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The intramolecular Povarov (IMP) reactions involved in the synthesis of                       

5H-chromeno[2,3-c] acridine derivatives [Tetrahedron Lett., 2010, 51, 3071-3074] have been 

studied using density functional theory (DFT) methods. The studied IMP reaction is a domino 

process that comprises two consecutive reactions: i) a BF3 Lewis acid catalysed 

intramolecular aza-Diels-Alder (IMADA) reaction of an alkene tethered chromene imine 

(ATCI) giving a formal [4+2] cycloadduct, and ii) an 1,3-hydrogen shift yielding the final 

chromeno product. The possible regio-(fused/bridged) and stereo-(cis/trans) isomeric 

channels associated with the IMADA reaction were thoroughly investigated and analysed. 

The activation Gibbs free energies in acetonitrile, calculated at the MPW1B95/6-311G(d,p) 

level of theory, show that the formation of the trans-fused of chromeno acridine is favoured 

both kinetically and thermodynamically as found experimentally. Thermochemical 

calculations show that the intramolecular nature of the IMADA reaction, which does not 

present appreciable activation entropy, makes possible the IMP reaction to take place. 

Intrinsic reaction coordinate (IRC) calculations and the topological analysis of the electron 

localization function (ELF) of some relevant points on the IRC curve show that the formation 

of the favoured trans-fused cycloadduct takes place via a non-concerted two-stage one-step 

mechanism. At the most favourable transition state, TS-tf-B, the formation of the first C1-C6 

single bond has already started, while the formation of the second C4-C5 has not started yet. 

The global electron density transfer (GEDT) calculated at the transition states in combination 

with the analysis of DFT-based reactivity indices of the ATCI reveal the remarkable polar 

character of the studied reactions. Analysis of the substituent effects on the cis/trans 

selectivity show that the trans stereoisomer is favoured independently on the electronic nature 

of substituents in clear agreement with the experimental findings.  

 

Keywords: Intramolecular Povarov reaction; 1,3-hydrogen shift; Chromenoacridine; 

Stereoselectivity; Density functional theory; Electron Localisation Function. 
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Introduction 

 

The Diels Alder (DA) reaction is one of the most useful synthetic reactions in organic 

chemistry,1,2 especially in the areas of six-membred carbocycles and natural product 

synthesis.3 The intramolecular Diels-Alder reaction, in which the diene is attached to the 

dienophile via a tether, has been explored extensively as a valuable tool for forming 

carbocycles and heterocycles in only one synthetic step.4 This reaction has been used for the 

construction of many biological and pharmacological systems and also as a route in the total 

synthesis of natural products.5,6  

The Lewis acid (LA) catalysed aza-Diels-Alder (A-DA) reaction between a N-aryl imine 

and an electron-rich (ER) alkene followed by a 1,3-hydrogen (1,3-H) shift to yield a 

tetrahydroquinoline (THQ) is known as the Povarov reaction.7-12 This reaction can also take 

place intramolecularly when a molecule contains both the imine and the ER alkene moieties, 

which are connected by a tether.13 

Recently, Subba Reddy et al.14 experimentally reported a novel approach for the 

synthesis of trans-fused 5H-chromeno[2,3,-c]acridine derivatives. Thus, chromeno acridine 5 

was obtained as a mixture of cis-fused (5%) and trans-fused (95%) isomers by means of the 

multicomponent (MC) reaction between the alkene tethered chromene-3-carboxyaldehyde 1 

and aniline 2, in presence of the BF3 LA catalyst and in acetonitrile solvent (see Scheme 1). 

This MC reactions is a domino process that comprises three consecutive reactions: i) a 

condensation reaction between chromene-3-carboxyaldehyde 1 and aniline 2 yielding the 

alkene tethered chromene imine (ATCI) 3; ii) a LA promoted intramolecular aza-Diels-Alder 

(IMADA) reaction of ATCI 3 to afford the formal [4+2] cycloadduct (CA) 4; and iii) a 1,3-H 

shift in this CA to give the final chromeno acridine 5. The two last step of this MC reaction 

constitute an intramolecular Povarov (IMP) reaction, the LA promoted IMADA reaction of 

ATCI 3 is being the reaction determining the stereochemistry of the final chromeno     

acridine 5. 

Very few theoretical studies devoted to the Povarov reaction are found in the literature. 

In 2010, Placios et al.15 studied the BF3 catalysed A-DA reactions of N-(3-pyridyl) imines and 

substituted ethylenes such as styrene as the first reaction of the Povarov reaction using DFT 

methods. Very recently, Domingo et al.16  theoretically studied the mechanism of the Povarov 

reaction of N-aryl imines and vinyl ethers. The corresponding A-DA reactions presented a 

stepwise mechanism with formation of a stable zwitterionic intermediate such as 8 (see 

Scheme 2).16
 The MPWB1K/6-311G(d,p) activation energy, in acetonitrile, associated with 
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the nucleophilic attack of ER vinyl ether 7 on the imine carbon of the LA complex 6 via 

TS1n, 9.6 kcal mol-1, was found 4.9 kcal mol-1 above than that associated with the ring 

closure via TS2n. This reaction showed a complete endo stereoselectivity, being TS1n, 6.3 

kcal mol-1 more favourable that the corresponding exo transition state (TS) structure. 16
 

 

Herein, a DFT study of the LA promoted IMP reaction of ATCI 3 yielding chromeno 

acridine trans-5, experimentally studied by Subba Reddy et al.14 is presented (see Scheme 3). 

