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Abstract
The present work reports the theoretical study of the reaction between anthrones and maleimides organocatalyzed by bifunc-
tional thiourea. It has been observed that the substituents attached to the reactant determine the reaction path, which in turn 
induces the formation of different products. Our mechanistic study has explored the various possible routes for the product 
formation. We observed that the non-covalent interactions specifically the N–H⋯O and C–H⋯O play a decisive role in 
deciding the fate of stereoselectivity of the products. The formation of favoured/disfavoured products is accounted on the 
basis of energy profiling. The reaction results in outstanding yields and enantioselectivities of Diels–Alder cycloadduct when 
N-phenylmaleimide is used as dienophile (99% ee, RR configuration), whereas Michael adduct is formed as a major product 
on using N-(4-trifluoromethylphenyl)maleimide (99% ee, S configuration). These theoretically obtained results are in line 
with the experimentally observed values. The difference in the reactant stimulates the variation in the interactions, and these 
insights can eventually aid the experimentalists to design subsequent experiments in the future.
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1  Introduction

Organocatalysts have embarked a new paradigm in synthetic 
methodology attributing to its ability of forming hydrogen 
bonds [1]. The innate capability of forming hydrogen bonds 
and to orient a favourable spatial arrangement has proven 
entities such as squaramides [2], guanidinium ions [3], and 
(thio)ureas [4–6], to be promising catalyst structures [7]. 
Takemoto introduced chiral bifunctional catalysts possessing 
a 3,5-bis(trifluoromethyl)phenyl group which increases the 
acidic character of the thiourea, thus enhancing its ability 
of hydrogen bonding (HB) [8]. It has emerged as one of the 
dominant systems in number of organocatalytic moieties for 
inducing chirality.

In particular, thiourea-based amines have indeed been 
proved efficient as multifunctional organocatalysts in asym-
metric Michael addition (MA), Diels–Alder (DA) reac-
tion, Mannich reaction, Henry reaction, Strecker reaction, 
MBH reaction, and related annulations [9, 10]. Zea et al. 

have reported an engrossing study on bifunctional thiourea 
chiral catalysed reaction between anthrone and maleimide 
in present of toluene as the solvent, as shown in Scheme 1. 
The key observation of their work was that the substituent 
attached on a moiety solely plays a decisive role in alter-
ing the fate of products [11]. The presence of phenyl as a 
substituent on maleimide favours the formation of R,R—
DA product (90% ee), whereas N-(4-trifluoromethylphenyl)
maleimide provides the S—MA (97% ee). The calibre of 
substituents to cause a variance in chiral product formation 
intrigued us to compute the reaction mechanism of DA and 
MA reactions.

Computational chemistry has turned out essential to study 
the course of reaction since it provides information on the 
reactivity of the species at each step, allowing researchers 
to adjust the entities for future study. Our prior research 
focused on the effect of organocatalysts on product enanti-
oselectivity, and in this study we are delighted to investigate 
the effect of substituents connected to a reactant, which thus 
leads to the formation of different products [12]. Herein, we 
highlight the significant factors, asserting the energetically 
feasible route through which the organocatalytic species 
relate to the intermediate bearing negatively charged oxy-
gen which are stabilized by the non-covalent interactions. A 
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simultaneous donation of two (or more) hydrogen bonds and 
the presence of C–H⋯O / N–H⋯O interaction has caused 
these systems to be highly influential in determining the 
stereoselectivity of the reaction [7, 13, 14]. Our in-depth 
mechanistic examination elucidates the experimental find-
ings, and the computed enantioselectivity is in well agree-
ment with the observed results. The work reported in this 
paper should be helpful for explaining the role of substitu-
ents and thus be fruitful for the rational design of precursors 
for organic synthesis.

2 � Methodology

The geometry optimization of the entities involved in the 
current work was performed using the Gaussian 09 pro-
gram [15]. The B3LYP functional along with a basis set 
6-31+G(d,p) has been found reliable in estimating the 
geometries for the MA and DA reactions [16–22]. Houk 
and coworkers further demonstrated that Minnesota func-
tional (M06) provides reliable energies of reactant, TSs, 
intermediates and products of organic species [23]. Hence, 
in order to obtain reliable geometries and energies we 
have performed computations at M06-2X/6-31+G(d,p)//
B3LYP/6-31G and B3LYP/6-31+G(d,p)//B3LYP/6-31G 
level of theory [24–27]. In addition, the influence of the 
solvent was confirmed in the toluene environment by per-
forming single-point electronic structure calculations at the 
same level employing an implicit CPCM model [28]. The 
stability of the entities at the ground state was ascertained 
by the absence of imaginary frequencies, while the tran-
sition structures were defined by the existence of a single 
imaginary frequency. The obtained transition structures were 

subjected to intrinsic reaction coordinate (IRC) scan, thereby 
ensuring the connectivity between the reactant and the inter-
mediate/product [29, 30]. The Cartesian coordinates of all 
the structures are presented in the SI.

