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Desymmetrization of 2-Cyano-N-tosylbenzylidenimine with
Thiols and Organocatalytic Heterocyclization by Dynamic
Resolution: Mechanism Investigation
Amalia Velardo,[a] Vito Capaccio,[a] Tonino Caruso,[a] Antonia Di Mola,[a] Antonio Massa,[a]
Consiglia Tedesco,[a] Lucia Caporaso,[a] Laura Falivene,*[b] and Laura Palombi*[a]
Abstract: Integrated experimental and computational approach provides a rationale for the mode of action of cinchonabased alkaloids as chiral receptors in the observed dynamic
chiral resolution of the titled tandem reaction. In particular, a
mechanism based on a dynamic kinetic asymmetric transformation has been unravelled in detail. Furthermore, the crucial role

of “distal” H-bonding donor functionality in directing the enantioselectivity reversal of homochiral cinchona-based catalysts
has been convincingly explained. The access to enantiopure tertiary isoindolinone N,S-acetals has been achieved for the first
time.

Introduction

to design a successful synthetic strategy by limiting the timewasting screening experiments.
Recently, we have reported the successful use of the organocatalysts cupreidine and cupreine in the asymmetric cascade
addition of thiols to the 2-cyano-N-tosylbenzylidenimine followed by intramolecular closure on the CN group.[5] This reaction disclosed the first access to a new class of enantioenriched
N,S-acetals[6] with a cyclic structure closely related to the isoindolinonic core, a relevant architecture in the panorama of the
pharmacologically active heterocycles (Scheme 1).[7]

Given the almost ubiquitous presence of heterocyclic compounds in bioactive molecules, their synthesis, especially in enantio-enriched form, represents a major challenge in organic
chemistry. To this purpose, since about two decades, organocatalysis (including the phase transfer organocatalysis)[1] has
been bursting on to the literature scene as a privileged methodology thanks to its fascinating features of selectivity, practicality
and low toxicity. As well known, an organocatalyst is particularly effective in facilitating highly stereo-controlled bond-forming processes and this is very impressive especially when only
non-covalent interactions (usually multiple H-bonding interactions) between the catalyst and the substrates are involved. The
versatility of the organocatalysts is further attested by their successful use in remarkable protocols of dynamic kinetic resolution (DKR), dynamic kinetic transformations (DYKAT) and dynamic thermodynamic resolution (DTR) which, though less
frequently found in the literature, are emerging as additional
valuable resources for the asymmetric synthesis of heterocycles
with multiple chiral centers.[2,3]
As a consequence, if at first research efforts were principally
focused on the synthetic targets, nowadays many studies aim
to understand how to improve organocatalysts function.[4]
On the other hand, getting mechanistic information is crucial
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Scheme 1. Synthesis of 1 and possible strategy for a straightforward access
to chiral N,S-acetals with an isoindolinonic core 2.

During the set-up of the reaction, we found that the single
chiral center of compound 1 is formed downstream an organocatalytic dynamic resolution process with the organocatalyst[8]
acting as a chiral receptor for the pre-formed racemic intermediate A.
As already reported in our previous work,[5] the nature of
the group X on the catalyst has a meaningful effect on the
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Table 1. Control experiments examining the dynamic characteristics of the title reaction using various catalysts and reaction conditions.

Entry
[a]

1
2[a]
3[a]
4[a][5]
5[b]
6[c,d]
7[a]

Cat.
I
II
III
I
I
I
II

X
–OH
–H
–OMe
–OH
–OH
–OH
–H

T [°C]
r.t.
r.t.
r.t.
–40
–40
–40
–20

Yield [%]
83
90
86
80
79
49
60

e.r.

Entry
[a]

76:24
46:54
38:62
91:9
90:10
90:10
45:55

8
9[c]
10[a]
11[c,d]
12[a]
13[b]
14[b]

Cat.

X

T[°C]

Yield [%]

e.r.