Our aim is to perform a theoretical study of the reaction mechanism of this IMP reaction 

yielding the final product trans-5, as well as to explain the stereo- and regioselectivity 

experimentally found. 

 

Computational details 

 

Quantum chemistry calculations were carried out using Gausssian 09W programme.17 

Exploration of the potential energy surface (PES) associates with the IMP reaction of 

ATCI 3 was carried out using the B3LYP functional18 together with the 6-31G(d,p) basis 

set.19 Several works have shown that the B3LYP functional is relatively accurate for kinetic 

data, although the reaction exothermicities are underestimated.20 The Truhlar's group has 

proposed some functionals, such as the MPWB1K,21 which improve thermodynamic 

calculations. Therefore, the two more favourable reactive channels associated with the IMP 

reaction ATCI 3 were analysed at the MPWB1K/6-31G(d,p) level. The stationary points were 

characterized by frequency calculations to verify that the transition states (TSs) had one 

imaginary frequency. The intrinsic reaction coordinate (IRC) path22 connected the two 

associated minima on the expected reaction pathway. The electronic populations, the global 

electron density transfer (GEDT) patterns and bond orders (i.e. Wiberg indices23), were 

computed using the natural population analysis (NPA).24
 Since the reaction is carried out in 

acetonitrile (ε = 35.7), the solvent effects were taken into account using the continuum 

solvation model (SMD)25,26 by B3LYP/6-31G(d,p) single-point calculations. Thermochemical 

properties were calculated according to the standard equations of statistical thermodynamics27 

at 298.15 K. For the thermochemical calculations, the MPWB1K functional,21 together with 

the standard 6-311G(d,p) basis set were used. The electronic structures of stationary points 

were analysed applying electron localization function (ELF) topological analysis, η(r).28 The 

ELF study was performed with the TopMod program29 using the corresponding 
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monodeterminantal wave functions of the selected structures of the IRC. The ToPMoD 

package28b, 28c, 28e, 29, 30 enables the calculation of the ELF function on a 3-dimensional grid, 

the assignment of the basins and the calculation of the basin populations and of their variance. 

The global electrophilicity index, ω,31 which measures the stabilization in energy when 

the system acquires an additional ∆N from the environment, is given by the following simple 

expression: ηµ=ω 2/2 , where µ is electronic chemical potential and η is the chemical 

hardness. Both the electronic chemical potential µ and chemical hardness η may be further 

approached in terms of the one electron energies of the frontier molecular orbital HOMO and 

LUMO, Hε and Lε , using the expressions ( ) 2/LH ε+ε=µ  and HL εε=η −  respectively.32 In 

addition, the nucleophilicity index is defined 33,34  as H(TCE)H εε=N −   where Hε  is the HOMO 

energy of the nucleophile and H(TCE)ε  is the HOMO energy of the tetracyano-ethylene (TCE) 

taken as reference. 

 

Results and discussion 

 

The present theoretical study has been divided into four parts: i) first, a complete 

exploration of the PES of the IMP reaction of ATCI 3-B yielding the formation of trans-5 is 

carried out; ii) then, an ELF topological analysis of some selected points along the IRC curve 

of the IMADA reaction of ATCI 3-B is performed in order to characterize the C-C bond 

formation processes and the nature of the mechanism; iii) and, an analysis of the DFT 

reactivity indices of ATCI 3-B is done in order to explain the polarity of the IMADA reaction 

involved in this IMP reaction; iv) finally, an analysis of the substituent effect on the cis/trans 

stereoselectivity of the IMADA reactions is performed. 

 

i) Study of the mechanism of the IMP reaction of ATCI 3-B yielding trans-5. 

 

The IMP reaction of ATCI 3-B yielding trans-5 is a domino reaction that compresses 

two consecutive reactions: i) a LA promoted IMADA reaction of ATCI 3 to afford the formal 

[4+2] CA trans-4; and ii) a 1,3-H shift in trans-4 to give the final chromeno acridine trans-5. 

Due to the asymmetry of ATCI 3-B, three competitive reaction channels for the approach of 

the C5-C6 double bond of the tether to the imine C1 carbon are feasible in this IMADA 

reaction. Formation of different formal [4+2] CAs can be related to the two regioisomeric 
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channels corresponding to the fused and bridged cyclisation modes, and two cis and trans 

stereoisomeric approach modes for the fused channel (see Scheme 3-a). Note that the bridged 

channel is not stereoselective in reason of the presence of two identical methyl groups on C5 

atom of ATCI 3-B (see Scheme 3-a). Experimental results14 indicate that the IMADA reaction 

associated with this IMP reaction presents a high trans selectivity, and a complete fused 

regioselectivity with the main formation of the trans-fused isomer trans-4-B (see Scheme 1). 

Note that the subsequent 1,3-H shift involved in this IMP reaction does not modify the trans 

stereochemistry of the final chromeno acridine trans-5 (see Scheme 1). In order to explain the 

regio- and the stereoselectivity experimentally observed, the three feasible reactive channels, 

namely, the trans/fused, the cis/fused and the bridged channels associated with the non-

catalysed and with the LA catalysed IMADA reaction of ATCI 3 were explored and analysed. 

