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em hemiaminal-
heterocyclization-aza-Mannich reaction of 2-
formylbenzonitriles and amines using chiral phase
transfer catalysis: an experimental and theoretical
study†

Amedeo Capobianco,*a Antonia Di Mola,a Valentina Intintoli,a Antonio Massa,a

Vito Capaccio,a Lukas Roiser,b Mario Waserb and Laura Palombi*a

The first asymmetric synthesis of 3-amino-substituted isoindolinones was accomplished via

cascade hemiaminal-heterocyclization-intramolecular aza-Mannich reaction of benzylamines and

2-formylbenzonitriles using chiral phase transfer conditions (PTC). A theoretical study of the

enantioselective step provides a rationale for the mode of action of the best performing phase transfer

catalyst and the observed face selectivity.
Introduction

The 3-substituted-isoindolin-1-one framework belongs to
a class of heterocyclic substructures which occurs in various
natural and synthetic biologically active compounds.1 The iso-
indolinonic chiral core is present, for example, in the active part
of commercially available pazinaclone, pagoclone and zopi-
clone, drugs that nd applications as sedative-hypnotic agents.2

Isoindolinone nucleus is also found in natural and synthetic
products with therapeutic applications in neurological disor-
ders like Parkinson and Alzheimer diseases, as well as in the
treatment of cancer, cardiac arrhythmia and HIV.3 Therefore,
the interest in the construction of heterocycles based on the
isoindolinonic ring is steadily increasing as testied by the large
number of recent reports dealing with this subject.4

In order to have small collections of potentially bioactive
molecules focused on this heterocyclic architecture, in last
years, we have also addressed research efforts in their achieve-
ment from readily available starting material 2-for-
mylbenzonitriles using chemical5 or electrochemical6 strategies
which enable tandem processes to directly access the molecular
target.

In particular, we have recently demonstrated the possibility
to induce the title reaction under electrochemical conditions,
rsità di Salerno, Via Giovanni Paolo II,

ianco@unisa.it; lpalombi@unisa.it

epler University Linz, Altenberger Strasse

tion (ESI) available. See DOI:

hemistry 2016
thus incorporating an interesting a-amino amidic functionality
in the isoindolinonic ring.7

Furthermore, the product has been smoothly obtained in our
laboratories, by simple treatment of the reactants with a stoi-
chiometric amount of K2CO3 in CH3CN. In this case, as evi-
denced in Scheme 1 for a generic primary amine RNH2, the
reaction should proceed by a sequence of hemiaminal forma-
tion (a), a base catalyzed heterocyclization step (b) and
a subsequent rearrangement via an uncommon aza-Mannich
reaction (c).

With the understanding of the basic principles of this
chemistry in hand, we became interested to design an asym-
metric version of this reaction, relying on the assumption that,
under liquid–solid phase transfer conditions (i.e. organic
solvent/inorganic base), chiral ammonium catalysts8 could help
Scheme 1 Reaction pathway for the reaction of 2-formybenzonitriles
and primary amines.
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Fig. 1 First screening of chiral ammonium salts tested in this work.
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in the enantioselective construction of the chiral center during
the rearrangement step.

In fact, the use of chiral-onium salts as phase transfer cata-
lysts9 dates back a long time ago, nevertheless current research
papers still provide new insights on this subject, both by
reporting new potential uses in asymmetric synthesis10 and by
offering explanations on their action mechanism.11

Herein we demonstrate the rst asymmetric access to 3-
amino-substituted isoindolinones via base catalyzed intra-
molecular aza-Mannich reaction, under chiral phase transfer
conditions.

Results and discussion

In a rst investigation (Table 1), to assess the effectiveness of
the reaction, benzylamine and o-cyanobenzaldehyde were
reacted in the presence of inorganic base K2CO3, using the
series of ammonium salts listed in Fig. 1.12

Compared with classical monofunctional ammonium salts
(III, V), bifunctional derivatives with a H-bonding donor (II, IV,
VI, VII, VIII) show an improved catalytic activity (resulting in
a higher conversion in shorter reaction times), while the pres-
ence of a bulky, rigidifying substituent on the nitrogen atom
(i.e. 9-anthracenylmethyl group), appears to be crucial to ach-
ieve an increase in enantioselectivity. Despite many attempts
have been made to optimize the reaction (choice of the solvent
and base, different biphasic conditions, reactants and catalyst
loading, change in temperature etc., see Chart 1 in the ESI†), the
enantioselectivity was lying on modest levels with a maximum
Table 1 Tandem reaction of 1a with 2a under PTC conditions: initial
screening of the common catalysts listed in Fig. 1

Entry Catalyst (% mol) Time (h) Yielda (%) E.r.b

1 I (10) 3 88 55/45
2 II (10) 3 88 56/46
3 IV (10) 3 96 57/43
4 V (10) 32 71 57/43
5 QD-I (10) 18 75 51/49
6 QN-I (10) 18 85 60/40
7c VI (10) 1 65 56/44
8c,d VI (10) 3 92 60/40
9c III (10) 18 92 40/60
10c IV (10) 1 86 65/35
11c IV (5) 1 54 72/28
12d,e IV (10) 15 81 64/36
13c,d VII (10) 8 92 32/68
14c,d VIII (10) 18 90 60/40
15c,d IV (10) 8 86 78/22

a Yields refer to isolated products. b E.r. determined by HPLC using
a chiral stationary phase. c Reaction performed in toluene, 1a [50
mM]. d Reaction temperature: �20 �C. e Reaction performed in xylene,
1a [50 mM].

31862 | RSC Adv., 2016, 6, 31861–31870
of 78/22 e.r. achieved under the conditions reported in Table 1,
entry 15.

