 

  



Table 5. Computed barriers for A + alkenes/alkyne from Figure 2 (M06-2X/6-

31+G(d,p), kcal/mol).  

Transition State 

△E 
‡
  

 

△G 
‡
  

 

Transition State 

△E 
‡
  

 

△G 
‡
  

 

A-R1-endo 1.1 13.8 A-U1-endo 1.4 15.6 

A-R1-exo -2.3 11.4 A-U1-exo -0.6 13.5 

A-R2-endo 0.2 14.2 A-U2-endo 2.2 17.1 

A’-R2-endo 3.3 17.2 A’-U2-endo 2.9 17.9 

A-R2-exo -0.3 13.7 A-U2-exo -0.2 14.6 

A’-R2-exo 2.7 16.6 A’-U2-exo -0.8 14.5 

A-R3-endo 1.0 15.2 A-U3-endo 2.4 17.9 

A’-R3-endo 4.6 19.0 A’-U3-endo 6.8 22.4 

A-R3-exo 0.8 15.0 A-U3-exo 2.1 17.2 

A’-R3-exo 2.5 17.0 A’-U3-exo 4.9 20.2 

A-R4 -2.3 12.7 A-U4-endo 2.2 17.3 

    A’-U4-endo 6.8 21.4 

    A-U4-exo 2.4 16.8 

    A’-U4-exo 6.1 20.5 

 

  



Table 6. Computed barriers for reactions from Figure 1 (M06-2X/6-31+G(d,p), 

kcal/mol).  

Transition State 

△E
‡  

 

△G
‡
  

 

1-2-endo 7.7 22.6 

1’-2-endo 10.8 25.7 

1-2-exo 5.1 20.2 

1’-2-exo 7.3 22.4 

3 24.2 26.4 

4-5-endo 0.2 16.4 

4’-5-endo 4.1 20.3 

4-5-exo 2.7 18.4 

4’-5-exo 5.9 21.8 

6-7 3.3 18.9 

6’-7 5.7 22.0 

 

 

Frontier orbitals. For all of the cycloadditions examined, the alkene is electron 

deficient. Consequently, the HOMOs for the zwitterions are involved in the strongest 

frontier orbital interactions between cycloaddition partners.31 HOMOs for zwitterions 

A-C are shown in Figure 3 and orbital energies are shown in Table 7. While the shape 

of the HOMO does not change significantly upon OàNR substitution, HOMO energies 

are predicted to be slightly higher for the N-containing systems, consistent with the 

relative electronegativities of O and N. In that N-containing zwitterions are predicted 

to have higher cycloaddition barriers (vide supra), this observation indicates that simple 

frontier orbital arguments are not sufficient to predict relative reactivity in these cases. 

 



	

       A                 B                  C 
 
Figure 3. HOMOs (M06-2X/6-31+G(d,p)) for A-C. 
 
 

Table 7. Frontier orbital Energies for A-C (M06-2X/6-31+G(d,p), eV). 

molecule HOMO energy  LUMO energy  

A -7.3 -1.7 

B -6.7 -0.8 

C -7.3 -1.3 

 

 

Synchronicity. The differences between the lengths of the two forming C–C bonds 

(Ca–Cb and Cc–Cd as shown in Figure 4; Tables 8-13) tend to increase on changing from 

B3LYP to B3LYP-D3 to M06-2X. In addition, differences between the lengths of the 

forming bonds increase on changing the zwitterion from A to B to C, which correlates 

with the trend in activation barriers. However, tight correlations between bond length 

differences and predicted barriers are not found for reactions between a given zwitterion 

and the series of alkenes in Figure 2 (see Supporting Information for correlation plots). 

 

 

Figure 4. Endo TSS for cycloaddition between B and R1 



 
 

Table 8. Distances of forming C–C σ-bonds for reactions involving B and Rn 

alkenes (M06-2X/6-31+G(d,p)). 