Analysis of the stationary points involved on the PES associated with the non-catalysed 

process shows that this IMADA reaction takes place via a one-step mechanism; no stable 

intermediates were located. Hence, three TSs, namely, TS-tf, TS-cf, and TS-b and the 

corresponding formal [4+2] CAs trans-4, cis-4 and 10, associated to the trans-fused, the cis-

fused and the bridged channels, respectively, were located and characterized in the gas phase 

(see Scheme 3-a). The B3LYP/6-31G(d,p) energies of the stationary points involved in the 

non-catalysed reaction (including ATCI 3) are given in Table S1 of the ESI†.  

 

The gas phase activation energy associated with the most favourable trans-fused 

channel is 34.6 kcal mol-1. The gas-phase activation energies for the non-catalysed reaction 

indicate that the trans-fused channel is 0.5 kcal mol-1 more favourable than the cis-fused one, 

and 30.6 kcal mol-1 than the bridged channel. Note that the very high barrier associated with 

the bridged channel, 65.2 kcal mol-1, which can be associated with the strain associated to 

reach the corresponding TS geometry, prevents the formation of the formal [4+2] CA 10. 

Consequently the bridged pathway is found to be very unfavourable. 

 

With the inclusion of the BF3 LA catalyst, the gas phase activation energies decrease to 

30.4, 35.9, and 52.8 kcal mol-1 for TS-tf-B, TS-cf-B, and TS-b-B, respectively (see Table 1), 

indicating that this IMADA reaction is accelerated by the LA catalyst, and that the trans-fused 

channel is 5.6 kcal mol-1 more favourable than the cis-fused one. Note that the bridged 

channel remaining clearly unfavourable. Thus, the most favourable reactive channels for this 

IMADA reaction is the fused ones associated with the C1–C6 bond formation (see Scheme 3-

a), in clear agreement with the experimental finding for the studied reaction.14   
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  The geometries of the TSs associated with the non-catalysed and LA catalysed 

IMADA reactions, together with the lengths of the two forming bonds, are given in Figure 1. 

For the non-catalysed reaction, the lengths of the two C-C forming bonds are 1.932 (C1–C6) 

and 2.354 (C4–C5) Å at TS-tf, 1.882 (C1–C6) and 2.426 (C4–C5) Å at TS-cf, and 1.795 (C1–

C5) and 2.609 (C4–C6) Å at TS-b. For the LA catalysed reaction, these lengths are 1.746 

(C1–C6) and 2.629 (C4–C5) Å at TS-tf-B, 1.853 (C1–C6) and 2.667 (C4–C5) Å at TS-cf-B 

and 1.765 (C1–C5) and 2.683 (C4–C6) Å at TS-b-B. We note that, for the fused channel, the 

lengths indicate that the TSs correspond to asynchronous C-C single bond formation 

processes in which the formation of the C1-C6 bond between the most electrophilic imine C1 

carbon and the most nucleophilic C6 carbon of ATCI 3 is more advanced than the C4-C5 one 

(see latter). In addition, coordination of the BF3 LA catalyst to the nitrogen atom of imine 

increases the asynchronicity of the reaction. 

 

The extent of the asynchronicity of the cycloaddition reactions can be measured through 

the difference between the lengths of the two single bonds that are being formed, that is, 

∆d=|d(C4-C5)- d(C1-C6)| for the fused channel and ∆d=|d(C4-C6)- d(C1-C5)| for the bridged 

channel. The ∆d values, for the non-catalysed reaction are 0.42, 0.54 and 0.81 Å for TS-tf, 

TS-cf, and TS-b respectively, indicating that the most favourable TS-tf, is the least 

asynchronous one. The ∆d values for the LA catalysed reaction are 0.88, 0.81 and 0.91 Å at 

TS-tf-B, T-cf-B, and TS-b-B, respectively. Inclusion of the BF3 LA catalyst increases the 

asynchronicity of these IMADA reactions considerably. Note that the high asynchronicity 

found at TS-b and TS-b-B is a consequence of the strain developed at the corresponding 

bridged TSs and no to the electronic nature of the cycloaddition reactions. 

 

The extent of bond formation along a reaction pathway is also provided by the concept 

of bond order (BO).23 At the TSs associated to the fused reaction channels the BO values of 

the two forming bonds are: 0.55 (C1–C6) and 0.30 (C4–C5) for TS-tf, 0.72 (C1–C6) and 0.19 

(C4–C5) for TS-tf-B, 0.59 (C1–C6) and 0.28 (C4–C5) for TS-cf, 0.61 (C1–C6) and 0.15  

(C4–C5) for TS-cf-B, while at the TSs associated to the bridged reaction channel, the BO 

values are: 0.68 (C1-C5) and 0.27 (C4–C6) for TS-b and 0.71 (C1-C5) and 0.22 (C4–C6) for 

TS-b-B. In all the fused TSs, the C-C bond formation involving the imine C1 carbon atom is 

more advanced than that involving the C4. Along the bridged channels, coordination with the 

BF3 LA catalyst leads to a significant increase of the asynchronicity of the bond formation. 
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The polar nature of these IMADA reactions was analysed by computing the GEDT39 

along the intramolecular cycloaddition reaction. The natural atomic charges at the gas phase 

