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Abstract: 1,3-dipolar cycloadditions are the preferred method to 

generate five-membered heterocyclic rings. Surprisingly, 

cycloadditions based on acyl-isocyanide ylides have remained 

underexplored by the chemical community. Acyl-isocyanide ylides 

readily react with dipolarophiles, such as substituted alkenes, to yield 

Δ1-pyrroline derivatives. As an explanation for the observed reactivity 

of this reaction is lacking, extensive density functional theory 

calculations were performed to scrutinize the mechanistic features of 

the transformation. Herein we explain the experimental outcome of 

the reaction using a variety of reactivity theories and predict opposed 

regioselectivity for electron-poor and electron-rich dipolarophiles. 

With the insights obtained, we hope to incentivize the design of new 

cycloaddition reactions based on the acyl-isocyanide ylides motif. 

Introduction 

Cycloaddition reactions remain an active research field for 

experimental and theoretical chemists alike. Indeed, these 

procedures are receiving great interest because of their inherent 

complete atom economy, and the high yields and chemo-, regio- 

and stereoselectivity they can display. One type of cycloaddition, 

the so-called Huisgen reaction (Scheme 1a) involving the (3+2) 

cycloaddition of 1,3-dipoles to multiple-bond systems 

(dipolarophiles), has become a principal method for the 

construction of five-membered heterocycles.[1] The continued 

discovery of new reactivity based on dipoles and dipolarophiles 

has evolved into many powerful synthetic methods.[2] For example, 

the copper(I)- or ruthenium(II)-catalyzed azido alkyne 

cycloaddition (CuAAC and RuAAC, respectively) and their strain-

promoted versions to form disubstituted triazoles have developed 

into the cornerstone of Click chemistry and bioorthogonal 

chemical ligation (Scheme 1b).[3] Additionally, dipolar 

cycloaddition procedures are paramount for the (semi)synthesis 

of drug candidates and next-generation materials.[4] 

Scheme 1. Cycloadditions of 1,3-dipoles to dipolarophiles. EWG = electron 
withdrawing group. 
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In parallel, isocyanide-based chemistry has experienced a 

tremendous growth during the last decades.[5] The unique 

properties of the isocyanide (also known as isonitrile) moiety 

allows its reaction with nucleophiles, electrophiles, acids, bases, 

free radicals and metal centers. Not surprisingly, there have been 

several efforts to merge isocyanide and dipolar cycloaddition 

chemistry, giving rise to different catalytic and tandem 

processes.[6] In this context, Livinghouse and Tian were the first 

to report the reaction between α-ketoimidoyl chlorides and methyl 

acrylate in the presence of suitable (non-nucleophilic) organic 

bases such as DBU (Scheme 1c).[7] In their work, they 

hypothesize that the reaction involves acyl-isocyanide ylides as 

reactive intermediates in a 1,3-dipolar cycloaddition fashion. Later, 

the same reaction was reported for exo and endo α,β-unsaturated 

lactones.[8] The procedure renders the corresponding Δ1-

pyrrolines in a moderate yield and regioselectivity. Δ1-pyrrolines 

are heterocyclic moieties found in biologically relevant 

compounds and metabolic intermediates; moreover, they can be 

useful synthetic intermediates amenable for further 

functionalization (Scheme 1d).[9] To our surprise, this reaction has 

largely been overlooked by the organic chemistry community, and 

to the best of our knowledge there has been no attempt to 

elucidate its reactivity other than the present work. 

Over the years, much effort has been devoted into explaining the 

mode of action of many 1,3-dipolar cycloaddition reactions, and 

to make predictions of their experimental outcome.[10] To 

accomplish this, frontier molecular orbital analysis,[11] Fukui 

reactivity indices[12] and the distortion/interaction-activation/strain 

(DIAS) model and energy decomposition analysis (EDA)[13, 14] 

have, among others, served as practical frameworks for the study 

of these transformations.[13-15] Recent examples include the 

elucidation of the catalytic effects of a Lewis base, as well as 

unravel the factors controlling the (a)synchronicity and concerted 

character of the bond formations.[16] Herein, the reactions 

between numerous substituted alkenes and acyl-isocyanide 

ylides were computationally investigated through DFT based 

methods, including the quantification of the activation barrier, 

frontier molecular orbital analysis and the DIAS/EDA scheme, in 

an attempt to explain the intricacies of this long-forgotten reaction. 