II
II
III
III
III
IV
IV

–H
–H
–OMe
–OMe
–OMe
–OMe
–OiPr

–40
0
–20
–20
–40
–20
–20

trace
32
83
28
15
92
90

nd
45:55
25:75
27:73
25:75
27:73
25:75

[a] A mixture of 2-cyano-N-tosylbenzylidenimine (1 equiv.) and catalyst (10 %), was stirred in DCM (56 mM) for 10 min at the temperature indicated. Then 3a
(2 equiv.) was added and the reaction was prolonged until complete conversion of the starting material. [b] A mixture of 2-cyano-N-tosylbenzylidenimine
(1 equiv.) and 3a (2 equiv.) was stirred in DCM (56 mM) at r.t. for 10 min until the formation of the intermediate A was complete (NMR analysis). The
temperature has been then set as indicated in table the catalyst (10 %) was added and the reaction was prolonged until complete conversion of the starting
material. [c] The reaction was performed using the protocol indicated in b). The reaction was stopped when NMR analysis indicated ca 50 % conversion of
the intermediate A. [d] 1 equiv. of 3a was used.

enantiomeric degree as well as on the identity of the major
enantiomer obtained. In details, the presence of the two Hbonding donors on the catalyst molecule, as in cupreidine (I),
is an important pre-requisite to maximize the degree of stereoselectivity of the process. The use of parent catalysts like
cinchonine (II) or quinidine (III) leads to a significant drop of the
enantiomeric ratio, as well as to an enantioselectivity reversal,
despite of the same chirality of the catalyst scaffold. The almost
unique characteristics of this stereochemical pathway in the
context of such a metal-free catalysis spurred us to undertake
a mechanistic study to elucidate how the molecular recognition
occurs and the role of the catalyst through the two steps of the
reaction. To have a reliable mechanistic insight, both experimental and theoretical investigations have been integrated in
this study.

Results and Discussion
Experimental Data
As already mentioned, the presence of an additional H-bonding
donor at the C6 position, besides affecting the stereoselectivity
level of the process, also determinates the enantiodirection.
To exclude that the stereochemical outcome observed in the
presence of II, III, IV could be due to a different mode of action
of these catalysts, we carried out some control experiments using the thiol 3a as a reference nucleophile in the model reaction reported in Table 1. By these data we established the following:
- Since the enantioselectivity of the reaction is not affected by
the presence of intermediate A as a racemic mixture at the
beginning of the catalytic cycle (entries 5, 9, 11, 13, 14), an
irreversible asymmetric addition[6] of the thiol to the imine
should not be expected for any of the catalysts.
- On the other hand, when the reaction is stopped at ca. 50 %
of the conversion (compare entries 5 and 6, 7 and 9, 10 and
11), the e.r. remains constant, regardless of the grade of
Eur. J. Org. Chem. 2019, 7584–7589
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progress. This clearly excludes the occurrence of a mixed mechanism partially based on a classical (not dynamic) resolution,
for all the catalysts examined.
- The comparison of the results obtained in presence of 2 equiv.
of thiol (as in the optimized procedure indicated in ref. 5) with
those obtained with 1 equiv. of thiol (entries 6 and 11) indicates
that no relevant change occurs in the enantioselectivity, allowing us to exclude that two molecules of thiol are involved in
the catalytic cycle.

Determination of the Absolute Configuration of the Major
Enantiomer
Since any attempt to directly achieve the homochiral crystallization of the product 1a failed,[9] in order to determine the absolute configuration of the major enantiomer obtained with catalyst I, we focused our attention on the isoindolinonic derivative
2a, affordable through the hydrolysis of the imine functionality.
Standard hydrolysis conditions established by us for similar
cyclic imino-amides[10] have proved to be scarcely effective in
this case leading to the expected product 2a in modest yield
with an unpleasant loss in ee.
At least, a significant improvement of the chemical yield has
been obtained by a short-time microwave-assisted reaction, under the conditions reported in Scheme 2 (for optimization of
the hydrolysis reaction see ESI).

Scheme 2. Microwave-assisted hydrolysis of 1a.

In contrast with 1, the derivatives 2 demonstrated to be
chemically and configurationally stable compounds, indefinitely
storable at r.t., and likewise compatible with the acid conditions
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of the hydrolysis. Remarkably, to the best of our knowledge,
this represents the first access to new enantioenriched isoindolinones having a potentially reactive N,S-acetal functionality.
Pleasantly, a sequential process of hetero- and homo-crystallization yielded colorless needle-like single crystals of enantiopure 2a suitable for X-ray diffraction analysis which definitively
revealed the absolute configuration (R) of the major enantiomer
(Figure 1).

thermodynamic ion-pairs A-I (see Figure 2) and the lowest energy profiles for the reactions considered.

Figure 2. Optimized geometries of A-I (R) and A-I (S).

Figure 1. X-ray structure of the major enantiomer obtained with catalyst I.