TSs, obtained through a natural population analysis (NPA)24 were shared between the LA 

imine complex and the tether frameworks. For these IMADA reactions, the GEDT that takes 

place from the ethylene to the 2-azadiene frameworks at the fused TSs are 0.15e at TS-tf, 

0.16e at TS-cf for the non-catalysed processes, and 0.41e at TS-tf-B and 0.33e at TS-cf-B for 

the LA catalysed ones. The high GEDT computed in the LA catalysed reaction points to the 

high polar character of the reaction. A comparison of the GEDT values for the non-catalysed 

and the LA catalysed reactions evidence the importance of the LA catalysts in the increase of 

the polarity of IMDA reactions, thus allowing the IMADA reaction to take place with a lower 

activation energy.35 

 

The second reaction of this domino process is a formal 1,3-H shift, allowing the 

conversion of compound trans-4 into the thermodynamically more stable tautomer trans-5, in 

which the aromatic ring is regenerated. Several theoretical studies have shown that the 

intramolecular process is very unfavourable due to the formation of a very strained four 

membered TS.36 The TS associated with the intramolecular 1,3-H shift of the formal 

cycloadduct trans-4 into the final product trans-5 via TS-5-tf (see Scheme 3-b), presents a 

very high energy, 78.0 kcal mol-1 (see Table 1) ruling out the direct 1,3-H shift. Formation of 

the final THQ trans-5 from trans-4 is strongly exothermic, -29.8 kcal mol-1. We note that the 

trans-5 product is found more stable than the corresponding cis-5 product by 0.7 kcal mol-1. 

Due to the acidic character of the hydrogen involved in the tautomerisation, this process 

can be promoted by any basic species present in the reaction.37 To model the intramolecular 

process, we selected the cyclic enamine 11 (see Scheme 3-b), which would reproduce the 

basic character of chromeno[2,3-c]acridine trans-4. The TS associated with the proton 

abstraction from trans-4 through the basic enamine 11, via TS-6, was found 10.7 kcal mol-1 

(see Table 1) above the hydrogen-bonded complex trans-4+11; and the formation of the 

zwitterionic intermediate IN1 being endothermic by 10.6 kcal mol-1. The subsequent step of 

this stepwise process is the cession of the proton present in the ammonium cation of 11 to the 

N nitrogen atom of trans-4. This acid/base process did not present any appreciable barrier. 

Therefore, when the two ionic species are approached, the proton transfer process to yield 

trans-5 + 11 takes place easily and quickly. 
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The geometries of the TS-5-tf and TS-6 involved in the intra- an intermolecular 1,3-H 

shifts are given in Figure 2. At TS-5-tf, associated with the intramolecular 1,3-H shift, the 

lengths of the C4-H7 breaking and N2-H7 forming bonds are 1.296 and 1.551 Å, 

respectively. At this very unfavourable four-membered TS, the C4-H7 breaking bond is more 

advanced than the N2-H7 forming bond. At TS-6, associated with the first step of the 

intermolecular 1,3-H shift, the length of the C4-H7 breaking bond is 1.569 Å, while the 

length of the H7-N8 forming bond is 1.234 Å (see Schemes 3 for atom numbering). 

 

Thermodynamic calculations for the two (cis/trans) fused channels, associated with the 

LA catalysed IMP reaction in acetonitrile, were performed at the MPWB1K/6-311G(d,p) 

level using gas phase MPWB1K/6-31G(d,p) optimized geometries (given in Table S2 of the 

ESI†). Relative enthalpies, entropies and Gibbs free energies are summarised in Table 2. The 

activation enthalpy associated with the formation of trans-4-B via TS-tf-B is 17.4 kcal mol-1. 

The activation enthalpy of this LA catalysed IMADA reaction is 6.0 kcal mol-1 higher in 

energy than that associated with the nucleophilic attack of the ER vinyl ether 7 on the imine 

carbon of LA complex 6,16 11.4 kcal mol-1 (see Scheme 2). This behaviour can be related to 

the more nucleophilic character of the ER vinyl ether 7 than that of alkene tether of ATCI 3 

(see later). When entropic factors and experimental temperature are added to the enthalpies, 

activation Gibbs free energy rises to 19.4 kcal mol-1. Interestingly, this energy value is lower 

than that associated with the nucleophilic attack of ER vinyl ether 7 on the imine carbon of 

the LA complex 6,16 28.3 kcal mol-1. This behaviour is due to the unfavourable activation 

entropy associated with the intermolecular process, which has an unappreciable incidence in 

these IMADA reactions. The activation Gibbs free energy associated with the formation of 

trans-fused CA trans-4-B via TS-tf-B is 3.6 kcal mol-1 lower in energy than that associated 

with the formation cis-fused CA cis-4-B, indicating the favoured formation of trans-4-B. 

Finally, formation of the formal [4+2] CAs trans-4-B are more exergonic than the cis-4-B by 

ca 6.8 kcal mol-1.This thermochemical analysis shows that in spite of the fact that the 

activation enthalpy associated with formation of trans-4-B is higher than that associated with 

intermolecular A-DA reaction involving ER vinyl ether 7, the intramolecular mode involved 

in the formation of trans-4-B, which does not present an appreciable activation entropy, 

makes it possible the IMP reaction to take place. 
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ii) ELF bonding analysis along the IMADA reaction of ATCI 3-B. 