Computational Details 

Gaussview[17] was used to create all structures, while geometry 

optimization and frequency analysis of reactants, products and 

transition state structures were performed at the M06-2X/6-

311+G(d) level of theory[18] using Gaussian 16 (version A.03)[19] 

with the integration grid set to ultrafine.[20] Acetonitrile solvation 

effects on the geometries of the structures were accounted for 

through the SMD implicit solvent model.[21] Importantly, the 

selected M06-2X exchange-correlation functional already showed 

to produce reasonable activation enthalpies for 1,3-dipolar 

cycloaddition reactions.[22] The structures of all reactants, 

products and prereactive complexes were characterized 

exclusively by positive eigenvalues of the Hessian matrix, while 

transition state structures were characterized by a single negative 

eigenvalue. Intrinsic Reaction Coordinate (IRC) analysis 

confirmed the transition state to correctly connect the reactant 

state to the corresponding product. Subsequent gas phase single 

point energies were calculated at the M06-2X/TZ2P level of 

theory[23] using the ADF2019 software[24] in combination with the 

open-source PyFrag module (version 2019)[25] to streamline the 

distortion/interaction-activation/strain model and energy 

decomposition analyses. The density fitting quality and numerical 

integration quality were set to very good. Comparison of activation 

energies showed that changing the basis set from 6-311+G(d) to 

TZ2P had a negligible effect on the results obtained (see Figure 

S5 in the supporting information). 

Non-covalent Interactions (NCI) analyses were based on the 

M06-2X/6-311+G(d) generated wavefunction and were 

performed using the NCIPLOT software (version 4.0).[26, 27] Finally, 

CYLview20 and VMD were used to visualize results and create 

images of the structures.[28] Coordinates of the stationary points 

are provided in the supporting information (section 5) and were 

generated with assistance of the ESIgen code.[29]. 

Results and Discussion 

Regioselective considerations 

Nitrile ylides have enjoyed the attention of the synthetic organic 

chemistry community due to their potency to undergo dipolar 

cycloadditions. However, the use of ylides derived from 

isocyanides remains underexplored. Particularly the acyl-

isocyanide ylides, which are in situ generated from the treatment 

of α-ketoimidoyl chlorides with mild bases, can be of interest. 

Indeed, the α-ketoimidoyl chlorides, which serve as one of the 

reactants in this transformation, can be easily prepared by direct 

interaction between isocyanides and acyl chlorides, in the so-

called Nef reaction.[30] Although α-ketoimidoyl chlorides show a 

high reactivity towards inter- and intramolecular nucleophilic 

functionalities, it was found that they can be trapped by suitable 

dipolarophiles such as acrylates and trifluoroacetophenone.[7, 31] 

The reaction yields a complex isomeric mixture influenced by the 

regioselective preference. Moreover, the transformation can 

either proceed through an endo- or exo pathway, ultimately 

influencing the stereoselectivity of the formed products as well. 

Focussing on the regioselectivity, it is clear from experimental 

results that the relative regioisomeric ratio between the products 

is dependent on the substrates used (Table 1, reactions 1-5). It 

was found that the reactions generally favour the formation of 

isomer I, in which the R2 and R3 substituents from the dipole and 

the dipolarophile, respectively, are in the nearest proximity to 

each other. Notably, when the reaction was performed using 

trifluoroacetophenone as dipolarophile, only a slight amount of 

isomer II could be recovered (reaction 5).[7]. 

So far, the experimental studies of the reaction between acyl-

isocyanide ylides are limited to acrylate or the related α,β-

unsaturated lactone dipolarophiles.[8] Therefore, the electronic 

requirements of the reaction remains obscure. We intended to 

understand the key factors controlling the reactivity and 

investigate other model alkene dipolarophiles (i.e., bearing a 

substituent other than the ester group, Table 1 entries 6-9). In 

addition, we investigated the reaction with ethene as reference 

point for our discussion (Table 1, entry 10). With that, we studied 

a total of 10 reactions between acyl-isocyanide ylides and 

trifluoroacetophenone or alkene-based dipolarophiles (Table 1). 
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Table 1. Reactions considered in this study. The experimental yields found by 

Livinghouse and Tian (entries 1-5) are shown.[7] 

