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Abstract Functionalized oxindoles and pyrrolizidines form the central structural framework for

numerous natural products with extensive biological and pharmacological applications. The

requirement for high regio- and stereoselectivity is the main obstacle in the synthesis of such

five-membered heterocycles. Multicomponent cycloaddition reactions often provide an efficient

and straightforward approach for the preparation of specific regio- and stereoisomers. In this

article, the regio- and stereochemistry of the polar [3 + 2]-cycloaddition (32CA) reaction of

azomethine ylides prepared by the reaction of isatin derivatives and L-proline with a series of

(E)-3-(2-oxo-2-(pyren-1-yl)ethylidene)indolin-2-ones was investigated by experimental and theo-

retical methods. Among the isatin and (E)-3-(2-oxo-2-(pyren-1-yl)ethylidene)indolin-2-one

derivatives, a remarkable inversion of regioselectivity was observed in the 32CA reaction of

azomethine ylide generated by the reaction of L-proline and 5-chloroisatin or N-methyl-5-

chloroisatin with (E)-5-chloro-3-(2-oxo-2-(pyren-1-yl)ethylidene)indolin-2-one. The regio- and

stereochemical assignment of the structures of the cycloaddition products was determined by

one- and two-dimensional (1D&2D) homonuclear and heteronuclear correlation nuclear mag-

netic resonance spectroscopy. The molecular mechanism as well as the regio- and stereoselectiv-

ity of the cycloaddition were investigated by means of global and local reactivity indices and a

density functional theory (DFT) and explained in detail on the basis of the transition state sta-

bilities of the reactants.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The [3 + 2]-cycloaddition (32CA) reactions provide an effi-
cient and straightforward approach to the construction of
five-membered heterocycles and very often proceed with high

regio- and stereoselectivity (Padwa and Pearson, 2002). There-
fore, the intermolecular 32CA reaction of unstabilized azome-
thine ylides with electron deficient olefins serves as a

convenient and efficient protocol for the synthesis of highly
functionalized heterocycles such as pyrrolidines and
pyrrolizidines containing multiple stereogenic centers in a sin-
gle step (Dondas et al., 2004).

Functionalized oxindoles and pyrrolizidines serve as the
central scaffold for several natural products and represent a
class of compounds that exhibit significant biological activity

(Monlineux, 1987). Spiropyrrolizidine oxindole species have
recently attracted considerable attention due to their abun-
dance in many natural products as well as their broad biolog-

ical and pharmacological applications (Rajeswaran et al.,
1999). In addition, the pyrene moiety is one of the most valu-
able building blocks for the construction of fluorogenic

chemosensors (Weng et al., 2012).
In the last decades, the understanding of the mechanism

and underlying principles of the polar 32CA process in addi-
tion to selectivity has grown through several studies that have

investigated the interplay between theoretical and experimen-
tal aspects, although it remains a challenge to this day
(Merino et al., 2003). Several mechanisms have been proposed

to explain the [3 + 2] cycloadddition (32CA) reaction which
has experienced a recent resurgence as indicated by the incred-
ible volume of recent studies reported on the subject (Rios-

Gutierrez et al., 2019). First, the 32CA reaction consists of
an addition reaction between a three-atom component
(TAC) and a multiple bond system and the transformation

may proceed under metal-free or metal-assisted conditions
(Rios-Gutierrez et al., 2019). The former is a neutral species
whose core structure is composed from three nuclei sharing

at least 8 electrons. TACs can be geometrically categorized
into two types: linear (L-TAC) and bent (B-TAC) geometries.
Mechanistically, Huisgen originally proposed that three mech-

anisms were plausible (i) the positive end of the TAC may react
first, and the negative end would then complete the addition;
(ii) the negative pole may attack first and then the positive
end would complete the addition; or (iii) both charged ends

of the dipole may be added concurrently. While mechanisms
i and ii proceed via octet 1,2-dipoles and involve zwitterionic
intermediate, mechanism iii takes place via sextet 1,3-dipoles

and is concerted. Firestone proposed, an alternative stepwise
radical mechanism via formation of a diradical intermediate
(Rios-Gutierrez et al., 2019). It has been established that the