Transition State Ca-Cb (Å)  Cc-Cd (Å)  

Difference 

Between 

Ca-Cb and 

Cc-Cd (Å) 

B-R1-endo 2.20 2.23 0.03 

B-R1-exo 2.08 2.29 0.21 

B-R2-endo 2.05 2.41 0.36 

B’-R2-endo 2.34 2.12 0.22 

B-R2-exo 2.04 2.46 0.42 

B’-R2-exo 2.38 2.10 0.28 

B-R3-endo 2.01 2.44 0.43 

B’-R3-endo 2.38 2.07 0.31 

B-R3-exo 1.93 2.86 0.93 

B’-R3-exo 2.54 2.00 0.54 

B-R4 2.38 2.11 0.27 

 

 

  



Table 9. Distances of forming C–C σ-bonds for reactions involving B and Un 

alkenes (M06-2X/6-31+G(d,p)). 

Transition State Ca-Cb (Å)  Cc-Cd (Å)  

Difference 

Between 

Ca-Cb and 

Cc-Cd (Å) 

B-U1-endo 2.17 2.21 0.04 

B-U1-exo 2.06 2.29 0.23 

B-U2-endo 2.19 2.22 0.03 

B’-U2-endo 2.18 2.22 0.04 

B-U2-exo 1.97 2.42 0.45 

B’-U2-exo 2.15 2.16 0.01 

B-U3-endo 2.34 2.07 0.27 

B’-U3-endo 2.05 2.34 0.29 

B-U3-exo 1.88 2.66 0.78 

B’-U3-exo 2.50 1.99 0.51 

B-U4-endo 2.13 2.23 0.10 

B’-U4-endo 2.26 2.13 0.13 

B-U4-exo 2.09 2.29 0.20 

B’-U4-exo 2.24 2.17 0.07 

 

 

  



Table 10. Distances of forming C–C σ-bonds for reactions involving C and Rn 

alkenes (M06-2X/6-31+G(d,p)),. 

Transition State Ca-Cb (Å)  Cc-Cd (Å)  

Difference 

Between 

Ca-Cb and 

Cc-Cd (Å) 

C-R1-endo 2.21 2.27 0.06 

C-R1-exo 2.05 2.36 0.31 

C-R2-endo 1.99 2.58 0.59 

C’-R2-endo 2.33 2.09 0.24 

C-R2-exo 1.99 2.64 0.65 

C’-R2-exo 2.43 2.04 0.39 

C-R3-endo 2.02 2.50 0.48 

C’-R3-endo 2.31 2.13 0.18 

C-R3-exo 1.97 2.79 0.82 

C’-R3-exo 2.52 2.03 0.49 

C-R4 2.34 2.20 0.14 

 

 

  



Table 11. Distances of forming C–C σ-bonds for reactions involving C and Un 

alkenes (M06-2X/6-31+G(d,p)). 

Transition State Ca-Cb (Å)  Cc-Cd (Å)  

Difference 

Between 

Ca-Cb and 

Cc-Cd (Å) 

C-U1-endo 2.13 2.28 0.15 

C-U1-exo 2.03 2.37 0.34 

C-U2-endo 2.18 2.27 0.09 

C’U2-endo 2.20 2.24 0.04 

C-U2-exo 1.94 2.53 0.59 

C’-U2-exo 2.08 2.28 0.20 

C-U3-endo 2.28 2.12 0.16 

C’-U3-endo 2.03 2.43 0.40 

C-U3-exo 1.91 2.72 0.81 

C’-U3-exo 2.49 2.00 0.49 

C-U4-endo 2.10 2.31 0.21 

C’-U4-endo 2.11 2.26 0.15 

C-U4-exo 2.10 2.31 0.21 

C’-U4-exo 2.17 2.24 0.07 

 

  



Table 12. Distances of forming C–C σ-bonds for reactions involving A (M06-2X/6-

31+G(d,p)). 