 

A great deal of work has emphasized that the ELF topological analysis of the bonding 

changes along a reaction path is a powerful tool to establish the molecular mechanism of a 

reaction.38 After an analysis of the electron density, ELF provides basins which are the 

domains in which the probability of finding an electron pair is maximal. The basins are 

classified as core and valence basins. The latter are characterized by the synaptic order, i.e. 

the number of atomic valence shells in which they participate.28e Thus, there are 

monosynaptic, disynaptic basins and so on. Monosynaptic basins, labelled V(A), correspond 

to lone pairs or non-bonding regions, while disynaptic basins, labelled V(A,B), connect the 

core of two nuclei A and B and, thus, correspond to a bonding region between A and B. This 

description recovers the Lewis bonding model, providing a very suggestive graphical 

representation of the molecular system which is very helpful since it provides a direct access 

to the chemical understanding. A quantitative analysis is performed through the integration of 

the electronic density ρ(r) in the volume of the ELF basin Ω. The integrated basin population 

(Ni) of given basin i is calculated by Ni = ∫ ρ(r) dr. Following the Ni along a calculated path is 

a useful technique that allows on to identify the specific flows of the electronic charge 

occurring a chemical reaction and provides a rational characterization of chemical concepts 

such as bond forming/breaking process, obtaining new insights on the reaction mechanism. 

 

A number of ELF topological analyses characterizing the mechanisms of significant 

organic reactions involving the formation of new C-C single bonds has shown that it begins in 

the short C-C distance range of 1.9 - 2.0 Å by merging two monosynaptic basins, V(Cx) and 

V(Cy), into a new disynaptic basin V(Cx,Cy) associated with the formation of the new Cx-Cy 

single bond.39 The Cx and Cy carbons characterized by the presence of the monosynaptic 

basins, V(Cx) and V(Cy) are called pseudoradical centers.40 

  

In order to understand the molecular mechanism of the IMADA reaction of ATCI 3-B 

yielding trans-4-B, a ELF topological analysis of the B3LYP/6-31G(d,p) wavefunction of 

some relevant points of the IRC associated with TS-tf-B was performed. The N populations 

of the most significant ELF valence basins at specific points along the two IRCs are displayed 

in Table 3. The ELF attractor positions and atom numbering for the most relevant points are 

shown in Figure 3. 
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An ELF attractor schematic picture of 3-B, d(C1-C6)= 3.284 Å and d(C4-C5)= 4.017 Å, 

shows two disynaptic basins associated with the C1-N2 and N2-C3 bonds, V(C1,N2) and 

V(N2,C3), integrating 2.96e and 1.96e, respectively, one V(C3,C4) disynaptic basin, 

integrating 2.91e, and two disynaptic basins associated with the C5-C6 double bond of the 

isobutene fragment, V(C5,C6) and V’(C5,C6), integrating a total of 3.66e. As expected, the 

integration of the V(C3,C4) disynaptic basins is in agreement with the integration of the C-C 

bonding region in an aromatic compound. Along the IMADA reaction, the V(C3,C4) 

disynaptic basin is reduced to reach 2.13e in trans-4-B. On the other hand, the population of 

the V(C1,N2) disynaptic basin indicates that the C1-N2 bonding regions in 3-B shows a 

strong depopulation as a consequence of the coordination of the LA BF3 to the imine N2 

nitrogen. 

 

At P1, d(C1-C6) = 1.963 Å and d(C4-C5) = 2.758 Å, one of the most relevant features 

along the IRC can be observed. The ELF attractor schematic picture of P1 shows the presence 

of two monosynaptic basins, V(C1) and V(C6), integrating 0.51e and 0.36e, respectively (see 

Figure 3). These monosynaptic basins characterize the two pseudodiradical centers 

responsible for the subsequent C1-C6 bond formation.39 At this point of the IRC the two 

V(C5,C6) and V’(C5,C6) disynaptic basins present in 3-B have merged into one V(C5,C6) 

disynaptic basin, integrating 2.78e. 

 

At TS-tf-B, d(C1-C6) = 1.746 Å and d(C4-C5) = 2.630 Å, the second more relevant 

feature along the IRC can be observed. The two V(C1) and V(C6) monosynaptic basins 

present in P1 have merged into a new V(C1,C6) disynaptic basin, integrating 1.39e (see 

Figure 3).39 This high value indicates that at TS-tf-B the formation of the first C1-C6 single 

bond is very advanced. At this point of the IRC, the C5-C6 bonding region of the isobutene 

fragment has been depopulated by ca 1e. On the other hand, no monosynaptic basins at the C4 

and C5 carbon atoms can be observed yet. ELF topological analysis of TS-tf-B accounts for 

the non-concerted C-C single bond formation along this IMADA reaction: while the 

formation of the C1-C6 single bond is very advanced, the formation of the C4-C5 single bond 

has not started yet. 