regio- and stereochemistry of 32CA reactions can be controlled
either by selecting the appropriate dipole and/or dipolarophile
or by controlling the reaction with a catalyst (Yan et al., 2006).
Electronic and steric effects are two key factors that can influ-

ence the outcome of the regio- and stereoselectivity of such
reactions (Bakthadoss and Sivakumar, 2009). Recently, the
molecular mechanism and underlying factors affecting regio-

and chemoselectivity in 32CA processes have been theoreti-
cally investigated using reactivity indices of density functional
theory (DFT) (Domingo et al., 2002) and molecular electron

density theory (MEDT) (Domingo, 2016).
As a further extension of our ongoing research on 32CA

reactions and their utility for the synthesis of novel spirohete-

rocycles (Hussein and Abdel-Monem, 2011), we now report
the results of experimental and theoretical studies on the
regio- and stereoselectivity of the 32CA reaction of azomethine
ylides (AYs) 3a-c (generated in situ from isatins 1a-c and L-

proline (2) with a series of (E)-3-(2-oxo-2-(pyren-1-yl)ethyli
dene)indolin-2-one derivatives 4a-d, in order to obtain a series
of hitherto unknown new 10-(1-pyrenoyl)-dispiro[indoline-3,30-
pyrrolizidin-20,300-indoline]-2,200-diones and/or 20-(1-pyrenoyl)-
dispiro[indoline-3,30-pyrrolizidin-10,300-indoline]-2,200-diones.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2. Results and discussion

2.1. Synthetic approach

The [3 + 2]-cycloaddition reaction of azomethine ylides (AYs)
3a-c, generated in situ from the reaction of isatin derivatives

1a-c and L-proline (2) in absolute ethanol under reflux, with
(E)-3-(2-oxo-2-(pyren-1-yl)ethylidene)indolin-2-one deriva-
tives 4a-d prepared as dipolarophiles, gave a new series of 10-
(1-pyrenoyl)-dispiro[indoline-3,30-pyrrolizidine-20,300-indoline]-
2,200-diones 5a-l and/or 20-(1-pyrenoyl)-dispiro[indoline-3,30-p
yrrolizidine-10,300-indoline]-2,200-diones 6a-l (Scheme 1).

The regioisomeric molar ratio was determined by 1H NMR

spectroscopy using C10AH and C20AH as distinctive signals for
regioisomer 5 and 6, respectively. The reaction was found to be
relatively regioselective and stereospecific at the stereogenic

centers. The regiochemistry of the reaction was found to be
dependent on the chemical structure of both the dipole and
the dipolarophile (Table 1). It can be seen from Table 1 that

in most cases, regioisomers 5 were obtained as the major prod-
ucts (Table 1, entries 1–7 & 10–12). Surprisingly, in the case of
the 32CA reaction of dipoles 3b (generated in situ by the reac-
tion of 5-chloroisatin 1b and L-proline) and 3c (generated

in situ by the reaction of N-methyl-5-chloroisatin 1c and L-
proline) with (E)-5-chloro-3-(2-oxo-2-(pyren-1-yl)ethylidene)i
ndolin-2-one (4c), the regiochemistry was reversed and the

cycloadducts 6h (Table 1, entry 8) and 6i (Table 1, entry 9)
were obtained as the major products. It should be mentioned
that the pure regioisomers 5a, 5b, 5d, 5e, 5j, 5l and 6i were
Scheme 1 Synthesis of 10-(1-pyrenoyl)-dispiro[indoline-3,30-pyrroliz
[indoline-3,30-pyrrolizidine-10,300-indoline]-2,200-diones 6a-l.
obtained by recrystallizing the crude reaction mixture from
absolute ethanol. Unfortunately, compounds 5c, 5f, 5g, 5h,
5k and their corresponding regioisomers could not be sepa-

rated by either recrystallization or column chromatography
because they have similar Rf values in different organic
solvents.