3 � Results and discussion

3.1 � Analysing the most basic site in the bifunctional 
thiourea organocatalyst

The Takemoto thiourea consists of three nitrogen atoms, and 
so, in order to examine their basicity we calculated the pro-
ton affinities of each nitrogen atom. [20]. The proton affinity 
calculations were performed in both gas phase and solvent 
phase, the values of which are listed in Table S1. These 
computationally evaluated values enable us to infer the fol-
lowing facts that the lone pair of electrons contained in 16 N 
and 20 N undergo electron delocalization and thus possess 
relatively less electron density as compared to the 36 N atom 
present as tertiary amine whose lone pair of electrons are 
readily available [31]. The nitrogen and sulphur atoms of the 
thioamide group are sp2 hybridized, and so, the sp3 hybrid-
ized nitrogen (36 N) present in the tertiary amine acts as the 
basic site available for protonation. The two methyl groups 
attached on the nitrogen, through their + I effect, enhance 
the basicity of 36 N. The basicity has also been checked 
by mapping the total electron density on the organocatalyst 
through molecular electrostatic potential map (MEP) [32]. 
The highly positive electrostatic potential is indicated by red 
colour, and so from Figure S1 we can conclude that 36 N is 
the most basic site of the organocatalyst.

Scheme 1   Enantioselective reaction between anthrone (1) and N-phenylmaleimide (dn)/N-(4-trifluoromethyl phenyl)maleimide (dn`) organo-
catalysed by Takemoto thiourea catalyst (TTC​) resulting in the formation of Diels–Alder and Michael adduct
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3.2 � Reaction of anthrone and N‑phenylmaleimide 
assisted by Takemoto thiourea catalyst

3.2.1 � Energy profiling of the reaction between anthrone 
and N‑phenylmaleimide

The possible mechanism of the reaction catalysed by Take-
moto thiourea (TTC​) between anthrone (1) and N-phe-
nylmaleimide (dn) is shown in Scheme 2. Figures S2, S3 
and S4 of the SI provide the optimized structures of 1, dn 
and TTC​ in the gas phase displayed in green, blue and red, 
respectively, for better visualization. The N atom present as 
tertiary amine, N36, of TTC​ abstracts the acidic proton of 1. 
Eventually, it leads to the formation of 2 through the transi-
tion state (1–2)‡ with an energy barrier of 20.3 kcal/mol (see 
Figures S5, S6 and S7a). The oxy-anion form of 1 eventually 
exhibits charge migration. The charge analysis was studied 
through ChelpG and NBO [33]. Compared to the deproto-
nated carbon, the oxygen atom of the deprotonated 1 had a 
higher negative charge indicating high electron density from 
initial − 0.69 to − 0.72 (see Figure S8 and Table S2 of SI). 
Consequently, deprotonated 1 experiences a dipole–dipole 
interaction with the protonated TTC​, resulting in 3 with 
25.7 kcal/mol stabilization energy (see Figure S9 of SI). 
The dn can bind to 3 either from the right-hand side or the 

left-hand side, resulting in 4RHS and 4LHS, respectively (see 
Figure S10 and S11 of SI). It is primarily anticipated that 
these conformers will be stabilized through hydrogen bond-
ing (HB) between the catalyst hydroxyl group and dn.