Although under phase transfer conditions, the stereocontrol
usually derives from the electrostatic attraction of opposite
charged species, several studies demonstrated that a further
coordination viamultiple noncovalent interactions (similarly to
bifunctional organobase-H-bonding catalysts) may signicantly
enhance the catalyst performance in many cases.13 Based on the
above observations, we decided to test the catalytic ability of
ammonium salts having additional hydrogen-bonding sites
(Fig. 2).14

While Dixon's ammonium salt IX 10d (Table 2, entry 1) per-
formed the same way as catalysts of Table 1, placing the
hydrogen-bond donor on the quinoline ring resulted in
a substantial increase of enantioselectivity, QNOH-1 reaching
the best enantiomeric ratio under optimized conditions (Table
2, entries 7 and 8).

Furthermore, whereas ammonium salts QNOH-2 or QNOH-3
with different substituents on nitrogen atom gave comparable
enantioselectivities, the crucial importance to have both the
–OH functionalities emerges by comparison with the catalysts
QN-1 and QD-1 which led to the expected product with low or
vanishing enantiomeric excesses (Table 1, entries 6 and 7).
Fig. 2 Multiple H-bonding donor containing chiral ammonium salts
tested in this work.

This journal is © The Royal Society of Chemistry 2016
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Table 2 Tandem reaction of 1a with 2a under PTC conditions:
screening of the catalysts listed in Fig. 2

Entry Catalyst (% mol) Yieldsa (%) E.r.b

1c IX (10) 92 39/61
2c QDOH-1 (12) 85 24/76
3c QDOH-1 (6) 85 24/76
4 QDOH-1 (8) 89 15/85
5 QDOH-2 (8) 84 12/88
6 QDOH-3 (8) 72 15/85
7c QNOH-1 (8) 92 87/13
8 QNOH-1 (8) 92 93/7 (99/1)d

9 QNOH-2 (10) 92 92/8
10 QNOH-3 (10) 92 92/8

a Yields refer to isolated products. b E.r. determined on HPLC equipped
with chiral column. c Toluene was used as solvent, 8 h, r.t. d Nearly
enantiopure 3aa was easily accessed through a reverse crystallization
process from DCM/hexane solution.15 Indeed, as reported by us for
other 3-substituted isoindolinones,5b the preferential formation of
heterocrystals containing (R) and (S)-enantiomers, allowed the
enantiomeric enrichment of mother liquor from the original non-
racemic solution.
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Finally, it is worthy to note that the pseudo enantiomeric QDOH
catalysts allowed an effective inversion of enantioselectivity
which is not always observed with the rst series of catalysts
(Table 1, entry 14). Subsequently, the scope of the tandem
process has been expanded to a variety of 2-formylbenzonitriles
(1) and amines (2), using the most successful conditions ob-
tained in Table 2, entry 7. As reported in Table 3, 2-for-
mylbenzonitrile derivatives 1a–e with both electron-donating
Table 3 Tandem reaction of 1 with 2 using catalyst QNOH-1a

a Experimental conditions: unless otherwise indicated, see entry 7,
Table 2. b Catalyst loading 10%. Reaction time: 48 h, conversion 60%.
c In parentheses ee aer reverse crystallization. d In parentheses yield
and ee obtained with the catalyst QDOH-1.

This journal is © The Royal Society of Chemistry 2016
groups and electron-withdrawing groups smoothly reacted with
primary amines 2a–d generating 3 in very good yields and ees
(up to 90%). Noteworthy, an appreciable enantiomeric excess
has been also obtained with aliphatic amine 2d.
Mechanism

Given these interesting results, to unravel the origin and the
sense of the asymmetric induction, we have investigated the
enantioselective step of the reaction of 1a with 2a (i.e. the aza-
Mannich reaction) by quantum chemical computations.

Our study started by analyzing the conformer distribution of
the cinchona alkaloid-derivative ammonium cation QNOH-1
and the A intermediate involved in the rearrangement step. In
line with previous results,16 the ammonium cation is predicted
to assume open conformations at 298 K with a preference for the
anti orientation (see Fig. S1 and Table S1 in the ESI†), the closed
forms being ruled out by unfavorable steric interactions
between the benzyl and quinoline moieties.

All the bonds of the A intermediate were allowed to be
rotatable in docking simulations. In this way also the possibility
of the Z conguration was considered for the binary complexes
formed by the A intermediate and the ammonium catalyst.
Sampling the full conformational space of such a highly exible
system was a necessary effort to make sure that the most
signicant arrangements for the A:QNOH-1 ion-pairs were
actually located (see Table S2 in the ESI†).17

Because of the large size of the system, a plethora of binary
complexes between the QNOH-1 ammonium and the A inter-
mediate has to be expected and indeed 74 unique complexes
were found by DFT computations (Tables S3 and S4 of the ESI†).
Moreover the presence of two hydroxyl donor groups on the
catalyst and three acceptor units on the A intermediate gives
rise to a wide panel of association modes. The most populated
binary complexes are characterized by two hydrogen bonds,
according to the coordination patterns exemplied by Ia1 (and
Ia2), Ib1 (and Ib2), Ic and Id reactant complexes of Fig. 3 (a, b, c
and d denote the hydrogen bonds patterns; additional
arrangements are reported in Fig. S2 of the ESI†). In Ia1 and its
nearly isoenergetic homologue Ia2 (see Table S5 in the ESI†) the
nucleophilic nitrogen of intermediate A is engaged in a H bond
with the hydroxyl at the C9 of QNOH-1 while the iminic nitrogen
holds the hydroxyl at the C60. An opposite coordination is found
for Ic; here the C9 hydroxyl holds the iminic nitrogen while the
C60 hydroxyl coordinates the nucleophilic nitrogen of A. Both
the E conguration of A and the open conformation of the
catalyst are retained in Ia1, Ia2 and Ic (Fig. 4).

They are strongly associated ion-pairs further stabilized by
hydrogen bonds and p–p stacking interactions between the
aromatic moiety of the intermediate and the quinoline ring of
the catalyst. Ia1 is slightly favored over Ic due to a T-shaped CH–

p interaction involving the phenyl rings of A and QNOH-1
(Fig. 4).