2.2. Regio- and stereoselectivity

To confirm the chemical structures and regio/stereochemistry

of the isolated products for each pair of reacting substrates,
we performed multiple one-dimensional (1D) (proton,
carbon-13, CRAPT, DEPT-135 NMR) and two-dimensional

(2D) homo- and heteronuclear correlation nuclear magnetic
resonance spectrometry measurements (gDQFCOSY,
gHSQCAD, HMBCAD, ROESYAD) as well as decoupling
experiments on several compounds (Figs. S1–S97). The deter-

mination of relative and absolute configuration of organic
compounds by various NMR techniques is being frequently
used and is a growing field of research as it offers an alterna-

tive approach, besides single crystal X-ray crystallography,
to determine structure (Bifulco et al., 2007). The NMR tech-
nique is useful for non-crystalline samples that resist all type

of crystallization into suitable X-ray grade crystals. Therefore,
the selection of 5-chloro-10-(1-pyrenoyl)-dispiro[indoline-3,30-
pyrrolizidine-20,300-indoline]-2,200-diones (5b) and 5,500-dichlor
o-1-methyl-20-(1-pyrenoyl)-dispiro[indoline-3,30-pyrrolizidine-
10,300-indoline]-2,200-diones (6i) as representative models for the
remaining derivatives in the series, the relevant spectra used for
idine-20,300-indoline]-2,200-diones 5a-l and 20-(1-pyrenoyl)-dispiro



Table 1 32CA reaction of isatins 1a-c and L-proline (2) with dipolarophiles 4a-d.

Entry Reactants Products Time (h) Yielda

(%)

Diastereomeric ratio (%) Regioisomeric ratiob (5:6)

1 1a+2+4a 5a 3.5 97 100 >95:5

2 1b+2+4a 5b 5.5 88 100 >95:5

3 1c+2+4a 5c+6c 5 86 100 70:30

4 1a+2+4b 5d 3 81 100 >95:5

5 1b+2+4b 5e 5 75 100 >95:5

6 1c+2+4b 5f+6f 5 71 100 83:17

7 1a+2+4c 5g+6g 2.5 95 100 59:41

8 1b+2+4c 5h+6h 5 91 100 27:73

9 1c+2+4c 6i 4.5 78 100 0:100

10 1a+2+4d 5j 2.5 83 100 >95:5

11 1b+2+4d 5k+6k 4.5 84 100 66:34

12 1c+2+4d 5l 4 67 100 >95:5

a Combined yield of isolated cycloadducts.
b Determined by 1H NMR spectroscopy.

Fig. 1 (a) 1H NMR spectrum of (5b); (b) 13C CRAPT-NMR spectrum; (c) 1H–1H-COSY-NMR spectrum; (d) 1H–13C-HSQC-NMR

spectrum; (e) 1H–13C-HMBC-NMR spectrum; (f) 1H–1H-ROESY-NMR spectrum.

4 E.M. Hussein et al.
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regiochemical determination and stereochemical assignment
are shown in Figs. 1–4.

2.2.1. Regiochemical assignment of 5b as a model example

Examination of the 13C-CRAPT (Fig. 1, spectrum b) and 13C
NMR spectra (Fig. S33) revealed the presence of 38 signals (16
aromatic CH’s, 12 aromatic quaternary carbons, three car-

bonyl carbons, two spiro carbons, three methylene and two
methine carbons, consistent with all carbon atoms being mag-
netically nonequivalent. The three carbonyl carbons of the pyr-

ene and oxindole rings absorb at d 202.0 (C10), 177.2 (C2,
identified via 1H–13C-HMBCAD long-term coupling with
N1AH; Fig. 1, spectrum e), and 172.2 (C200, identified via
1H–13C-HMBCAD long-term coupling with N100AH) ppm,
respectively. The two spirocyclic carbon atoms of the pyrroli-
zidine ring C30/C3 (d 77.1 ppm) and C20/C300 (d 66.7 ppm) exhi-

bit the broadest chemical shifts compared to the remaining
carbon atoms of this particular ring. The chemical shifts and
signals of these quaternary carbons were identified by compar-
ing the 13C NMR (Fig. S33) and 13C-CRAPT spectra (Fig. 1,

spectrum b). While the 13C chemical shifts of the two methine
carbons (C10/d 56.7 & C7a’/d 65.4 ppm) were clearly identified
as the only signals with negative phases in the aliphatic region

of the 1H–13C-HSQCAD spectrum (Fig. 1, spectrum d), the
attached protons C10AH and C7a0AH appear as d and ddd [d
5.52 (d, J = 8.0 Hz, 1H, C10AH), 4.76 (ddd, 1H, J = 10,