The stabilization energy of conformer 4RHS is 11.6 kcal/
mol, whereas 4LHS was stabilized by 2.0 kcal/mol. This can 
be due to the difference in the binding mode, the dn in 4RHS 
exhibits N–H⋯O bonding with O...H having a bond length 
of 1.84 Å (see Figure S10), whereas in 4LHS the dn is far 
away from the thioamido group, and so, instead of forming 
N–H⋯O bonding, it shows the presence of C–H⋯O inter-
action as dn is closer to the methyl group adjacent to the 
protonated N36 (as presented in Scheme 2) [12]. In general, 
C–H⋯O hydrogen bonds stimulated by ammonium cations 
have evolved as a significant interaction for drug design 
[14]. 4LHS possesses a short C–H⋯O contact with a dis-
tance between H⋯O of 2.22 Å (see Figure S11), i.e. 0.38 Å 
shorter than the typical van der Waals separation (i.e. 2.6 Å) 
[13]. The HB length of 1.84 Å in 4RHS can be considered 
as a moderate HB and that of 2.22 Å HB in 4LHS as a weak 
HB, in accordance to the values reported by Rozas [34]. 
Therefore, 4RHS showed greater stability owing to N–H...O 
compared to 4LHS in the present case. The interconversion 
of the two conformers above is supposed to be simple as it 
has to cross the rotational barrier alone that is less than the 

Scheme 2   A Mechanized asymmetric Diels–Alder reaction between 1 and dn catalysed by TTC​ 
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reaction activation energy [35]. It is also important to notice 
that, as per Brinck and coworkers, there is a decrease in the 
energy of the LUMO of dn if an organocatalyst binds to 
the electron-withdrawing group (EWG) of dn [36]. In the 
present case, due to the interaction of catalyst with dn, we 
also experienced a reduction of LUMO energy by 15.8 kcal/
mol. We have also analysed the global reactivity indexes (ω) 
of the reactants in this key cycloaddition process so as to 
deeply analyse the position of the catalyst. The global mol-
ecule electrophilicity character is summarized in Table S3 of 
SI, which shows an elevation of ω to 2.61 eV [37, 38]. The 
nucleophilic carbon atom 51C (− 0.542) of intermediate 4 
shows a higher local electron density in comparison to 52C 
(0.175) (see Table S4 of SI) and subsequently attacks 75C of 
dn via (4–5)‡. The electronic energy barrier is estimated to 
be 8.7 kcal/mol for (4–5)‡

RHS and 5.7 kcal/mol for (4–5)‡
LHS 

(see Figure S12 and S13 of SI).
The LHS pathway shows an asynchronous concerted 

mechanism, with the first C–C bond having 2.07 Å and the 
second C–C bond having 2.98 Å, thus resulting in the for-
mation of the cycloadduct 5RR. On the other hand, the RHS 
pathway exhibits a stepwise mechanism and forms the SS 
cycloadduct (Scheme S1 of SI). Despite several attempts, 
we could not locate a concerted transition step for the RHS 
pathway. The intermediate 5RHS has more electron density 
at 76C. The mechanism therefore reveals a clear pathway 
indicating a nucleophilic attack of the dn moiety on the 52C 
atom of 1 to form the cycloadduct product 6SS. The activa-
tion barrier for this step was equivalent to 1.13 kcal/mol. 
This reaction step was highly exothermic, indicating the gen-
eration of a stable product. The catalyst is detached from 

the cycloadduct with an additional energy of ~ 20 kcal/mol 
and becomes usable for the next reaction cycle. The poten-
tial energy surface (PES) for the current gas-phase reaction 
of interest is displayed in Fig. 1. The experiment was car-
ried out in presence of several solvents and the best enanti-
oselectivity was observed in toluene; therefore, we carried 
out energy estimations of the above reaction, in toluene as 
implicit solvent model using CPCM model [11]. The PES 
for the same is shown in Figure S21 of SI. The PES for the 
calculations performed at B3LYP functional, in gas phase as 
well as in solvent phase is shown in Figure S22 and S23 of 
SI, respectively. Small differences in the absolute energies 
of reactants, intermediates and products were seen, but the 
general trend in relative energies was similar.

In addition to the DA cycloadduct formation, the reac-
tion can also proceed down to the formation of the MA. 
The compound acting as dienophile can now be referred 
to as Michael acceptors and the corresponding diene as 
Michael donor [39]. The entire steps till the formation of 
5RHS are same, and then instead of undergoing C–C coupling 
as seen in DA mechanism, here, the nucleophile shows a 
1,4-addition to an α,β-unsaturated carbonyl compound and 
results into MA with R chirality, i.e. 6* through (5–6)‡*(See 
Scheme S2).The energy profile diagrams of the entire calcu-
lations carried out at B3LYP functional and M06-2X in both 
gas phase and solvent phase is presented in Fig. 2. When 
we compare the mechanism of DA and MA formation, we 
observe the difference begins from intermediate 5. Interme-
diate 5 of DA follows the second C–C coupling, whereas in 
MA formation, intermediate 5 follows the de-protonation 
step. So, it is this particular step that decides the preferable 