Starting from Ia1, Ia2, and Ic, a torsion of 180� about the C–
C0 bond (Fig. 3) generates Ib1, Ib2 and Id, respectively, in which
the carbonyl oxygen replaces the nucleophilic nitrogen as the
acceptor. Ib1, Ib2 and Id rather than Ia1, Ia2 and Ic are the
RSC Adv., 2016, 6, 31861–31870 | 31863
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Fig. 3 Schematic energy profile of the enantioselective ring closure step (red and blue) and proton transfer (green). Relative energy (kcal mol�1)
refers to non-interacting A intermediate and QNOH-1 ammonium cation.

Fig. 4 The most stable binary complexes of the A intermediate and
QNOH-1 cation for a and c patterns. Noncritical hydrogen atoms
omitted for clarity. Distances in Å.

Fig. 5 Energetically most accessible transition states leading to the R
and S enantiomers of product 3aa. Noncritical hydrogen atoms
omitted for clarity. Distances in Å.
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actual reactive complexes for the ring closure process, because
in Ib1, Ib2 and Id the nucleophilic nitrogen comes into close
contact with the electrophilic carbon (Fig. 3). Indeed, following
the reaction coordinate for the ring-closure, Ib1 and Ic evolve
into IIb1-R and IId-S transition states in which an incipient
formation of the C–N bond occurs, as revealed by the short-
ening of the C–N distance, which amounts to ca. 3 Å in Ib1 and
1.9 Å in IIb1-R (Fig. 5).

IIb1-R and IId-S are predicted to be the most stable among
all pro-R and pro-S transition states, (see Table S3 in the ESI†).
IIb1-R is more stable than IId-S by 1.7 kcal mol�1 (Fig. 3)
implying an easier accessibility for the R conguration of the
product. This is conrmed by a statistical analysis considering
all the transition states (see Table S3 of ESI†) which gives an
31864 | RSC Adv., 2016, 6, 31861–31870
86% ee in favor of the R enantiomer, in very good agreement
with the observed excess. The nucleophilic attack is accompa-
nied by an increase of negative charge on the imine nitrogen
This journal is © The Royal Society of Chemistry 2016
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(step b of Scheme 1). This is conrmed by computations: the
APT charge of the imine nitrogen charge passes from �0.9 in
Ib1 and Id to �1.4 in IIb1-R and IId-S thus showing that the
proton involved in the O–H/N hydrogen bond greatly facili-
tates the ring closure step.

Therefore, the different stability of the transition states can
be traced back to the different patterns of hydrogen bonds. In
fact it becomes relevant whether the quinoline OH or the C9

hydroxyl of the catalyst acts as the donor in the OH/N bond
because the Lewis basicity of the imine moiety of A in the
transition state is supported by a quite strong phenol-like acidic
function in the former case (IIb1-R), while a much weaker acidic
hydroxyl is involved in the latter case (IId-S). Following the
intrinsic reaction coordinate, IIb1-R and IId-S evolve into IIIb1-
R and IIId-S product complexes, where the C–N bond is fully
established. Very interestingly, the ring closure is predicted to
proceed in concert with a proton transfer from the ammonium
catalyst to the imine nitrogen, in such way that the nal product
3 is directly obtained and the ammonium catalyst is converted
into its corresponding betaine (Fig. 6). This strongly suggests
that the initial base activator is indeed the betaine species,
whose occurrence can be reasonably expected due to the acidity
of QNOH-1 ammonium and the presence of carbonate.18

The nal step is thermodynamically favored for the pathway
leading to R product, IIIb1-R being 7.5 kcal mol�1 more stable
than Ia (Fig. 3). At variance with IIIb1-R where the proton
transfer involves the acidic phenol hydroxyl of quinoline, in
IIId-S deprotonation of QNOH-1 ammonium occurs on C9

hydroxyl, making the ring formation for the S-congured
product a less affordable process.

We have also considered the possibility of a direct acid–base
reaction between the rather acidic QNOH-1 cation and inter-
mediate A. That product would lead to the amide depicted in
Fig. 3 (bottom le, green bars). First of all (see Fig. S2 in the
ESI†), proton transfer is predicted to be a viable process only for
Ic (Fig. 3) because only there the most acidic function of the
catalyst can interact with the most basic function of the A
intermediate. From Ic a proton transfer from QNOH-1 to A
could result into IIIc-PT product complex in which amide is
coordinated to the betaine. However a glance at Fig. 3 (green
bars, bottom le) will show that formation of the amide,
although kinetically feasible, would lead to a very modest energy
Fig. 6 R and S enantiomers of the final product coordinated to
betaine. Noncritical hydrogen atoms omitted for clarity. Distances in Å.

This journal is © The Royal Society of Chemistry 2016
gain (1.5 kcal mol�1) in comparison with the ring closure
process (7.5 kcal mol�1). In addition, the occurrence of two
affordable and nearly isoenergetic pathways (dark and light red,
Fig. 3) leading to the ring closure for the R product further
favours the formation of product III.

In summary the theoretical investigation conrms the
expectations of the design process, stressing the fundamental
role of the hydroxyls on selectivity: the presence of two OH
groups makes the catalyst a bifunctional promoter capable of
orienting the intermediate A in a preferential way through the
establishment of an effective network of hydrogen bonds, which
happens to facilitate the R-congured product.

On the bases of available evidence18 and DFT results we can
assume that, aer the initial hemi-aminalization, the catalytic
cycle should start with an acid–base reaction between the
ammonium cation and CO3

2� with the generation of the
ammonium betaine assisting the heterocyclization and/or the
rearrangement step by H-bonding catalysis. The rearrangement
step produces the structured intermediate A/ammonium cation
ion-pair that undergoes the asymmetric aza-Mannich reaction.
The asymmetric step leads to the nal product 3 regenerating
the betaine catalyst (Scheme 2).