8.0, 5.6 Hz, C7a0AH) ppm, respectively] (Fig. 1, spectrum a)
and were correlated in the 1H–13C-HSQCAD NMR spectrum
by two contours with the corresponding C10 and C7a’ carbons

at 56.7 (C10AH) and 65.4 (C7a0AH) ppm, respectively (Fig. 1,
Fig. 2
1H–1H decoupling experiments of 5b: (a) non-decoupled spect

(e) irrad. of C70AHa; (f) irrad. of C50AH; (g) irrad. of C50AH; (h) irrad. o

& C700AH; (k) irrad. of C700AH; (l) irrad. of C4-H; (m) irrad. of C7-H;

irrad. of C500AH; (r) irrad. of C400AH & 1Hpyrene.
spectrum d). In particular, the C10AH proton resonance of
methine (d 5.52), which is the lowest aliphatic signal in the
1H NMR spectrum due to diamagnetic anisotropy, shows

strong 1H–13C HMBC correlations (Fig. 1, spectrum e) with
the neighboring carbonyl group (C10, d 202 ppm, 2JCH), the
C20/C300 carbon of the spirocenter (66.7 ppm, 2JCH), and the

oxindole carbonyl C200 carbon (d 172.2 ppm, 3JCH), C70ACH2

(31.1 ppm, 3JCH), and C900 carbon (126.3 ppm, 3JCH), (Fig. 1,
spectrum e). The 1H–13C-HMBC data of N100AH of the oxin-

dole ring was key in assigning the chemical shift values of all
the carbon atoms associated with the 5-membered oxindole
ring (C200, C300, C800 & C900), while the observed 1H–1H-
ROESYAD correlation contours between N100AH and

C700AH (Fig. 1, spectrum f) assigned the chemical shift of the
latter and prompted a partial assignment of the C400AC700 pro-
tons. Consequently, based on the 1H–1H-gCOSYAD correla-

tion of C700AH (outside the diagonal contour at d 6.09/7.19)
(Fig. 1, spectrum c), the triplet at d 7.19 was correlated with
the neighboring proton C600AH. The most diagnostic reso-

nance peaks for distinguishing the regioisomers were those
associated with the methine groups (C10AH & C7a0AH) and
their corresponding multiplicities. Based on the demonstrated

vicinal correlations between C10AH and C7a0AH in the
1H–1H-gCOSYAD (Fig. 1, spectrum c), it is evident that the
methine groups are spin-coupled. This obviously supports
the suggested structure 5b (Scheme 1) and rules out the regioi-

somer 6b, in which the two groups are in separate spin systems.
Literature evidence in line with our findings and supporting
the regiochemical outcome of the above transformation stems

from the work of Velikorodov et al. who described a similar
rum; (b) irrad. of C70AHb; (c) irrad. of C60AH; (d) irrad. of C60AH;

f C7a0AH; (i) irrad. of C10AH; (j) multiple-frequency irrad. of C4-H

(n) irrad. of C6-H; (o) irrad. of 1Hpyrene; (p) irrad. of C600AH; (q)



Fig. 3 (a) Overview of pertinent correlations observed in the 1H–1H-ROESYAD spectrum of 5b showing truncated signals stemming

from C10AH, C7a0AH, C70AHa and C70AHb, N1-H, N100AH, C7-H, and C700AH.
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cycloaddition to the one discussed herein using L-proline and
isatin, although they utilized methyl 4-[2-(2-oxo-1,2-dihydro-

3H-indol-3-ylidene)acetyl]phenylcarbamate as the dipo-
larophile (Velikorodov et al., 2011). Using unsubstituted isa-
tin, the group reported the same regioisomeric outcome

presented herein for the formation of the pyrrolizidine core,
although the study was severely limited in substrate scope,
reporting only one regioisomeric pyrrolizidine product without

any stereochemical analysis. Later, the same group described
an intriguing cycloaddition regioselectivity reversal associated
with the same reaction when 5,7-dimethylisatin was used to

generate the dipole instead of isatin (Velikorodov et al.,
2013). The reversal observed was attributed to steric factors
related to the hindered nature of 5,7-dimethylisatin. It is noted
that the study reported only one regioisomeric product of this