Fig. 1   Potential energy sur-
face for DA reaction process 
between 1 and dn supported by 
TTC​ using electronic energies 
in the gas phase. The black solid 
line represents the energies for 
dn's right-hand side attack, and 
the dotted blue line shows dn's 
left-hand side attack energies
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formation of the specific products. Figure 1 reflects that for 
DA reaction, 1.1 kcal/mol of electronic energy is required 
for this step, and Fig. 2 shows that 7.7 kcal/mol of electronic 
energy is required to proceed for MA formation. Thus, it can 
be concluded that the mechanism which requires less energy 
will be favoured and so, DA product is formed as the major 
product when dn is used.

There is also a possibility of MA formation through retro 
synthesis. The tertiary amine of the catalyst abstracts the 
proton from DA cycloadduct 7SS and then forms the MA, 10S 

as shown in Scheme S3. The energy profile diagrams of the 
entire calculations for retro synthesis carried out at B3LYP 
functional and M06-2X in both gas phase and solvent phase 
are presented in Fig. 3. We observed that the DA product 
reverses its stereochemistry on forming the Michael product. 
Figure 3 indicates that the DA product (6) is much stable as 
compared to the MA (10). Thus, there is preferential for-
mation of DA products as compared to the MA. This is in 
line with the experimental findings wherein DA product is 
formed when N-phenylmaleimide is used as the dienophile.

Fig. 2   A potential energy 
surface for Michael addition 
reaction between 1 and Michael 
acceptor supported by TTC​ 
using electronic energies. The 
pink solid line and green dotted 
line represent the energies esti-
mated using B3LYP functional 
(in gas phase and solvent phase, 
respectively), and the blue 
dotted line and brown solid line 
represent the energies estimated 
using M062X functional (in 
gas phase and solvent phase, 
respectively)

Fig. 3   Energy estimations for 
Michael addition through retro 
synthesis (R conformer). The 
pink solid line and green dotted 
line represent the electronic 
energies estimated using B3LYP 
functional (in gas phase and 
solvent phase, respectively), and 
the blue dotted line and brown 
solid line represent the energies 
estimated using M06-2X func-
tional (in gas phase and solvent 
phase, respectively)
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3.2.2 � Stereo‑chemical insights of the Diels–Alder reaction 
with N‑phenylmaleimide

The fourth step of the reaction decides the stereo-chemical 
fate due to the specific interaction. As discussed in earlier 
section, 4RHS and 4LHS in general will contribute to the for-
mation of products with SS and RR configurations, respec-
tively, in accordance with the Curtin-Hammett theory [40]. 
As mentioned earlier, since the rotational barrier for inter-
conversion between these two conformers is less than the 
activation energy of the proceeding reaction step, 4RHS will 
be converted into 4LHS and subsequently the reaction will 
progress further. The estimated %ee values calculated using 
M06-2X functional in the solvent phase matches very well 
with the experimental values previously recorded, as 90% 
being observed [11, 41], which are shown in Table 1.

3.3 � Reaction of anthrone 
and N‑(4‑trifluoromethylphenyl)maleimide 
(dn`) assisted by Takemoto thiourea catalyst

3.3.1 � Energy profiling of the reaction between anthrone 
and N‑(4‑trifluoromethylphenyl)maleimide

The entire reaction was checked in the presence of another 
dienophile i.e. N-(4-trifluoromethylphenyl)maleimide (dn`). 
The chiral entity with –CF3 in dn` reported in this study 
provides the modulation of the steric environment [1]. The 
presence of –CF3 group develops repulsive forces, thus rear-
ranging the orientation of the reacting molecules, and thus 
these conformers show the presence of C–H⋯O interac-
tion in both 4`RHS and 4`LHS. The reaction mechanism is 
similar to that of the previous one. The charge analysis of 
the compounds is shown in Table S5. The IRC of the C–C 
coupling step obtained through (4–5)`‡

RHS and (4–5)`‡
LHS 

is shown in Figure S41. The energy profile diagrams of the 
entire calculations carried out at M06-2X functional and 
B3LYP in both gas phase and solvent phase are presented in 

Figures S45, S46, S47 and S48. It can be seen from Figure 
S45 that the LHS pathway leading to the formation of RR 
product requires 4.9 kcal/mol and the RHS pathway result-
ing in the formation of SS product requires 9.2 kcal/mol. 
The RR product is favoured in the formation of DA product.