Mechanistic elucidation and frontier molecular orbitals 

To understand the mechanistic aspects and charge transfer 

occurring during the transformation, we first analysed the frontier 

molecular orbitals (FMOs) of the reactants (see Figure S1 in the 

supporting information). By quantifying the energy gaps between 

the FMOs of the dipole and the dipolarophile (and considering the 

orbital symmetries and correct geometries to enable overlap of 

the orbitals) one can obtain information on the origin of the 

primary orbital interactions that occur during the reaction.[13, 32] For 

1,3-dipolar cycloadditions, three situations can unfold. If the 

orbital interaction mainly originates from overlap of the HOMO of 

the dipole (HOMOD) with the LUMO of the dipolarophile (LUMODA), 

the reaction is classified as a type I, normal electron demand 

(NED) cycloaddition (Table 2, ε1 < ε2). Alternatively, the orbital 

interaction can mainly stem from overlap between the HOMO of 

the dipolarophile (HOMODA) and the LUMO of the dipole (LUMOD), 

and in this case the cycloaddition follows a type III, inverse 

electron demand (IED) pathway (Table 2, ε1 > ε2).[1, 32] Finally, an 

intermediate type II case exists, for which a double pairwise orbital 

interaction between HOMOD and LUMODA and between HOMODA 

and LUMOD occurs (Table 2, ε1 ≈ ε2). Taking note of the energy 

gaps between the overlapping frontier molecular orbitals of the 

acyl-isocyanide ylide dipoles and dipolarophiles, it can be 

discerned that reactions 1-7 and reference reaction 10 proceed 

through an NED dipolar cycloaddition (ε1 < ε2). In contrast, 8 

proceeds via a type II dipolar cycloaddition (ε1 ≈ ε2), while 9 follows 

an IED dipolar cycloaddition (ε1 > ε2). These observations can be 

explained by the substituent present on the dipolarophile. Indeed, 

for reactions 1-7 the dipolarophiles used are all electron-poor 

carbonyl derivatives or alkenes bearing an electron withdrawing 

group (–CF3; R3 = –COOCH3, –NO2, –CN; respectively). In 

reaction 10, on the other hand, the dipolarophile is ethane which 

bears no substituents. Although this leads to a decrease in the 

gap between ε1 and ε2 (Δε2-1, Table 2), the relative levels of the 

FMOs still results in an NED pathway for 10. Finally, reactions 8 

and 9 make use of alkenes that have an electron donating group 

(R3 = –CH3, –OCH3), giving rise to an electron-rich double bond. 

These electron donating groups cause an increase of the energy 

levels of the HOMO and LUMO of the dipolarophile, resulting in a 

shift from type I to type II and ultimately to type III cycloaddition. 

Moreover, based on these results, and corroborated by the 

difference in chemical potential of the dipole and dipolarophile 

(see Table S1 in the supporting information), it is clear that the 

electron flow goes from dipole to dipolarophile during reactions 1-

7 and 10 and from dipolarophile to dipole for 9. For 8, a negligible 

charge transfer between the reactants is expected. 

Table 2. Energy gaps between the frontier orbitals of the dipole and 

dipolarophile for entries 1-10. Frontier orbitals of the starting materials of 

reaction 1 are shown. 

Kinetic considerations and transition states 

To obtain a better understanding of the mode of action of the 

reactions, we located the transition states for the concerted 

formation of regioisomers I (TSX-I) and II (TSX-II) and considered 

both the endo- and exo pathways to reach these regioisomers 

(see section 5 in the supporting information). For reaction 4 we 

additionally considered the formation of the cis and trans isomers 

and selected the path with the lowest calculated activation energy 

for further analysis. The transition states were found for all 

reactions and pathways, with the exception of TS4-II-endo and TS5-

II-endo (Figure 1). We hypothesize that our inability to locate these 

transition states stems from the steric congestion between the 

reactants in the endo conformation. The transition states for 1-4, 

6 and 7 share common structural features (Figure 1a+b). Indeed, 

transition states giving rise to isomer I (TSX-I-endo and TSX-I-exo) 

show a high degree of asynchronicity, as expressed by the 
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absolute difference in C–C bond lengths observed in the transition 