reversed type and the study was mostly focused on the prepa-
ration of other spiro cycloadducts like isoxazoline and pyra-
zole fragments. The stereochemical outcome was not

discussed either. Another similar strategy to prepare the
related octahydroindolizine through a 1,3-dipolar cycloaddi-
tion reaction of heteroaromatic N-ylides with 3-[(E)-2-aryl(he

taryl)-2-oxoethylidene]indolin-2-ones also produced the same
regiochemical outcome observed in our case (Serov et al.,
2005). Although in their study the general structure of the
dipolarophile offered similar electronic environment to the

one utilized herein, both the dipolarophile and dipole are sig-
nificantly different that those employed in our current study.

Although at the moment a more fundamental and tangible

understanding of the reasons behind the selectivity observed
could not be provided in a complete convincing manner, the
current regiospecific cycloaddition reaction reported herein
of the dipole generated from isatin and L-proline to (E)-3-(2-
oxo-2-(pyren-1-yl)ethylidene)indolin-2-ones demonstrated

consistent attack of the electron-rich carbon atom of the dipole
upon the a-carbon of the enone. It is conceivable that a com-
bination of electronic (formation of a highly delocalized eno-

late anion following the addition of the dipole to the a-
carbon of the enone) and steric factors (preferential attack of
the dipole at the secondary a-carbon as opposed to the more

hindered b tertiary carbon) work together to dictate the pref-
erential formation of the observed regioisomeric product as
the sole product.

2.2.2. Stereochemical assignment of 5b as a model example

It was crucial to assign at least all chemical shifts of the aro-
matic protons of the oxindole and pyrrolizidine rings before

attempting any kind of stereochemical assignment. Overlaps
between the signals warranted extensive 2D, 3D, and homonu-
clear decoupling studies. As expected, the C7a0AH (d 4.76 ppm)

multiplicity was a doublet of a doublet of a doublet (ddd) due
to coupling with C10AH and the neighboring nonequivalent
diastereotopic C70AHa and C70AHb protons. The C10AH pro-
ton resonated significantly further downfield and appeared as

a doublet at d 5.52 ppm (d, J = 8.0 Hz) due to scalar coupling
with the neighboring C7a0AH. The six non-equivalent pyrroli-
zidine methylene protons C70AH2AC50AH2 were correlated to

each other and to the same spin system of C7a0AH and C10AH
by 1H–1H-gDQFCOSY (Fig. 1, spectrum c), and the chemical
shifts of carbon-13 were also verified by 1H–13C-gHSQCAD

correlations (Fig. 1, spectrum d). Clearly, the magnetic aniso-
tropy and inherent diastereotopic nature of the methylenes
affected the chemical shifts of their carbon atoms, and the



Fig. 4 (a) Relevant signals and correlations observed in the (a) 1H, (b) 1H–13C-HMBCAD, and (c) 1H–1H-ROESYAD NMR spectra of

6i showing truncated signals stemming from C20AH and C7a0AH.
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effect was even greater on the shift of their protons, offsetting

the effect of the local atomic environment that justified the
detailed NMR studies mentioned above. Fortunately, the
N1-H group (d 10.55 ppm) of the oxindole moiety
(Figs. 1, 1H NMR spectrum a) was the crucial access point

that finally led to the unambiguous assignment of the relative
stereochemistry of the four stereogenic centers of the isolated
regioisomer. In the ROESYAD NMR spectrum (Fig. 1, spec-

trum f), there is a strongly correlated cross peak between the
N1-H proton (d 10.55 ppm) and C7-H (d, J = 8.0 Hz, d
6.60 ppm) and the recognition of the latter triggered the partial

assignment of C7-H and C6-H of the protons of the oxindole
ring. The N1-H proton also showed strong 1H–13C-
HMBCAD correlation contours with C7 (3JCH), C2 (2JCH)

and the C3/C30 spirocenter (
3JCH)), providing further evidence

for the previous assignment and creating a perfect match
between the previous signals and the corresponding oxindole
ring atoms. It was expected that the presence of Cl would facil-

itate the assignment of the corresponding chemical shifts to the
corresponding oxindole ring protons, as it produces a known
distinct splitting pattern of the three aromatic protons as d
(�J = 8.0 Hz), dd (�J = 8.0, 2.4 Hz) and d