Assignment of the absolute conguration of the product

Since various attempts to crystallize product 3aa failed, in order
to assess the absolute conguration of the major enantiomer,
the chiral amines (S)-2f and (R)-2f were reacted with 1a in the
presence of QNOH-1 as catalyst (Fig. 7).

As evidenced by the NMR spectra on the crude mixtures, (S)-
2f and (R)-2f yielded the product 3af with reverse diaster-
eoselectivity, thus implying the same conguration at the newly
created stereogenic center. Moreover, in both cases, the dia-
stereoselectivity is comparable to the enantioselectivity ob-
tained with achiral benzylamine 2a. On the contrary, a nearly
1 : 1 mixture of diastereoisomers is obtained under non-
asymmetric reaction conditions. These results let us deduce
that, also with chiral amines, the stereocontrol is totally due to
the catalyst and, as a consequence, the absolute conguration
of 3aa can be condently attributed on the base of the cong-
urations of 3af. The relative congurations of the two diaste-
reoisomers 3af were deduced from the 1H NMR spectra which
were assigned with the aid of computations. The chemical shi
Scheme 2 Comprehensive catalytic cycle.

RSC Adv., 2016, 6, 31861–31870 | 31865
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Fig. 7 Reaction of 1a with chiral amines (S)-2f and (R)-2f under phase transfer conditions and relative 1H-NMR spectra of the diastereomeric
mixtures.
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of the H atom on the isoindolinonic ring is predicted to be 5.42
ppm for the diastereoisomer (RR,SS) and 5.05 ppm for the
diastereomer (SR,RS).

Taking advantage from the known conguration of the chiral
starting amines, the comparison with the experimental spectra
(d ¼ 5.45 ppm and 5.13 ppm) unequivocally shows that the new
formed stereocenter possesses R conguration.

This strongly suggests that themost abundant enantiomer of
compound 3aa also possesses R conguration, as anticipated by
DFT predictions.
Experimental

For detailed experimental information, spectra and chromato-
grams of all the new compounds see the ESI.† Catalysts I, II, III,
IV, V and VII are commercially available. Catalysts VI,19 QN1,13a

QD1 (ref. 20) and IX 10d have been prepared in accordance with
the literature and gave spectral and analytical data as reported.
General procedure for the synthesis of bifunctional chiral
phase transfer catalysts QDOH-1, QDOH-2, QNOH-1, QNOH-2,
QNOH-3

All the ammonium salts were prepared by following the re-
ported procedure for the quaternisation of tertiary amines13a

from 60-demethylated quinine (catalyst QNOH) and 60-deme-
thylated quinidine (catalyst QDOH) which were prepared as
reported in the literature.21

Catalyst QNOH-1. Catalyst QNOH-1: by following the general
procedure, starting from 60-demethylated quinine (316 mg,
0.98 mmol) and benzyl bromide (128 mL, 184 mg, 0.98 mmol).
31866 | RSC Adv., 2016, 6, 31861–31870
Beige solid, (350 mg, 0.73 mmol, 74%). Mp > 200 �C; [a]D ¼
�206.6� (c ¼ 1.0, MeOH, 23 �C); 1H NMR (500 MHz, CD3OD,
298.0 K, d [ppm]): 1.45–1.52 (m, 1H), 1.84–1.92 (m, 1H), 2.06–
2.10 (m, 1H), 2.23–2.29 (m, 1H), 2.29–2.36 (m, 1H), 2.68–2.75
(m, 1H), 3.35–3.43 (m, 1H), 3.46–3.53 (m, 1H), 3.56–3.62 (m,
1H), 3.92–3.98 (m, 1H), 4.37–4.45 (m, 1H), 4.92 (d, J ¼ 12.3 Hz,
1H), 5.04 (dd, JAC ¼ 10.5 Hz, JAB ¼ 1.2 Hz, 1H), 5.17 (dd, JBC ¼
17.1 Hz, JAB ¼ 1.2 Hz, 1H), 5.22 (d, J ¼ 12.3 Hz, 1H), 5.72 (ddd,
JBC ¼ 17.1 Hz, JAC ¼ 10.5 Hz, JCX ¼ 6.9 Hz, 1H), 6.49 (s, 1H), 7.43
(dd, J¼ 2.5 Hz, J¼ 9.1 Hz, 1H), 7.47 (d, J¼ 2.4 Hz, 1H), 7.58–7.62
(m, 3H), 7.70–7.75 (m, 2H), 7.85 (d, J ¼ 4.6 Hz, 1H), 7.99 (d, J ¼
9.1 Hz, 1H), 8.73 (d, J ¼ 4.6 Hz, 1H); 13C NMR (125 MHz, MeOD,
298.0 K, d [ppm]): 22.9, 26.6, 28.8, 39.9, 53.3, 62.6, 66.2, 66.8,
70.5, 105.5, 118.2, 121.9, 124.0, 128.2, 129.3, 131.1 (2C), 132.5,
132.7, 135.6 (2C), 139.4, 144.7, 146.1, 148.4, 158.7; IR (ATR):
3217, 1620, 1530, 1465, 1216, 925, 861, 832, 766, 719, 706 cm�1;
HRMS (API) calcd for [C26H29N2O2