As seen in the previous mechanism with dn, the reac-
tion with dn` can also result in the formation of MA. The 
electronic energy barrier for the formation of (5–6)‡`RHS is 
1.1 kcal/mol, while LHS pathway leading to the formation of 
RR adduct requires 8.9 kcal/mol, and thus the RHS pathway 
leading to the formation of SS MA is favoured as seen in 
Figure S49. On comparing the mechanism of DA and MA 
formation, since the difference begins from intermediate 5, 
this particular step decides the preferable formation of the 
specific products. Figure S45 reflects that for DA reaction, 
2.5 kcal/mol of electronic energy is required for this step and 
Figure S49 shows that 1.1 kcal/mol of electronic energy is 
required to proceed for MA formation. Thus, it can be con-
cluded that the MA is formed as the major product when dn` 
is used. The presence of three electron-withdrawing fluorine 
groups in dn` thus makes the proton highly acidic, thereby 
making it feasible for the de-protonation to form the MA 
rather than forming the C–C coupling which leads to DA 
product.

3.3.2 � Stereo‑chemical insights of the Michael adduct 
formation with N‑(4‑trifluoromethylphenyl)
maleimide

As seen in previous case, the stereo-chemical outcome is 
defined in the fourth step of the reaction. We evaluated the 
energy required for MA formation using dn` which now 
behaves as the Michael acceptor. The ΔG≠

RHS
 of 7.2 kcal/mol 

and ΔG≠

LHS
 of 12.6 kcal/mol resulted in 99% ee of S isomer 

7 in 99% ee of S isomer (see Table 1). The evaluated % ee 
values are in line with the experimental values previously 
recorded, with percent ee of 97% [11]. The results obtained 
with M06-2X and B3LYP in the gas phase and solvent phase 

Table 1   Theoretically estimated 
% ee using Gibbs free energies 
when N-phenylmaleimide (dn) 
and N-(4-trifluoromethylphenyl) 
maleimide (dn`) are used as the 
dienophile

Dienophile Parameters M06-2X/6-31+G(d,p) B3LYP/6-31+G(d,p)

Gas phase (kcal/
mol)

Solvent phase 
(kcal/mol)

Gas phase (kcal/
mol)

Solvent 
phase (kcal/
mol)

dn ΔG
≠

RHS
11.1 9.7 13.9 12.6

ΔG
≠

LHS
7.7 7.6 11.9 11.7

�ΔG≠ − 3.3 − 2.0 − 1.9 − 0.8
% ee 99 93 93 63

dn` ΔG
≠

RHS
7.2 7.1 10.3 10.1

ΔG
≠

LHS
12.6 12.4 13.2 13.2

�ΔG≠ − 5.3 − 5.2 − 2.9 − 3.0
% ee 99 99 98 98
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were largely similar and extremely close to the observed 
values (see Table 1).

4 � Conclusion

The origin of stereo-selectivity, the reaction mechanism and 
the effect of substituents in the reaction between anthrone 
and maleimide have been figured out computationally. The 
factor that causes the stereo-selectivity is the difference in 
the type of bonding between the RHS and LHS conform-
ers. The N–H⋯O interactions are stronger than the C–H⋯O 
interactions which lead to greater stability of the conformer, 
thereby increasing the activation energy required to proceed. 
Moving on to the difference observed in the formation of 
product caused by the difference in the substituents attached 
on maleimide, theoretical calculations show that on using 
N-phenylmaleimide, the electronic energy required to form 
MA is higher than for the DA formation; moreover, the DA 
product is energetically stable than the MA. However, when 
N-(4-trifluoromethylphenyl)maleimide is used, a reversal 
in product formation was observed, and this is attributed 
to the electron deficiency in the maleimide caused by the 
highly electron-withdrawing groups which inhibit the C–C 
coupling involved in DA reaction, thereby compelling the 
course of the reaction to prefer the much feasible de-pro-
tonation step leading to the formation of MA. Thus, it is 
worth noting that the presence of hydrogen bonding (i.e. 
N–H⋯O and C–H⋯O) and steric orientation between the 
catalyst and the reacting substrates are the main factors that 
foster the enantioselectivity. The modification of substituents 
promotes such interactions, thereby playing a decisive role 
in shaping the stereo-chemical path of the reaction. These 
findings may possibly benefit experimentalists in the design 
of future experiments.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00214-​022-​02902-9.
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