state structure (∆𝑟C∙∙∙C). Bond formation between the secondary C 

of the dipole ylide and the terminal C of the alkene dipolarophile 

precedes bond formation between the terminal C of the dipole and 

the secondary C of the dipolarophile. Moreover, the degree of 

asynchronicity in these transition states increases in parallel with 

the electron withdrawing ability of the substituent in the alkene, 

being the largest for 6 (–NO2). In contrast, the corresponding 

transition states giving rise to isomer II (TSX-II-endo and TSX-II-exo) 

are nearly synchronous (Figure 1c+d). The opposite is observed 

for reaction 5, in which the most asynchronous transition state 

corresponds to the formation of II (TS5-II-exo). On the other hand, 

the transition states for reactions 8,9 and 10 are all characterized 

by a high synchronicity, independent on the regioselectivity and 

despite the difference in electron donating properties of the 

substituent on the dipolarophile (–CH3 vs. –OCH3
 vs. –H, 

respectively). 

With the transition state structures of the reactions yielding the 

different regioisomers in hand, we could obtain the associated 

activation barriers (∆𝐸𝑎)  (Table 3). The latter is computed by 

subtracting the electronic energy of the isolated reactants from 

the transition state. Focussing exclusively on the pathway with the 

lowest activation barriers, we found that the activation barriers 

yielding isomer I were lower compared to the barriers giving rise 

to II for reactions 1-4, in agreement with the reported experimental 

data from Livinghouse and Tian.[7] A similar trend is observed for 

model reactions 6-7, suggesting that these reactions would favour 

the formation of I over II as well. Moreover, for reaction 4, our 

calculations showed a preference towards the formation of the cis 

and trans product, for regioisomer I and II, respectively. This 

finding is again in line with experimental results.[7] For 1-7 the 

reaction proceeds preferentially through an exo pathway. 

Reactions 8 and 9, on the other hand, preferentially proceed 

through an endo pathway and are characterized by a lower barrier 

for II (9.5 and 8.8 kcal.mol-1, respectively) compared to I (10.1 and 

11.1 kcal.mol-1, respectively). Moreover, both 8, 9 and 10 have a 

significantly higher activation barriers for the cycloaddition, being 

as much as 10 kcal∙mol-1 higher than the activation barriers 

calculated for 1-7. Looking at the activation barriers computed for 

5, it could be discerned that the formation of II is preferred over 

regioisomer I, which disagrees with the experimental results 

obtained by Livinghouse and Tian.[7] Notably, when the barrier of 

the reaction accounts for the stability of the pre-reactive complex, 

i.e. ∆𝐸𝑎
𝑝𝑟𝑒

 is calculated by subtracting the energy of the pre-

reactive complex to the transition state, the experimental 

regioselectivity is retrieved from the computations (Table 3). In 

addition, the same regioselectivity preferences can be predicted 

based on the condensed Fukui functions of the reactants in all 

cases (see section 2.2 in the supporting information) and the 

computed regioselective preference seems to be correlated to the 

charge transfer pathway between the reactive species, i.e. NED, 

type II or IED, (Table 2). 

To elucidate the factors determining the height of the activation 

barrier, the DIAS model (also known as activation strain model 

(ASM) in the literature) and EDA are applied to the potential 

energy surface of the reaction in the gas phase.[13, 14] The 

fragment-based DIAS model decomposes the total electronic 

energy (∆𝐸)  into a strain term (∆𝐸strain)  that considers the 

distortion penalty associated with deforming the reactants into the 

transition state complex and an interaction term (∆𝐸int)  that 

values the mutual interactions between them [Eq. (1)]. In turn, the 

strain energy can be further fragmented to evaluate the 

contribution of the different reactants towards the total strain [Eq. 

(2)]. The EDA on the other hand, decomposes the interaction 

energy into a Pauli repulsion (∆𝐸Pauli), orbital interaction (∆𝐸oi) 

and electrostatic interactions (∆𝑉elstat) [Eq. (3)]. Table 3 shows 

the results of the DIAS and EDA applied on the transition state 

structures, using the values associated with the optimized 

reactants as the baseline.  

 

∆𝐸(𝜉) = ∆𝐸strain(𝜉) +  ∆𝐸int(𝜉)                                                              (𝟏) 

∆𝐸strain(𝜉) = ∆𝐸strain
dipole(𝜉) +  ∆𝐸strain

dipolarophile(𝜉)                                   (𝟐) 

∆𝐸𝑖𝑛𝑡(𝜉) =  ∆𝐸Pauli(𝜉) +  ∆𝐸oi(𝜉) + ∆𝑉elstat(𝜉)                                  (𝟑)  

 

 

10.1002/ejoc.202201028

A
cc

ep
te

d 
M

an
us

cr
ip

t

European Journal of Organic Chemistry

This article is protected by copyright. All rights reserved.