+] 401.2224, found 401.2216.
Catalyst QNOH-2. Catalyst QNOH-2: by following the general

procedure, starting from 60-demethylated quinine (334 mg, 1.08
mmol) and 4-(triuoromethyl)benzyl bromide (184 mL, 284 mg,
1.19 mmol). Beige solid (462 mg, 0.84 mmol, 78%). Mp > 200 �C;
[a]D¼�48.4� (c¼ 0.5, MeOH, 23 �C); 1H NMR (500MHz, MeOD,
298.0 K, d [ppm]): 1.43–1.51 (m, 1H), 1.83–1.91 (m, 1H), 2.06–
2.10 (m, 1H), 2.22–2.28 (m, 1H), 2.28–2.35 (m, 1H), 2.68–2.74
(m, 1H), 3.29–3.31 (m, 1H), 3.45–3.51 (m, 1H), 3.62–3.68 (m,
1H), 3.94–4.00 (m, 1H), 4.41–4.49 (m, 1H), 5.03 (d, J ¼ 12.4 Hz,
1H), 5.04 (dd, JAC ¼ 10.3 Hz, JAB ¼ 1.2 Hz, 1H), 5.17 (dd, JBC ¼
17.2 Hz, JAB ¼ 1.2 Hz, 1H), 5.29 (d, J ¼ 12.4 Hz, 1H), 5.72 (ddd,
JBC ¼ 17.1 Hz, JAC ¼ 10.5 Hz, JCX ¼ 6.9 Hz, 1H), 6.48 (s, 1H), 7.41
(dd, J¼ 2.5 Hz, J¼ 9.1 Hz, 1H), 7.45–7.47 (m, 1H), 7.84 (d, J¼ 4.6
This journal is © The Royal Society of Chemistry 2016
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Hz, 1H), 7.89 (d, J¼ 8.2 Hz, 2H), 7.95 (d, J¼ 8.2 Hz, 2H), 7.98 (d,
J ¼ 9.1 Hz, 1H), 8.72 (d, J ¼ 4.6 Hz, 1H); 13C NMR (125 MHz,
MeOD, 298.0 K, d [ppm]): 23.1, 26.7, 28.8, 40.0, 53.8, 63.0, 65.3,
67.1, 71.0, 105.7, 118.5, 122.1, 124.2, 126.2 (q, J ¼ 269.9 Hz, 1C),
128.1 (q, J ¼ 2.5 Hz, 2C), 128.4, 132.8, 133.9, 134.4 (q, J ¼ 32.3
Hz, 1H), 136.6 (2C), 139.5, 144.9, 146.2, 148.6, 158.9; IR (ATR):
3182, 1620, 1323, 1116, 1066, 897, 863 cm�1; HRMS (API) calcd
for [C27H28F3N2O2

+] 469.2097, found 401.2090.
Catalyst QNOH-3. Catalyst QNOH-3: by following the general

procedure, starting from 60-demethylated quinine (334 mg,
1.08 mmol) and 9-(chloromethyl)anthracene (267 mg, 1.18
mmol) as yellow solid (523 mg, 0.97 mmol, 90%). Mp ¼ 186–
190 �C; [a]D ¼ �89.3� (c ¼ 1.0, MeOH, 23 �C); 1H NMR (500
MHz, MeOD, 298.0 K, d [ppm]): 1.49–1.65 (m, 2H), 1.93–1.98
(m, 1H), 2.14–2.23 (m, 1H), 2.14–2.23 (m, 1H), 2.31–2.37 (m,
1H), 2.43–2.50 (m, 1H), 2.79–2.88 (m, 1H), 3.22–3.29 (m, 1H),
3.80–3.87 (m, 1H), 4.40–4.47 (m, 1H), 4.64–4.72 (m, 1H), 5.03
(dd, JAC ¼ 10.5 Hz, JAB ¼ 1.2 Hz, 1H), 5.08 (dd, JBC ¼ 17.2 Hz,
JAB ¼ 1.2 Hz, 1H), 5.75 (ddd, JBC ¼ 17.2 Hz, JAC ¼ 10.5 Hz, JCX ¼
7.1 Hz, 1H), 5.92 (d, J ¼ 14.0 Hz, 1H), 6.49 (d, J ¼ 14.0 Hz, 1H),
6.95 (s, 1H), 7.49 (dd, J ¼ 2.2 Hz, J ¼ 9.2 Hz, 1H), 7.63–7.68 (m,
2H), 6.78 (d, J ¼ 2.2 Hz, 1H), 7.79–7.85 (m, 2H), 7.98 (d, J ¼ 4.5
Hz, 1H), 8.05 (d, J ¼ 9.1 Hz, 1H), 8.24 (d, J ¼ 8.4 Hz, 2H), 8.62
(d, J ¼ 9.1 Hz, 1H), 8.78–8.83 (m, 2H), 8.56 (s, 1H); 13C NMR
(125 MHz, MeOD, 298.0 K, d [ppm]): 23.6, 27.1, 28.2, 40.6,
54.3, 57.8, 64.4, 67.9, 70.9, 106.0, 118.5, 120.0, 122.3, 124.3,
125.9, 126.4, 127.4, 127.5, 128.5, 130.1, 130.2, 132.0, 132.0,
132.8, 133.9, 133.9, 134.6, 135.5, 135.6, 139.6, 144.9, 146.4,
148.6, 159.0; IR (ATR): 3077, 2362, 1619, 1464, 1224, 858, 738
cm�1; HRMS (API) calcd for [C34H33N2O2

+] 501.2537, found
501.2528.

Catalyst QDOH-1. Catalyst QDOH-1: by following the general
procedure, starting from 60-demethylated quinidine (100 mg,
0.32 mmol) and benzyl bromide (40 mL, 57, 5 mg, 0.34 mmol).
Beige solid (108 mg, 0.22 mmol, 70%). Mp > 200 �C; [a]D ¼
+169.2� (c ¼ 0.5, MeOH, 15 �C); 1H NMR (300 MHz, CD3OD,
298.0 K, d [ppm]): 1.13–1.17 (m, 1H), 1.88–1.96 (m, 3H), 2.45–
2.67 (m, 2H), 3.04–3.16 (m, 1H), 3.58–3.67 (m, 1H), 3.88–4.04
(m, 2H), 4.66 (bs, 1H), 5.24–5.30 (m, 2H), 6.00–6.14 (m, 1H), 6.46
(bs, 2H), 7.40 (d, J ¼ 7.5 Hz, 1H), 7.59–7.99 (m, 9H), 8.72 (d, J ¼
5.0 Hz, 1H). 13C NMR (60 MHz, CD3OD, 298.0 K, d [ppm]): 20.7;
23.3; 27.1; 37.5; 54.3; 56.8; 63.4; 65.4; 67.6; 103.7; 116.6; 119.7;
122.0; 126.1; 127.2; 129.1 (2C); 130.4 (2C); 133.5 (2C); 136.3;
142.5; 146.3; 156.6.