Computational Studies
Since the interconversion of the stereolabile enantiomers A(R)
! A(S) is expected to occur through a dynamic equilibration
with the starting materials (imine and thiol), we opened our
investigations by analyzing the energy scenarios for the addition of the representative thiol 3a to the imine, both under
catalyst-free conditions and in presence of the best performing
catalyst I.

Energy Scenario for the Uncatalyzed Addition
As indicated in Scheme 3, under catalyst-free conditions, the
lowest-energy reaction pathway involves a six-membered transition state S-A′ lying 24.5 kcal/mol higher in energy than the
reactants S and 27.8 kcal/mol higher than the final adduct A.
Indeed, it is worth to note that the alternative direct formation
of A is unfavored due to a strained four-membered ring transition state.

Energy Scenario for the Catalyzed Process
In the presence of I, a proton transfer from the initial racemic
mixture of A to the catalyst leads to the formation of two diastereomeric ion-pairs A-I(R) and A-I(S). Based on the feasible
interactions between the two moieties, different ion-pairs have
been located.[11]
Since a dynamic equilibrium among the different species is
expected, we discuss here only the results obtained for the

Calculations reveal that both the thermodynamic ion-pairs
A-I(R) and A-I(S) are strongly associated and stabilized by a
similar pattern of three hydrogen bonds. Yet, the A-I(R) complex
is 1.3 kcal/mol more stable of the corresponding A-I(S) due to
the formation of a tighter ion-pair (Figure 2).
Starting from the binary complexes A-I(R) and A-I(S), we
proceeded to the determination of the energy barriers for both
the A(R) % A(S) interconverting equilibrium and the following
irreversible heterocyclization under catalyzed conditions. The
energy profile depicted in Scheme 4 rationalizes the role of the
catalyst I in the whole process leading to the final product 1,
with the blue and the red lines referred to the S and R enantiomer, respectively. As it emerges by the graph, the highest energy barrier involved in the equilibrium A-I(R) % A-I(S) via the
retro-addition reaction is 14.3 kcal/mol, that is nearly two times
lower that the one required by the uncatalyzed process
(27.8 kcal/mol, Scheme 3). This clearly claims for an asymmetrical A(R) ! A(S) interconversion induced by the catalyst, rather
than a spontaneous racemization.[12] Consequently, in the presence of the catalyst I, a ΔG° of 1.3 kcal/mol will definitively shift
the above-mentioned equilibrium in favor of the A(R) enantiomer.
Notably, based on the more stable B-A(R) and B-A(S) TSs
located (see Figure 3), a ΔG≠ of 1.0 kcal/mol also indicates that
B → A(R) process is kinetically favored over B → A(S). Indeed,
a glance to the Figure 3 shows the important role played by
the C6′–OH in favoring the B-A(R) TS by means of stabilizing
interactions with the sulfur atom and especially with the ipsocarbon of the aryl sulfide moiety. On the side of the kinetically
controlled heterocyclization, calculations reveal that the energy
barriers expected for the ring closure are 18.5 and 20.2 kcal/
mol for R and S enantiomer, respectively. The lowest barrier for
the kinetically controlled process is therefore more than 4 kcal/
mol higher than that for the A(R) ! A(S) interconversion.

Scheme 3. Reaction pathway and free-energy values (kcal/mol in CHCl3) for the uncatalyzed process.
Eur. J. Org. Chem. 2019, 7584–7589
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Scheme 4. Free energy (kcal/mol in CHCl3) profile for the process catalyzed by I.

Figure 3. Optimized geometries of B-A(R/S) TSs.

Given the above, the overall reaction barrier (see Scheme 4)
calculated with respect to the absolute energy minimum along
the reaction profile is predicted to be 1.7 kcal/mol Lower for
the R enantiomer with respect to S, leading to an enrichment
in 1-(R), in good agreement with the experimental results.
The different stability of the diastereoisomeric A-1 TSs and,
as a consequence, the easier accessibility for the R configuration of the product 1, can be related to the different pattern of
hydrogen bonds established by the two enantiomers with the
catalyst in this crucial event (Figure 4).
In fact, during the ring-closure, the increasing Lewis basicity
of the nitrogen atom of the cyano group is assisted by the
strong phenol-like acidic function at the C6′ in the most favored
A-1(R) TS, and by the weaker acidic hydroxyl at the C9 in the
most stable A-1(S). To sum up, theoretical data reveal that the
–OH on the quinoline moiety of the catalyst I is involved both in
the enantiomeric recognition of A [making the A-I(R) complex
thermodynamically and kinetically favored over A-I(S)] and in
the stereo-differentiation of the key A-1(R/S) TSs, pleasantly
producing a matching[13] between the kinetically favored ringclosure and the enantiomeric equilibrium.
Eur. J. Org. Chem. 2019, 7584–7589
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Figure 4. Optimized geometries of A-1(R/S) with cat. I.