 10990690, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejoc.202201028 by K
u L

euven, W
iley O

nline L
ibrary on [04/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



RESEARCH ARTICLE    

5 

 

 
Figure 1. Transition states for 1-9 resulting in regioisomer I through the a) endo or b) exo pathway or regioisomer II through the c) endo or d) exo pathway. e) 
Transition state for 10. Below the structures, the values of the difference in bond distances (∆𝑟C∙∙∙C) and ∠CNC is provided. TS are labeled in endo or exo 
conformations according to the carbonyl if the ylide and the alkene substituent lay in same or different face of the pyrroline ring, respectively. Optimized geometries 
are obtained at the M06-2X/6-311+g(d) level of theory, with acetonitrile solvation effects included using the SMD implicit solvent model.   
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Table 3. The distortion/interaction-activation/strain model and energy decomposition analysis of the transition states of reactions 1-10 giving rise to either isomer I 
or isomer II via an endo or exo pathway. For reaction 4 only the data for the preferred cis/trans isomer is shown. Results are obtained at the M06-2X/TZ2P//M06-
2X/6-311+g(d) level of theory (geometry optimization included solvation effects through SMD=acetonitrile) and expressed in kcal.mol-1. ∆𝑬𝒂

  is calculated as the 

difference between the energy of the transition state and the isolated reactants, and the DIAS analysis is referred to this quantity. ∆𝑬𝒂
𝒑𝒓𝒆

 is calculated as the 

difference between the energy of the transition state and the pre-reactive complex. The lowest value of ∆𝑬𝒂
  for each reaction is labelled in bold.

 

entry-isomer ∆𝑬𝒂
 

 
 ∆𝑬𝒂

𝒑𝒓𝒆
 ∆𝑬𝐬𝐭𝐫𝐚𝐢𝐧 ∆𝑬𝐬𝐭𝐫𝐚𝐢𝐧

𝐝𝐢𝐩𝐨𝐥𝐞
 ∆𝑬𝐬𝐭𝐫𝐚𝐢𝐧

𝐝𝐢𝐩𝐨𝐥𝐚𝐫𝐨𝐩𝐡𝐢𝐥𝐞
 ∆𝑬𝐢𝐧𝐭

  ∆𝑬𝑷𝒂𝒖𝒍𝒊 ∆𝑬𝐨𝐢 ∆𝑽𝐞𝐥𝐬𝐭𝐚𝐭 

1-I-endo 3.0 6.3 11.3 7.1 4.2 -8.3 59.2 -33.1 -34.4 
1-II-endo 2.5 7.0 13.6 10.6 3.1 -11.2 50.3 -29.4 -32.0 

1-I-exo 1.4 6.2 14.0 8.8 5.3 -12.6 66.1 -39.1 -39.6 
1-II-exo 2.2 8.0 15.1 10.7 4.4 -12.9 56.9 -34.6 -35.2 

2-I-endo 3.5 6.6 11.5 7.3 4.2 -8.0 59.2 -32.9 -34.3 
2-II-endo 3.0 7.2 13.9 10.7 3.2 -10.9 49.8 -29.4 -31.3 

2-I-exo 1.6 5.9 11.3 7.3 4.0 -9.7 57.3 -32.3 -34.8 
2-II-exo 1.8 7.4 14.3 10.7 3.6 -12.5 52.6 -31.8 -33.2 

3-I-endo 3.5 6.3 11.6 7.4 4.1 -8.1 58.9 -32.8 -34.1 
3-II-endo 3.6 7.1 14.1 11.0 3.0 -10.5 49.9 -29.1 -31.4 

3-I-exo 2.4 6.4 14.4 9.1 5.3 -12.0 66.6 -39.2 -39.4 
3-II-exo 2.4 7.1 13.8 10.6 3.2 -11.3 50.5 -30.0 -31.9 

4-I-endo (cis) 0.5 6.8 11.0 6.4 4.6 -10.5 64.7 -36.4 -38.8 
4-II-endo (?)          