Catalyst QDOH-2. Catalyst QDOH-2: spectra and analytical
data as reported.13a

Catalyst QDOH-3. Catalyst QDOH-3: by following the general
procedure, starting from 60-demethylated quinidine (93 mg, 0.3
mmol) and 1-(chloromethyl)benzotriazole (54 mg, 0.32 mmol).
Beige solid (75 mg, 63%) mp > 200 �C; [a]D ¼ +213.9� (c ¼ 0.5,
MeOH, 15 �C); 1H NMR (300 MHz, CDCl3, 298.0 K, d [ppm]):
0.86–1.00 (m, 1H), 1.60–1.98 (m, 3H), 2.09–2.39 (m, 2H), 2.59–
2.86 (m, 1H), 3.12–3.49 (m, 1H), 4.06–4.46 (m, 2H), 4.59–4.79
(m, 1H), 5.06–5.30 (m, 2H), 5.74–5.93 (m, 1H), 6.43 (bs, 2H), 6.81
(d, J ¼ 9.2 Hz, 1H), 7.13–7.25 (m, 3H), 7.31–7.45 (m, 1H), 7.46–
7.74 (m, 4H), 7.91 (s, 1H), 8.48 (d, J¼ 8.5 Hz, 1H), 8.64 (d, J¼ 4.5
Hz, 1H). 13C NMR (75 MHz, CDCl3, 298.0 K, d [ppm]): 21.2; 23.6;
This journal is © The Royal Society of Chemistry 2016
26.6; 37.8; 54.1; 57.0; 65.8; 66.6; 67.7; 103.2; 110.6; 118.6; 119.2;
119.8; 121.2; 124.3; 125.0; 129.8; 131.2; 133.7; 134.5; 140.7;
142.5; 144.7; 146.6; 156.1.
General procedure for the synthesis of isoindolinones 3 under
phase transfer catalyzed conditions

In a round-bottom ask, amine 2 (0.11 eq., 0.11 mmol) was
added at room temperature to a stirred solution of 2-for-
mylbenzonitrile 1 (0.10 mmol), K2CO3 (1 eq., 0.1 mmol) and
phase transfer catalyst QNOH-1 (8% mol) in CH2Cl2 (1.8 mL).
The mixture was stirred until starting material disappeared
(8–18 h), then the solvent was removed under reduced pressure
and the residue puried by ash chromatography on silica gel
with hexane–ethyl acetate 1 : 1 mixtures.

3-(Benzylamino)isoindolin-1-one (3aa). [a]D ¼ �63.7� (e.r. ¼
99 : 1, c ¼ 0.5, CHCl3, 22 �C). Spectra and analytical data as
reported.7 HPLC: Chiral pack AD column, hexane–iPrOH 8 : 2,
0.6 mLmin�1, l¼ 254 nm (tminor¼ 12.5 min, tmajor ¼ 15.7 min).

3-((4-Chlorobenzyl)amino)isoindolin-1-one (3ab). [a]D ¼
�55.2� (e.r.¼ 95 : 5, c¼ 0.5, CHCl3, 17 �C). Spectra and analytical
data as reported.7 HPLC: Chiralpack AD column, hexane–iPrOH
8 : 2, 0.6 mL min�1, l ¼ 254 nm (tminor ¼ 15.5 min, tmajor ¼
16.6 min).

3-((2-Methoxybenzyl)amino)isoindolin-1-one (3ac). White
amorphous solid; 1H NMR (250 MHz, CDCl3): 7.81 (1H, d, J ¼
7.5 Hz); 7.59–7.46 (3H, m); 7.28–7.25 (2H, m); 6.97–6.87 (2H, m);
6.36 (1H, s); 5.47 (1H, s); 4.02 (1H, d, J ¼ 12.5 Hz); 3.84 (3H, s);
3.72 (1H, d, J ¼ 12.5 Hz); 1.76 (1H, bs). 13C NMR (60 MHz,
CDCl3): 169.8; 157.5; 145.7; 132.1; 132.0; 129.7; 129.1; 128.9;
128.0; 123.8; 123.3; 120.9; 110.5; 70.7; 55.3.3; 43.3. MS (ESI): m/
z ¼ 291 (M + Na+). Anal. calcd for C16H16N2O2: C, 71.62; H, 6.01;
N, 10.44; O, 11.93. Found: C, 71.65; H, 6.03; N, 10.41. HPLC:
Chiralpack AD column, hexane–iPrOH 8 : 2, 0.6 mL min�1, l ¼
254 nm (tminor ¼ 13.0 min, tmajor ¼ 15.7 min).

3-(Propylamino)isoindolin-1-one (3ad). White amorphous
solid; 1H NMR (250 MHz, CDCl3): 7.81 (1H, d, J ¼ 5.0 Hz); 7.59–
7.50 (3H, m); 6.92 (1H, bs); 5.49 (1H, bd); 2.67–2.60 (1H, m);
2.60–2.49 (1H, m); 1.69 (1H, bs) 1.53–1.45 (2H, m), 0.91 (3H, t,
J ¼ 7.5 Hz). 13C NMR (60 MHz, CDCl3): 170.1; 145.6; 132.2;
132.0; 129.1; 123.6; 123.4; 70.5; 46.3; 23.6; 11.6. MS (ESI): m/z ¼
191 (M + H+). Anal. calcd for C11H14N2O: C, 69.45; H, 7.42; N,
14.73; O, 8.41. Found: C, 69.48; H, 7.44; N, 14.70. HPLC: Chir-
alpack AD column, hexane–iPrOH 8 : 2, 0.6 mL min�1, l ¼ 254
nm (tminor ¼ 9.0 min, tmajor ¼ 11.3 min).