 

At the selected P2, d(C1-C6) = 1.643 Å and d(C4-C5) = 2.395 Å, the presence of two 

new V(C4) and V(C5) monosynaptic basins, integrating 0.41e and 0.14e, respectively, is 
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observed (see Figure 3). These monosynaptic basins characterize the two pseudodiradical 

centers responsible for the subsequent C4-C5 bond formation. At this point of the IRC, the 

V(C1,C6) disynaptic basin has reached 1.64e. Note that this electron density represents     

0.87 % of the electron-density of the V(C1,C6) disynaptic basin in trans-4-B. Consequently, 

P2 shares the one-step mechanism into two different stages; the C1-C6 single bond involving 

the most electrophilic centre of 3 is being formed along the first stage, while the formation of 

the second C4-C5 single bond along the ring closure takes place at the end of the second 

stage. Consequently, the mechanism of this IMADA reaction should be classified as a non-

concerted two-stage one-step mechanism.41 Bonding changes along this intramolecular 

process show a similar patterns than that found along the intermolecular A-DA reaction 

between the LA complex 6 and ER vinyl ether 7.16 The main difference between both 

mechanisms is the presence on a stable zwitterionic intermediate in the later with a similar 

geometry to that found at P2.  

 

At P3, d(C1-C6) = 1.584 Å and d(C4-C5) = 2.054 Å, the two monosynaptic basins 

present in P2 have merged into a new V(C4,C5) disynaptic basin, integrating 1.22e (see 

Figure 3). This topological change stresses the formation of the second C4-C5 single bond 

along this non-concerted IMADA reaction. At this point of the IRC, the V(C1,C6) disynaptic 

basin has reached 1.79e. 

 

Finally, at trans-4-B, d(C1-C6) = 1.557 Å and d(C4-C5) = 1.611 Å, the two disynaptic 

basins associated with two single bonds formed in this IMADA reaction have reached an 

electron density of 1.88e (C1-C6) and 1.78e (C4-C5). At trans-4-B, while the V(C5,C6) 

disynaptic basin has been depopulated to 1.95e, the V(N2,C3) one have reached 2.80e. 

 

Some appealing conclusions can be drawn from this ELF topological analysis: i) ELF 

topology of TS-tf-B asserts the non-concerted nature of this one-step IMADA reaction. While 

the formation of the first C1-C6 single bond has already started with an electron density of 

1.39e, at a C-C distance of  1.746 Å, formation of the second C4-C5 bond has not started yet; 

ii) the presence of the two V(C1) and V(C6) monosynaptic basins at P1 with a C1-C6 

distance of 1.963Å is in agreement with the recently proposed model for the C-C single bond 

formation, which establishes that it takes place in the short range of 2.0-1.9 Å;39                   

iii) formation of the second C4-C5 single bond takes place at a C4-C5 distance of 2.054 Å; 
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iv) while formation of the first C1-C6 single bond takes place along the intermolecular 

nucleophilic attack of the C6 carbon of the isobutene moiety on the imine C1 carbon, 

formation of the second C4-C5 single bond is attained via an intramolecular electrophilic 

attack of the C5 carbon of the isobutene moiety on the aromatic C4 carbon. 

 

iii) Analysis of the global reactivity indices of the reagents involved in IMADA reactions. 

 

Finally, the nature of the IMADA reactions were analysed using the reactivity indices 

defined within the conceptual DFT.42 The global indices, namely electronic chemical potential 

µ, chemical hardness η, global electrophilicity ω and global nucleophilicity N indices, for the 

reagents involved in these reactions are given in Table 4. 

ATCI 3 presents an electrophilicity ω index of 1.92 eV, being classified as a strong 

electrophile,43 and a nucleophilicity N index of 3.68 eV, being classified also as a strong 

nucleophile.44 This ambiphilic behaviour is a consequence of the presence of imine 

framework and the trisusbtitued alkene appendage inside ATCI 3. Note that the high 

electrophilic character of imine 3 is not strong enough to make the reaction experimentally 

feasible and, thus, an electrophilic activation is necessary. 

Coordination of the BF3 LA to the imine N2 nitrogen of ATCI 3 increases the 

electrophilicity ω index of complex 3-B to 2.54 eV and provokes a decrease of the 

nucleophilicity N index to 3.11 eV. In spite of this decrease, 3-B remains classified as a strong 

nucleophile. This electrophilic activation accounts for the effect of the LA catalyst favouring 

the intramolecular nucleophilic attack of the ethylene moiety on the imine one through a more 

polar process,36 in clear agreement with the GEDT found at TS-tf-B, and TS-cf-B. 

 

iv) Analysis of the substituent effect on the cis/trans stereoselectivity of the IMADA reactions  

 

Experimentally,14 it has been found that the preparation of 5H-chromeno[2,3-c] acridine 

derivatives through the IMADA reaction of alkene-tethered chromene-3-carboxaldehyde with 

various aromatic amines leads always the trans-isomer as the major product, indicating that 

the stereoselectivity of these reactions is not influenced by the substitution. In order to give a 

deeper insight on the absence of substituent effect on this experimental finding, we have 

performed calculations for a series of experimental reactions14 (see Scheme S1-a and Table 

S3 of the ESI†) including both electron-withdrawing and electron-releasing groups. The 

obtained results reveal that the trans stereoisomer is found to be more favored than the cis one 
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in all cases 11B-18B as found experimentally. The difference in energy between the cis/trans 

TSs varies in the range 4.3 (for 11-B) to 6.2 kcal mol-1 (for 18-B). The trans products are also 

found to be more stable than the cis ones in all cases. These results put in evidence that the 

trans isomers are more favored than the cis ones both kinetically and thermodynamically as 

expected experimentally.14 The calculations were performed also for some reduced (non-

experimental) models (see Scheme S1-b and Table S3 of the ESI†). In the reduced model   