4-I-exo (trans) -1.5 5.6 10.2 6.0 4.2 -11.7 60.7 -34.5 -37.9 
4-II-exo (trans) 3.3 9.1 16.7 12.5 4.2 -13.4 56.7 -34.3 -35.8 

5-I-endo 3.2 6.5 19.5 9.2 10.3 -16.3 50.8 -33.9 -33.3 
5-II-endo          

5-I-exo 4.6 6.9 23.3 12.1 11.2 -18.7 69.5 -46.4 -41.8 
5-II-exo 3.0 9.7 28.1 8.9 19.2 -25.1 131.8 -82.3 -74.7 

6-I-endo -0.1 4.2 6.1 2.2 3.9 -6.2 45.4 -24.6 -27.0 
6-II-endo 2.3 5.8 11.9 8.0 3.8 -9.6 45.8 -28.1 -27.2 

6-I-exo -2.1 4.4 6.4 2.2 4.2 -8.5 46.6 -25.9 -29.2 
6-II-exo -0.5 6.0 12.4 8.0 4.5 -12.9 49.3 -30.8 -31.4 

7-I-endo 3.1 6.8 10.4 6.0 4.4 -7.3 63.8 -34.5 -36.6 
7-II-endo 5.4 7.4 13.4 9.7 3.7 -8.1 50.8 -30.2 -28.7 

7-I-exo 2.2 7.0 10.3 6.0 4.3 -8.1 63.0 -34.2 -36.9 
7-II-exo 3.2 7.4 14.3 9.9 4.4 -11.1 53.7 -32.5 -32.3 

8-I-endo 10.3 12.5 19.3 13.8 5.6 -9.0 56.2 -31.5 -33.7 
8-II-endo 9.5 11.4 18.5 13.6 5.0 -9.1 54.4 -29.9 -33.5 

8-I-exo 10.1 12.0 19.1 13.7 5.5 -9.0 54.7 -30.8 -32.9 
8-II-exo 10.5 12.8 19.9 14.4 5.5 -9.4 57.3 -32.3 -34.5 

9-I-endo 11.8 13.4 21.0 15.4 5.6 -9.2 59.9 -33.9 -35.2 
9-II-endo 8.8 12.4 19.8 15.2 4.6 -11.1 57.6 -32.8 -36.0 

9-I-exo 11.1 13.3 20.9 15.3 5.6 -9.8 59.7 -33.8 -35.7 
9-II-exo 9.4 13.3 21.0 16.2 4.8 -11.6 60.1 -34.4 -37.3 

10 7.5 9.3 15.8 12.3 3.5 -8.3 51.4 -29.1 -30.7 

 

The results of the DIAS analysis at the transition state reveals the 

importance of the strain contribution towards the total activation 

barrier. Indeed, while one might hypothesize that the increased 

activation barrier of 8, 9 and 10 is explained by the absence of 

electrostatic effects exerted by an electron withdrawing group on 

the dipolarophile (which is present for 1-7), it is in fact the 

increased strain penalty of the transition state relative to the 

isolated reactants that causes the observed increase. Deeper 

analysis of the strain term indicates that for 1-4 and 6-10, the 

majority of the strain in the transition state originates from the 

isocyanide-derived ylide dipole. Analysis of the ∠CNC dipole 

angle clearly shows that for these reactions the transition state 

requires a significant distortion from the linear ∠CNC of the 

reactant (Figure 1). Intriguingly, analysis of the strain terms on the 

transition states of 5 reveals that in this exceptional case both the 

dipole and dipolarophile contribute almost equally. Moreover, the 

terms resulting from the EDA are substantially different for isomer 

I and II in reaction 5 (Table 3). This is especially striking in 

comparison to the differences in the terms of the EDA between I 

and II observed for the other reactions. This merits a closer 

analysis of the non-covalent interactions present in the transition 

states of reaction 5. 