3-(Benzylamino)-6-bromoisoindolin-1-one (3ba). [a]D ¼
�31.5� (e.r. ¼ 98 : 2, c ¼ 0.4, CHCl3, 19 �C). Spectra and
analytical data as reported.7 HPLC: Chiralpack AD column,
hexane–iPrOH 8 : 2, 0.6 mL min�1, l ¼ 254 nm (tminor ¼ 13.0
min, tmajor ¼ 15.7 min).

6-Bromo-3-((4-chlorobenzyl)amino)isoindolin-1-one (3bb).
[a]D ¼ �64.4� (e.r. ¼ 93 : 7, c ¼ 0.8, CHCl3, 19 �C). Pale yellow
amorphous solid; 1H NMR (300 MHz, CDCl3): 7.94 (1H, s); 7.72–
7.68 (1H, m); 7.52–7.46 (2H, m); 7.28–7.26 (3H, m); 5.49 (1H, s);
4.03 (1H, bs); 3.85 (1H, d, J ¼ 13.3 Hz); 3.71 (1H, d, J ¼ 13.3 Hz);
2.28 (1H, bs). 13C NMR (75 MHz, CDCl3): 143.9; 137.7; 135.3;
134.1; 133.1; 129.4; 128.7; 126.7; 125.4; 123.5; 69.8; 47.8. MS
RSC Adv., 2016, 6, 31861–31870 | 31867
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(ESI):m/z¼ 273 (M + H+). Anal. calcd for C15H13ClN2O: C, 66.06;
H, 4.80; Cl, 13.00; N, 10.27; O, 5.87. HPLC: Chiralpack AD
column, hexane–iPrOH 8 : 2, 0.6 mLmin�1, l¼ 254 nm (tmajor¼
18.3 min, tminor ¼ 23.4 min).

6-Bromo-3-((2-methoxybenzyl)amino)isoindolin-1-one (3bc).
White amorphous solid; 1H NMR (250 MHz, CDCl3): 7.92 (1H,
s); 7.70–7.66 (1H, m); 7.46–7.43 (1H, m); 7.28–7.23 (2H, m);
6.98–6.87 (2H, m); 6.39 (1H, bs); 5.42 (1H, s); 4.01 (1H, d, J ¼
12.5 Hz); 3.83 (3H, s); 3.70 (1H, d, J¼ 12.5 Hz); 1.70 (1H, bs). 13C
NMR (75 MHz, CDCl3): 168.2; 157.4; 144.3; 135.1; 134.0; 129.7;
129.0; 127.8; 126.5; 125.5; 123.2; 120.9; 110.6; 70.5; 55.3; 45.2.
MS (ESI): m/z ¼ 385 (M + K+). Anal. calcd for C16H15BrN2O2: C,
55.35; H, 4.35; Br, 23.01; N, 8.07; O, 9.22. Found: C, 55.38; H,
4.35; Br, 22.09; N, 8.05. HPLC: Chiralpack AD column, hex-
ane–iPrOH 8 : 2, 0.6 mL min�1, l ¼ 254 nm (tminor ¼ 12.7 min,
tmajor ¼ 17.0 min).

3-(Benzylamino)-6-methoxyisoindolin-1-one (3ca). White
amorphous solid; 1H NMR (400 MHz, CDCl3): 7.50 (1H, d, J ¼ 8
Hz); 7.34–7.14 (6H, m); 7.12 (1H, d, J¼ 4.0 Hz); 6.52 (1H, s); 5.49
(1H, s); 3.89 (1H, d, J ¼ 12 Hz); 3.87 (3H, s); 3.75 (1H, d, J ¼ 12
Hz); 1.61 (1H, bs). 13C NMR (100 MHz, CDCl3): 170.1; 160.9;
139.6; 137.5; 133.5; 128.6 (2C); 128.1 (2C); 127.4; 124.6; 120.3;
106.3; 69.9; 55.7; 48.7. MS (ESI): m/z ¼ 307 (M + K+). Anal. calcd
for C16H16N2O2: C, 71.62; H, 6.01; N, 10.44; O, 11.93. Found: C,
71.64; H, 6.04; N, 10.42; HPLC: Chiralpack AD column, hex-
ane–iPrOH 8 : 2, 0.6 mL min�1, l ¼ 254 nm (tminor ¼ 14.4 min,
tmajor ¼ 19.7 min).

3-(Benzylamino)-6-uoroisoindolin-1-one (3da). White
amorphous solid; 1H NMR (300 MHz, CDCl3): 7.59 (1H, dd,
JAC ¼ 9.0 Hz, JAB ¼ 3.0 Hz); 7.49–7.47 (1H, m); 7.35–7.25 (6H, m);
6.90 (1H, s); 5.50 (1H, s); 3.90 (1H, d, J ¼ 12 Hz); 3.75 (1H, d, J ¼
12 Hz); 1.96 (1H, bs). 13C NMR (75 MHz, CDCl3): 168.8; 163.5
(1C, d, J0FC ¼ 246 Hz); 140.7; 139.3; 134.1 (1C, d, J000FC ¼ 9 Hz);
128.7 (2C); 128.1 (2C); 127.5; 125.4 (1C, d, J000FC ¼ 8 Hz); 119.7
(1C, d, J00FC ¼ 23 Hz); 110.3 (1C, d, J00FC ¼ 23 Hz); 69.8; 48.8. MS
(ESI): m/z ¼ 257 (M + H+). Anal. calcd for C15H13FN2O: C, 70.30;
H, 5.11; F, 7.41; N, 10.93; O, 6.24. Found: C, 70.32; H, 5.10; F,
7.39; N, 10.91. HPLC: Chiralpack AD column, hexane–iPrOH
8 : 2, 0.6 mL min�1, l ¼ 254 nm (tminor ¼ 11.0 min, tmajor ¼
12.7 min).