Transition State Ca-Cb (Å)  Cc-Cd (Å)  

Difference 

Between 

Ca-Cb and 

Cc-Cd (Å)  

Transition 

State 

Ca-Cb (Å)  Cc-Cd (Å)  

Difference 

Between 

Ca-Cb and 

Cc-Cd (Å)  

A-R1-endo 2.37 2.39 0.02 A-U1-endo 2.31 2.39 0.08 

A-R1-exo 2.31 2.45 0.14 A-U1-exo 2.30 2.43 0.13 

A-R2-endo 2.25 2.48 0.23 A-U2-endo 2.34 2.36 0.02 

A’-R2-endo 2.41 2.34 0.07 A’-U2-endo 2.33 2.38 0.05 

A-R2-exo 2.24 2.52 0.28 A-U2-exo 2.19 2.53 0.34 

A’-R2-exo 2.42 2.33 0.09 A’-U2-exo 2.36 2.33 0.03 

A-R3-endo 2.23 2.50 0.27 A-U3-endo 2.24 2.38 0.14 

A’-R3-endo 2.40 2.31 0.09 A’-U3-endo 2.34 2.36 0.02 

A-R3-exo 2.16 2.77 0.61 A-U3-exo 2.09 2.66 0.57 

A’-R3-exo 2.51 2.24 0.27 A’-U3-exo 2.46 2.24 0.22 

A-R4 2.43 2.29 0.14 A-U4-endo 2.30 2.31 0.01 

     A’-U4-endo 2.19 2.42 0.23 

     A-U4-exo 2.24 2.44 0.20 

     A’-U4-exo 2.36 2.33 0.03 

 

  



Table 13. Distances of forming C–C σ-bonds for reactions 1-3 (M06-2X/6-

31+G(d,p)). 

Transition 

State 

Ca-Cb (Å)  Cc-Cd (Å)  

Difference 

Between Ca-

Cb and Cc-

Cd (Å) 

1-2-endo 2.05 2.45 0.4 

1’-2-endo 2.41 2.10 0.31 

1-2-exo 2.03 2.42 0.39 

1’-2-exo 2.32 2.10 0.22 

3 2.11 2.41 0.30 

4-5-endo 2.08 2.44 0.36 

4’-5-endo 2.22 2.25 0.03 

4-5-exo 2.10 2.39 0.29 

4’-5-exo 2.17 2.27 0.10 

 

 

Aromaticity. As mentioned above, decreased aromaticity of cycloaddition partners has 

been associated with increased reactivity for related systems, i.e., such molecules have 

less to lose upon cycloaddition. To explore that possibility for the zwitterions examined 

here, we computed NICS values for A-C (in the plane of their rings, NICS(0), and 1 Å 

above those planes, NICS(1); Table 14).21 NICS values should be more negative for 

systems with stronger cyclic delocalization (here, reflected in ring current and 

associated with the immeasurable quantity of aromaticity). Our computed NICS values 

for zwitterion reactants are negative but close to zero and do not track with predicted 

activation barriers for cycloaddition, again emphasizing that making reactant-based 

reactivity arguments for these systems is dangerous. NICS values for TSSs also do not 

track with computed barriers (see Supporting Information for details). However, loose 

correlations between differences in NICS values for reactants and TSSs are observed 

(e.g., Figure 5; see SI for others), indicating that losses to aromaticity upon 



cycloaddition do play a role. 

 

Table 14. NICS(0) and NICS(1) values calculated at the M06-2X/6-31+G(d,p) level 

of theory for A, B and C 

 

molecule NICS(0)  NICS(1)  

A -1.5 -5.5 

B -2.9 -5.5 

C -0.4 -4.4 

 

 

 

Figure 5. Changes in NICS(0) values (from reactant to TSS) vs. activation barriers 

(∆E) of Table 1 reactions (see Supporting Information for plots for other reactions). 

 

Distortion-Interaction Analysis. Distortion-interaction/activation strain analyses 

were applied to all reactions.32 Which of total (alkene + zwitterion) distortion energies 

and individual distortion energies correlates best with predicted barriers varies (Figure 

6-8; see Supporting Information for additional information), but, in general, total 

distortion energies for B and C (Table 1-4 reactions) are higher than those for A (Table 

5 reactions) and this appears to be a result of increased distortion in zwitterions upon 

OàN substitution. For some systems, interaction energies display reasonably strong 

y	=	-0.1132x	- 4.1594

R²	=	0.37032
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Figure 7. Distortion energies of alkene vs. activation barriers (∆E) of Table 1-6 

reactions (Table 1 reactions: y = -0.0768x + 12.382, R² = 0.0336; Table 2 reactions: 

y = 0.1797x + 13.378, R² = 0.254; Table 3 reactions: y = -0.0128x + 10.936, R² = 

0.0009; Table 4 reactions: y = 0.2002x + 12.607, R² = 0.3016 ; Table 5 reactions 

(reactive): y = 0.2305x + 13.85, R² = 0.0925; Table 5 reactions (unreactive): y = 