19-B, the two methyl groups on the dienophile framework of 3-B are eliminated. In the 

reduced model 20-B, a phenyl group of the tether chain is eliminated and in model 21-B, both 

the two methyl and the phenyl groups of 3-B are eliminated. The obtained results show that 

the trans isomers are always more favored than the cis ones by 3.5 to 5.4  kcal mol-1, 

indicating,  that there is no substituent effect on the cis/trans selectivity of these IMADA 

reactions.14  

 

The values of the electrophilicity index, ω, and the nucleophilicity index, N, for both 

experimental 11B- 18B and non-experimental 19B- 21B ATCI derivatives are given in Table 

S4 of the ESI†. It turns out that the values of ω and N are slightly influenced by the nature of 

substituents. We note that the polar character of these IMADA reactions, which can be 

approached by the sum of the ω and N indices, is found to be practically unaffected. These 

results can explain the fact that the polarity, and consequently the activation energies, of the 

IMADA reactions are very slightly influenced by the electronic nature and the position of the 

substituents, in clear agreement with the computed activation energies for the corresponding 

IMADA reactions (see Table S3 of the ESI†). 

 

 

Concluding remarks   

 

The mechanism, the regio- and the stereoselectivity of the IMP reaction leading to the 

formation of the 5H-chromeno[2,3-c]acridine derivatives have been studied using DFT 

methods at the B3LYP/6-31G(d,p) and MPWB1K/6-311G(d,p) levels of theory. This IMP 

reaction is a domino process that comprises two sequential reactions: i) a BF3 Lewis acid 

catalysed IMADA reaction of alkene tethered chromene imine to afford a formal [4+2] CA; 

and ii) an 1,3-H shift in this CA to give the final chromeno acridine. The three reaction 

pathways associated to trans-fused, cis-fused, and bridged cyclisation modes have been 
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analysed. Gas phase DFT calculations show that in both non-catalysed and BF3 LA catalysed 

processes, the trans-fused channel yielding to the formation of the final product trans-5 is 

favoured both kinetically and thermodynamically, in clear agreement with experimental 

findings. 

Thermochemical calculations show that in spite of the high activation enthalpy 

associated with formation of trans-4-B, the intramolecular mode of the IMADA reaction, 

which does not present appreciable activation entropy, makes it possible the IMP reaction to 

take place. 

The ELF topological analysis of selected points along the IRC curve shows that the 

IMADA reaction follows a non-concerted two-stage one-step mechanism. At TS-tf-B the 

formation of the first C1-C6 single bond has already started, while the formation of the 

second C4-C5 single bond has not started yet. 

Analysis of the global reactivity indices of ATCIs 3 and 3-B indicates that both 

compounds present ambiphilic behaviors. Coordination of the BF3 LA to the nitrogen atom of 

ATCI 3 increases the electrophilicity ω index of complex 3-B and provokes a decrease of the 

nucleophilicity N index. In spite of this decrease, 3-B remains classified as a strong 

nucleophile. Consequently, the LA catalyst permits the IMADA reaction to take place through 

a more polar process with lower activation energy.   

Analysis of the substituent effect on the cis/trans stereoselectivity, for various  

derivatives of the catalysed ATCI, reveals that the trans selectivity is favoured independently 

on the electronic nature and the position of substituents, in clear agreement with the 

experimental outcomes.  
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Scheme 1. Multi-component reaction between the alkene tethered chromene-3- 
                   carboxyaldehyde 1 and aniline 2. 
 

Page 20 of 30RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



21 

 

     

F3BN +

OMe

TS1n TS2n F3BN
H

OMe

Ph

6 7

F3BN

OMe

Ph

8 9  

 

Scheme 2 

 

 

 

Page 21 of 30 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



22 

+

N
H

O

N
H

H O

NH
H

H

H

trans-4 11 trans-5

TS-6

N
H2

O

N
H

H

IN1

TS-5-tf (trans-4 trans-5)

N
H

11

+

7

8

O

N

O

N

O

N

H

H

H

H

TS-tf-B

trans-4-B

cis-4-B

Trans

Cis

TS-b-B
N

O

H

1
2

3

4

5
6

3-B

channel

bridged

channel

TS-cf-B

fused

LA

LA

LA

LA

a) Intramolecular LA catalyzed aza-Diels-Alder reaction

b)1,3-hydrongen shif t

10-B

 

 

Scheme 3 

 

 

 

 

 

 

 

Page 22 of 30RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



23 

 Non-catalysed reaction                                            Catalysed reaction 

  

           

TS-tf
518i

GEDT=0.15

TS-tf-B
201i

GEDT=0.41
 

 

                                 

TS-cf
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349i

GEDT=0.33
 

 

                                                

TS-b
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GEDT=0.19

TS-b-B
247i

GEDT=0.33
 

 

Figure 1. B3LYP/6-31G(d,p) gas phase geometries of the trans-fused, cis-fused and bridged 
transition states for the IMADA reactions of ATCI 3 (a) in absence of the BF3 LA catalyst; 
and (b) in presence of the BF3 LA catalyst. Bond distances are given in Å units, imaginary 
frequencies in cm-1 and GEDT in e units. 
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TS-5-tf
1690i