3-(Benzylamino)-6-chloroisoindolin-1-one (3ea). [a]D ¼
�103.9� (e.r.¼ 90 : 10, c¼ 0.5, CHCl3, 17 �C). White amorphous
solid; 1H NMR (400 MHz, CDCl3): 7.79 (1H, s); 7.56 (2H, bs);
7.34–7.28 (5H, m); 5.53 (1H, s); 3.90 (1H, d, J ¼ 13.0 Hz); 3.75
(1H, d, J ¼ 13.0 Hz); 1.98 (1H, bs). 13C NMR (100 MHz, CDCl3):
168.9; 143.6; 139.3; 135.6; 133.9; 132.5; 128.6 (2C); 128.1 (2C);
127.5; 125.1; 123.7; 69.8; 48.8 MS (ESI): m/z ¼ 295 (M + Na+).
Anal. calcd for C15H13ClN2O: C, 66.06; H, 4.80; Cl, 13.00; N,
10.27; O, 5.87. Found: C, 66.09; H, 4.82; Cl, 12.96; N, 10.25.
HPLC: Chiralpack AD column, hexane–iPrOH 8 : 2, 0.6 mL
min�1, l ¼ 254 nm (tminor ¼ 13.9 min, tmajor ¼ 16.4 min).

(R)-3-(((S)-1-Phenylethyl)amino)isoindolin-1-one (3af). [a]D ¼
�137.0� (c ¼ 0.5, CHCl3, 17 �C). Spectra and analytical data as
reported.7

(R)-3-(((R)-1-Phenylethyl)amino)isoindolin-1-one (3af). [a]D ¼
�57.1� (c ¼ 0.5, CHCl3, 17 �C). Spectra and analytical data as
reported.7
31868 | RSC Adv., 2016, 6, 31861–31870
Computational procedure

Conformer search for the QNOH-1 ammonium cation, inter-
mediate A and 3af (RR and RS diastereoisomers) was carried out
by using the MMFF94 force eld as implemented in Spartan.22

Different starting structures were considered for each system
and both the systematic and the Montecarlo based algorithms
were employed. All the conformers up to 10 kcal mol�1 with
respect to minimum energy structures were then optimized by
quantum chemical computations using density functional
theory (DFT). Guess structures of the ion pair consisting of
catalyst QNOH-1 and intermediate A were obtained by docking
simulations employing a homemade program; the starting
geometries of the catalyst and the ligand were initially opti-
mized at the MMFF94 level. Geometry optimizations and
Hessian computations needed to ascertain the nature of the
stationary points were carried out by using the M06-2X func-
tional which is known to provide reliable geometries and barrier
heights especially for large systems.23 The 6-31G(d) basis set was
used in optimizations; single point computations with the
6-311+G(d,p) basis set were carried out to obtain accurate
energies. Intrinsic reaction coordinate (IRC) calculations were
performed to check the connectivity of all the TS with their
corresponding minima. All the TS's exhibit only one large
imaginary frequency corresponding to the stretching coordi-
nate of the forming bond, while the minimum energy structures
have only positive eigenvalues of the Hessian matrix. Solvent
effects were taken into account by means of the polarizable
continuum model (PCM) which was included in all computa-
tions.24 All the quoted energies refer to 6-311+G(d,p) basis set;
they include zero point vibrational corrections (computed at the
6-31G(d) level) and the solvent polarization contribution.
Atomic charges were estimated by the atomic polar tensor
approach (APT).25 DFT computations were carried out by using
the Gaussian program.26

Although entropic contributions are expected to be signi-
cant for association processes, their effects should elide in
differences, the quantities that really matter. Therefore our
discussion has been based on internal energies, following the
same arguments given in ref. 27.

NMR computations for the RS/RR diastereomers of 3af were
carried out by following the procedure of ref. 28: the minimum
energy congurations and the energetics needed for the
Boltzmann weighting of the shielding tensors were taken
from PCM(CHCl3)/M06-2X/6-31+G(d,p) calculations, while
shielding tensors were calculated at the PCM(CHCl3)/B3LYP/6-
311+G(2d,p) level.
Conclusions

The rst asymmetric route to chiral N-Mannich bases of 1-iso-
indolinones has been successfully opened by using a readily
available bifunctional cinchona-derivative ammonium salt as
phase transfer catalyst in the presence of K2CO3 as base. The
goal was achieved thanks to an efficient cascade reaction of
2-formylbenzonitriles and primary amines involving an
uncommon enantioselective aza-Mannich rearrangement step.
This journal is © The Royal Society of Chemistry 2016
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Theoretical computations show that QNOH-1 acts as bifunc-
tional catalyst determining the enantio-sense of the aza-
Mannich step through the establishment of an effective
network of hydrogen bonds.
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D. M. Barber, M. G. Nuñez, A. M. Goldys and D. J. Dixon,
Org. Lett., 2012, 14, 2492; (e) C. D. Fiandra, L. Piras,
F. Fini, P. Disetti, M. Moccia and M. F. A. Adamo, Chem.
Commun., 2012, 48, 3863; (f) P. Elsner, L. Bernardi,
G. Dela Salla, J. Overgaard and K. A. Jørgensen, J. Am.
Chem. Soc., 2008, 130, 4897.

11 (a) S. E. Denmark, N. D. Gould and L. M. Wolf, J. Org. Chem.,
2011, 76, 4260; (b) S. E. Denmark, N. D. Gould and
L. M. Wolf, J. Org. Chem., 2011, 76, 4337; (c) L. Wang,
S. Shirakawa and K. Maruoka, Angew. Chem., Int. Ed., 2011,
50, 5327; (d) S. Shirakawa and K. Maruoka, Tetrahedron
Lett., 2014, 55, 3833; (e) G. P. Petrova, H.-B. Li, K. Maruoka
and K. Morokuma, J. Phys. Chem. B, 2014, 118, 5154.

12 This screening should not be considered exhaustive, since,
for brevity, we reported only the most signicant
experiments.
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