Non-covalent interactions in the transition state complex 
By performing an NCI analysis on a transition state structure, one 

can observe the non-covalent interactions between the reactants 

in the activated complex.[33] Herein, we used the NCI analysis on 

the exo transition states of 5 resulting in isomer I (TS5-I-exo) or II 

(TS5-II-exo), in an attempt to gain a better understanding behind the 

substantial differences in the interactions between these 

regioselective reactions. Indeed, the EDA quantified a significant 

difference in the interaction terms between both reactions (Table 

3). Through the reduced density gradient (s) isosurfaces present 

in TS5-I-exo and TS5-II-exo, the non-covalent interactions are 

visualized. Notably, the orientation of the tert-butyl group of the 

dipole with respect to the phenyl-substituent of the dipolarophile 

allows for weakly stabilizing CH∙∙∙π interactions during formation 

of II via TS5-II-exo. Recalling the resulting EDA of this reaction in 

Table 3, we can conclude that the collection of these stabilizing 

interactions (which consists of both electrostatics and orbital 

interactions) overcomes the large sterical hindrance (Pauli 

repulsion), the latter being influenced by the proximity of the bulky 

tert-butyl group to the dipole. The aforementioned CH∙∙∙π 

interactions are not possible during the reaction towards I via TS5-

I-exo as the tert-butyl group is positioned away from the phenyl-

substituent. Instead, a weak stabilizing non-covalent interaction 

between the aryl hydrogen and the tert-butyl group is observable 

(Figure 2a). These non-covalent interactions also appear in the 2-

dimensional plot of s as characteristic troughs (Figure 2b). In this 

plot, the positioning of some of the troughs, which is indicative of 

the nature of the non-covalent interaction (ρ∙sign(λ2)>0 = 

repulsive, ρ∙sign(λ2)<0 = attractive) are notably different. These 
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differences form an important contribution towards the interaction 

between the reactants. However, we do take note that these 

interactions are also accompanied by an extensive deformation of 

the dipolarophile, which is best described by the deviation of the 

∠CorthoCipsoCO torsion away from the ideal anti-conformation (-

149.39 ° in TS5-I-exo and -131.04 ° in TS5-II-exo). The latter explains 

why 5 is an exceptional case for which also the dipolarophile 

contributes significantly towards the total strain penalty of the 

reaction (Table 3). 

 

Figure 2. a) Visualization of the 3-dimensional NCI isosurfaces (s = 0.5) for the transition states of entry 5 resulting in isomer I (left, black) or II (middle, red) through 
the exo pathway. An RGB colour scale set from -0.003 a.u. to 0.003 a.u. is used to differentiate between repulsive (red), weak (green) and attractive (blue) non-
covalent interactions. b) Accompanying overlay plot of the reduced density gradient s in function of ρ∙sign(λ2).

Generalizing the influence of the dipolarophile’s substituent 

In order to arrive at a more general picture of the studied reactions, 

we decided to search for quantitative relations between the 

computed properties of the exo reactions towards isomer I (ε1/2, 

ΔEa, Estrain …) and the electronics of the dipolarophile’s substituent. 

In this analysis, we focused on reactions 1 and 6-10, in which the 

dipole remains the same. In this manner we single out effects 

caused by variation of the substituent on the alkene dipolarophile. 

Because the substituents of interest are directly attached (and 

conjugated) to the double bond, we decided to describe their 

electron withdrawing- or donating power using the Hammett σp 

parameter.[34] Hammett parameters have found widespread utility 

when studying reaction mechanisms and are useful for explaining 

trends in molecular reactivity, with emphasis on aromatic 

compounds.[34,35] Strong electron-withdrawing groups (EWG) 

have high (positive) values of p, meaning that electron density 

flows away from the conjugated system; while strong electron-

donating groups (EDG) have low (negative) values of p, meaning 

that electron density flows towards the conjugated system. In this 

study, the dipolarophiles will have an electron rich or poor double 

bond when bearing substituents with negative or positive values 

of p, respectively. 

Striking correlations between the calculated properties of the 

reactions and the σp parameters were retrieved. Indeed, 

decreasing the σp of the substituent leads to an increase of ε1 and 

a decrease of ε2 (Figure 3a, see Table S3 in the supporting 

information). This can be explained by a simultaneous increase of 

the energy level of the HOMO and the LUMO frontier molecular 

orbitals of the dipolarophile upon decreasing σp. Therefore, there 

is a transition from an NED (1, 6, 7 and 10) to a type II (8) and 

ultimately an IED (9) 1,3-dipolar cycloaddition when increasing 

the electron donating properties of the substituent on the 

dipolarophile. Figure 3b also illustrates that decreasing σp causes 

an increase in the activation energy. The DIAS and EDA 

concluded that all the analyzed reactions of 1 and 6-10 proceed 

with a similar interaction energy and a comparable dipolarophile 

strain penalty (Table 3). Hence, the overall increase in ΔEa is 

better explained by the continued increase of the strain of the 1,3-

dipole, that shows a similar trend as the total strain penalty as well 

as the activation barrier upon varying σp (Figure 3b).  