0.742x + 16.159, R² = 0.4632) 
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Figure 8. Distortion energies of zwitterion vs. activation barriers (∆E) of Table 1-

6 reactions (Table 1 reactions: y = 0.2411x + 14.332, R² = 0.2265; Table 2 reactions: 

y = 0.0366x + 18.894, R² = 0.0427; Table 3 reactions: y = -0.2694x + 14.624, R² = 

0.0376; Table 4 reactions: y = 0.0882x + 16.233, R² = 0.1108; Table 5 reactions 

(reactive): y = 0.2463x + 8.3009, R² = 0.3511; Table 5 reactions (unreactive): y = 

0.4227x + 9.6038, R² = 0.5348) 
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Figure 9. Interaction energies vs. activation barriers (∆E) of Table 1-6 reactions 

(Table 1 reactions: y = -0.8357x + 26.714, R² = 0.7732; Table 2 reactions: y = -

0.7999x + 32.409, R² = 0.8211; Table 3 reactions: y = -0.6883x + 23.161, R² = 0.6672; 

Table 4 reactions: y = -0.7116x + 28.841, R² = 0.7487; Table 5 reactions (reactive): 

y = -0.258x + 16.159, R² = 0.0945; Table 5 reactions (unreactive): y = -0.258x + 

16.159, R² = 0.0945) 

 

Synthetic Relevance. Barriers: For all the synthetically relevant reactions shown in 

Figure 1, our predicted barriers are low enough to be consistent with the experimental 

reaction temperatures. Selectivity for reaction (1): The reported product for reaction (1) 

is the 1-2-exo product (Figure 1).4 Depending on the level of theory used, either this 

product or the 1’-2-endo product (the regioisomer) is predicted to have the lowest 

energy TSS, but these two TSSs are always predicted to be close in energy (Table 6). 

No 1’-2-endo was observed in the experiment. The yield of 1-2-exo product was 54%, 

and the yield of 1-2-endo was 36%. Our methods here are not able to capture the product 

distribution, besides predicting that the 1-2-exo product should be a major product. 

Selectivity for reaction (2): For reaction (2), only the TSS leading to the observed 

product was computed, since this system is geometrically constrained. Selectivity for 
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reaction (3): For reaction (3), we predict preferential formation of the 4-5-endo product 

(Table 6), but the 4-5-exo product was reported to predominate (90% yield).5 Here we 

predict the correct regioselectivity but not the correct diastereoselectivity. Selectivity 

for reaction (4): For reaction (4), a 2:1 ratio of 6-7 to 6’-7 was reported,7 and we predict 

that 6-7 will predominate. In this case, our prediction matches experiment. Overall:  

In general, regioselectivity is readily predicted with standard DFT methods for these 

systems, but endo/exo selectivity predictions are not reliable. A similar situation has 

been observed for Diels-Alder reactions.33 While this situation could improve if 

ostensibly better levels of theory are employed, that is not guaranteed, since, for 

example, different reactions were run under different conditions by different chemists, 

selectivities are often not high (∆∆G‡ < 2 kcal/mol), and non-statistical dynamic effects 

may play important roles.11 Still, our results should be internally consistent and we have 

no reason to doubt the validity of the observed trends.  

 
 

Conclusions 

A range of (5+2) cycloadditions involving oxidopyridinium zwitterions were modeled 

using several DFT methods and compared to analogous reactions involving 

oxidopyrilium zwitterions. From the results of these computations, a general picture of 

oxidopyridinium cycloaddition chemistry arises. Oxidopyridinium zwitterions are 

predicted to be less reactive than oxidopyrilium ions. This reduced reactivity is best 

correlated not to the relative energies of frontier orbitals or interactions involving them, 

but rather to energetic penalties for zwitterion distortion, which is related in part to 

changes in aromaticity upon cycloaddition. 
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