Enantioselectivity Reversal with Catalyst III
As already mentioned, the use of the catalysts where the
hydroxyl at the C6′ is replaced with an –OR functionality (quinidine III and its derivative IV) entails the preferential cyclization
of the S-enantiomer. On the other hand, the control experiments of Table 1 let us infer that these catalysts act with the
same mechanism observed for I.
Consequently, in order to rationalize this interesting enantioselectivity reversal despite the homochirality of the catalyst
scaffold, we focused on the relative energies of the TSs [A-1III(R)/A-1-III(S)] involved in the rate-determining step whereby
III is used as catalyst.
As shown in Figure 5, in both the stereoisomeric TSs, the
cyclization is assisted by a hydrogen bond between the
hydroxyl at the C9 of the catalyst and the cyano group of the
two enantiomeric adducts A. However, in A-1-III(R), in order to
enable this interaction, the quinoline moiety ends up at short
distances from the substrate with a consequent enhance of the
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energy of the R ring closure TS. Therefore, based on calculations, a preferential cyclization of the S enantiomer is expected,
nicely confirming the experimental results.

Moreover, intrinsic reaction coordinate (IRC) calculations were performed to verify the connectivity of all TSs with their corresponding
minima.
Single point energy calculations on the PBE0-D3/SVP geometries
using the M06-2X[19] functional and the triple-ζ TZVP[20] basis set
on main group atoms were performed in order to obtain more
accurate energy values. To this extent, different functionals have
been tested for the single point energy calculations to check the
reproducibility of the reported results. The final protocol has been
chosen in agreement with the results reported in references,[11b][5]
and.[21]

Figure 5. Optimized geometries of A-1-III(R/S) with cat. III with relative free
energies in CHCl3.

Solvent effects were included performing single point calculations
on the optimized geometries with the PCM model using CHCl3 as
solvent.[22,23] With the assumption that there is no difference in the
zero point correction and thermal contributions between solution
and gas phase, the free energies are obtained as Gsolution =
Ggas(PBE0-D3/SVP) + [Gsolvent,PCM(M06-2X/TZVP) – Egas(PBE0-D3/
SVP)] (see ESI for further details).
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Conclusions
In summary, experimental observations and computational
studies provide a rationale for the mechanism of the title dynamic resolution with cupreidine as organocatalyst. The comparative analysis with the molecular parent quinidine evidences
that the OH functionality in C6′ on the cupreidine molecule
plays a key role both in the enantioconverting equilibrium and
in the following cyclization step, directing and enforcing the
stereoselectivity of this cinchona-derived catalyst. Indeed, depending on the presence of different substituents on the quinoline moiety, a starling enantioselectivity reversal can be produced with homochiral cinchona catalysts, such as III and IV.
Furthermore, we have reported the first access to enantioenriched tertiary isoindolinones N,S-acetals, as well as the possibility to achieve these important heterocycles in enantiopure
form by crystallization.

Keywords: Organocatalysis · DFT calculations ·
Isoindolinone N,S-acetal · Dynamic kinetic resolution ·
Homochiral catalysts

Experimental Section
For detailed experimental information, typical procedures, spectra
and chromatograms of all the new compounds and relevant coordinates see the ESI. Catalyst II and III are commercially available, starting tosyl-imine,[5] cupreidine[14a] and catalyst IV[14b] have been prepared as reported in the literature.
X-ray Crystallography: CCDC 1941732 contains the supplementary
crystallographic data for compound (R)-2a. These data can be obtained free of charge from The Cambridge Crystallographic Data
Centre.
Computational Details: All the DFT geometry optimizations were
performed at the GGA PBE0-D3[15,16] level with the Gaussian09
package.[17] The electronic configuration of the systems was described with the SVP basis set for H, C, N, O.[18] Geometries were
characterized as minimum or transition state through frequency calculations: all transition states exhibit only one large imaginary frequency corresponding to the stretching coordinate of the forming
bond, while the minimum energy structures have only positive eigenvalues of the Hessian matrix.
Eur. J. Org. Chem. 2019, 7584–7589
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