Figure 3. a) Linear correlations between HOMO-LUMO gaps (ε1 (blue) and ε2 
(red)) and Hammet parameter σp of the dipolarophile’s substituent. b) Linear 
correlations between energetic properties of the reaction and the Hammet 
parameter σp of the dipolarophile’s substituent. Data stems from reaction 1 and 
6-10 and considers the exo pathway towards isomer I. 
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What is the underlying factor explaining this trend? Further 

analyses revealed the importance of both the variation of the 

∠CNC angles and the r(N-C5) bond distance of the acyl-

isocyanide ylide fragments in the transition states to explain the 

origin of the strain. Electron poor dipolarophiles tend to undergo 

an asynchronous reaction (Figure 1 and Figure 4a). In the 

corresponding transition state, the ylide HOMO, largely located on 

the C2 atom, donates electronic density to the alkene LUMO. As 

a result, the N-C5 bond remains essentially unaltered as a double 

bond, i.e. N has more sp character and ∠CNC is closer to the 

value of the optimized reactant (176.1º) (Figures 4b). In contrast, 

electron rich alkenes (those bearing substituents with a negative 

σp) tend to undergo reactions with a higher synchronicity. In the 

corresponding transition state, the alkene HOMO donates 

electronic density to the dipole’s LUMO, largely located on the C5 

atom. As result, the N-C5 bond is considerable weakened, i.e the 

N has more sp2 character, the ∠CNC is considerably distorted and 

the dipole fragment is more bent. 

Figure 4. a) Linear correlations between |N-C5| bond distance and difference 
in bond distances (∆𝑟𝐶∙∙∙𝐶)  with the Hammet parameter σp of the dipolarophile’s 

substituent. b) Linear correlations between ∠CNC and the Hammet parameter 

σp of the dipolarophile’s substituent. Data stems from reaction 1 and 6-10 and 
considers the exo pathway towards isomer I. 

Conclusion 

The preparation of Δ1-pyrrolines through a 1,3-dipolar 

cycloaddition reaction of acyl-isocyanide ylides with a 

dipolarophile has received limited attention so far. In this work, we 

used density functional theory-based methods to elucidate the 

reactivity driving this transformation. Analysis of the frontier 

molecular orbitals showed that the reaction can proceed both 

through a normal electron demand, a type II cycloaddition, or an 

inverse electron demand pathway, depending on the electron 

withdrawing (NED) or donating (IED) properties of the substituent 

on the dipolarophile.  

Furthermore, by linking the structural and energetic properties of 

the transition states with the electronics of the dipolarophile, two 

general scenarios for the mechanism of the 1,3-dipolar 

cycloaddition reaction between acyl-isocyanide ylides and 

alkenes are plausible (Figure 5). Case A; reactions comprising 

electron deficient dipolarophiles (i.e. alkenes bearing an electron 

withdrawing group) proceed at relatively lower activation energies 

via asynchronous bond formation, with preference towards 

isomer I via an exo pathway. These are type I (NED) dipolar 

cycloadditions in which the electron density flows from the dipole 

towards the dipolarophile. The activation energy is low due to a 

minimum distortion of the dipole in the transition state. Case B; 

reactions comprising electron rich dipolarophiles (i.e. alkenes 

bearing an electron donating group) proceed at relatively higher 

activation energies via synchronous bond formation, with 

preference towards isomer II. These are type II or III (IED) dipolar 

cycloadditions in which the electron density flows from the 

dipolarophile towards the dipole. The activation energy is high due 

to a significant distortion of the dipole in the transition state. 

Through the insights obtained in the present work, we aim to 

boost the interest towards this useful chemical transformation and 

provide a solid theoretical foundation to develop new reactions 

based on the acyl-isocyanide ylide dipole. 
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Figure 5. Two cases of 1,3-dipolar cycloadditions of acyl-isocyanide ylides to alkenes. The most favorable transition states for reactions 6 and 9 are depicted as 
examples. EDG: electron donating group, EGW: electron withdrawing group. 
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