TS-6
1045i  

 

Figure 2. B3LYP/6-31G(d,p) 1,3-H shift transition states for the domino IMADA process. 
Bond distances are given in Å units and imaginary frequencies in cm-1. 
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Figure 3. ELF attractor positions in TS-tf-B and in some relevant points of the IRC (P1, P2 
and P3) involved in the formation of the new C1-C6 and C4-C5 single bonds. 
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Table 1. B3LYP/6-31G(d,p) total (E, in a.u.) and relative (∆E, in kcal mol-1) energies in the presence 
of BF3 catalyst of the stationary points involved in the trans and cis stereoisomeric pathways of the 
IMADA reaction of ATCI 3-B and of the 1,3-H shift for the favoured trans channel. 
 
 

 

 

 

 

                 
   

 

 

 

 

 

 

                          a Relative to reactant 3-B 

                          b Relative to trans-4 +11 complex 

                          c Relative to trans-4  
                          d Relative to cis-4 
 

   IMADA reaction               1,3-hydrogen shift 
 E  ∆Ea    E  ∆E  

3-B -1346.069196    trans-4+11 -1272.152041     
TS-tf-B -1346.020772   30.4 TS-6 -1272.134988  10.7b

 

TS-cf-B -1346.011914  35.9 IN1 -1272.135132  10.6b
 

TS-b-B -1345.984982  52.8 trans-5+11 -1272.192387 -25.3b
 

trans-4-B -1346.065708    2.2 trans-4 -1021.478530  
cis-4-B -1346.065034    7.6 cis-4 -1021.476399  
10-B -1345.986425  51.9 TS-5-tf -1021.354303  78.0c

 

   trans-5 -1021.525991 -29.8c
 

    cis-5  -1021.522845  -29.1d
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Table 2. MPWB1K/6-311G(d,p) total and relative enthalpies (H, in a.u., and ∆H, kcal mol-1), 
entropies (S, in kcal K-1mol-1 and ∆S, in kcal K-1mol-1), Gibbs free energies (G, in a.u., and ∆G, in kcal 
mol-1), computed at 25.0 °C and 1.0 atm, in acetonitrile, of the stationary points involved in the trans 
and cis stereoisomeric pathways of the IMADA reaction of ATCI 3-B and of the 1,3-H shift for the 
favoured trans channel. 
 

  H ∆H S  ∆S  G  ∆G 

IMADA reaction  
3-B -1345.301822     169.515    -1345.382365   
TS-tf-B -1345.274138  17.4a 162.614   -6.9a -1345.351401  19.4a

 

TS-cf-B -1345.268138  21.1a 163.424   -6.1a -1345.345786  23.0a
 

trans-4-B -1345.322636   -13.1a 157.491 -12.1a -1345.397465   -9.5a
 

cis-4-B -1345.311639  -6.1a 157.854 -11.7a -1345.386640   -2.7a
 

 
1,3-H shift 
trans-4+11 -1271.167520  176.013   -1271.251149    
TS-6 -1271.176812  -5.8b 167.519 -8.5b -1271.256405   -3.3b

 

IN1 -1271.188089   -12.9b 172.140 -3.9b -1271.269879 -11.8b
 

trans-5+11 -1271.245134   -48.7b 173.613   -2.4b -1271.329911 -49.4b
 

trans-4 -1020.734362  144.573  -1020.803054    

TS-5-tf -1020.611561  77.1c 141.050 -3.5c -1020.678578  78.1c
 

 trans-5  -1020.779945    -28.6c  143.888 -0.7c -1020.848311  -28.4c
 

 a Relative to reactant 3-B 

 b Relative to trans-4+11 complex 
 c Relative to trans-4 
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Table 3. More relevant valence basin populations V (in e units) calculated from the ELF of some 
selected points associated with the formation of the C1-C6 and C4-C5 single bonds along the IMADA 
reaction of 3-B. Distances are given in Å. 
 

 3-B P1 TS-tf-B P2 P3 trans-4-B 

d(C1-C6) 3.284 1.963 1.746 1.643 1.584 1.557 

d(C4-C5) 4.017 2.758 2.630 2.395 2.054 1.611 

 
V(C1,N2) 2.96 2.17 1.94 1.86 1.83 1.78 

V(N2, C3) 1.96 2.03 2.15 2.32 2.56 2.80 

V(C3,C4) 2.91 2.84 2.89 2.53 2.30 2.13 

V(C5,C6) 1.85 2.78 2.49 2.29 2.09 1.95 

V'(C5,C6) 1.81 - - - - - 

V(C1) - 0.51 - - - - 

V(C6) - 0.36 - - - - 

V(C1,C6) - - 1.39 1.64 1.79 1.88 

V(C4) - - - 0.41 - - 

V(C5) - - - 0.14 - - 

V(C4,C5) - - - - 1.22 1.78 
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Table 4. B3LYP/6-31G(d,p) electronic chemical potential µ, chemical hardness η, global 
electrophilicity ω and global nucleophilicity N indices, in eV units, of ATCI 3 (non-catalysed reactant) 
and ATCI 3-B (catalysed reactant). 
 

µ η ω N 

3  -3.68  3.52 1.92 3.68 

3-B  -4.24  3.54 2.54 3.11 
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