(�J = 2.4 Hz). Based on the 1H–1H-gCOSY correlation of
C7-H (contour at d 6.60/7.02) (Fig. 1, spectrum c), the dd at
d 7.02 (J = 8.0, 2.4 Hz) was aligned with the neighboring
C6-H. Thus, it appears that the two overlapping signals

between d 6.12–6.07 ppm are from 2 protons belonging to
two different aromatic oxindole rings, and that the overlap-
ping signals in the d 7.88–7.80 region belong to 2 protons from

the oxindole and pyrenoyl rings (vide infra). From the ROE-
SYAD NMR spectrum (Fig. 1, spectrum f), the strong corre-
lation contour between the N100AH proton (d 9.47 ppm) and

d 6.09 ppm C700AH (d, J = 8.0 Hz) exposes it as one of the
overlapping signals in the d 6.12–6.07 region and prompts a
partial assignment of the C600AH and C500AH protons. As

can be seen from the contours at d 7.19/6.09 and d 7.19/7.25,
the two triplet doubles at d 7.19 and d 7.25 ppm were assigned
to C600AH and C500AH, respectively.

Unfortunately, the most informative 1H NMR signals of

C400AH and C4-H, which incidentally have been previously
used in related systems (Hussein and Abdel-Monem, 2011)
as keys to assign the relative stereochemistry of all chiral cen-
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ters, were part of the overlapping signals at d 6.12–6.07 and d
7.86–7.80 ppm, respectively, and eluded unambiguous identifi-
cation because the 2D and 3D NMR data were insufficient to

verify which signal belonged to which oxindole ring. There-
fore, further advanced NMR studies were required, which
could only be performed by 1H–1H homonuclear uncoupling

NMR experiments (vide infra).
Of note is the overlap between the two resonances at d

7.80–7.84 ppm and two other signals at d 6.08–6.09 ppm.
1H–1H-gDQFCOSY correlations were insufficient to fully cor-
relate the C4-HAC7-H spin system and distinguish between 1H
NMR signals associated with the latter and those originating
from the other oxindole C400AHAC700AH spin system. There-

fore, homonuclear uncoupling experiments (Fig. 2) were per-
formed to assign the chemical shifts of the oxindole protons
to their respective positions on the aromatic oxindole rings.

Moreover, these experiments were of utmost importance in
assigning the chemical shifts of the 6 aliphatic signals (d
2.69–1.93 ppm) to their corresponding methylene protons.

Thus, the irradiation of C70AHb (Fig. 2, spectrum b), C60AH
(Fig. 2, spectrum c), C700AH (Fig. 2, spectrum d), C70AHa

(Fig. 2, spectrum e), C50AH (Fig. 2, spectrum f), C50AH

(Fig. 2, spectrum g), C7a0AH (Fig. 2, spectrum h), C10AH
(Fig. 2, spectrum i), C700AH (Fig. 2, spectrum k), C4-H
(Fig. 2, spectrum l), C7-H (Fig. 2, spectrum m), C6-H
(Fig. 2, spectrum n), C600AH (Fig. 2, spectrum p), C500AH

(Fig. 2, spectrum q), C400AH & 1Hpyrene (Fig. 2, spectrum r),
resulted in the collapse of prominent signals, including
C50AH, which collapsed to a doublet (spectrum c), C7a0AH

to a doublet of doublets (spectrum i), and C10AH/C4-H/C7-
H/C700AH/C400AH to singlet (spectrum h, n, p, & q, respec-
tively). These experiments led to a clear assignment of chemical

shifts for the oxindoles and pyrrolizidine protons as well as for
the overlapping resonances between d 6.12–6.07 and d 7.86–
7.80 ppm. In particular, irradiation of the characteristic C6-

H dd (Fig. 2, spectrum n) collapsed both signals of C4-H,
C7-H into singlets and indicated that the overlapping reso-
nances in the d 6.12–6.07 region comprise a doublet with small
scalar coupling value (C4-H, J = 2.0 Hz) that overlaps with

another doublet with much larger coupling constant (C700AH,
J = 8.0 Hz). Similarly, irradiation of the characteristic
C500AH td (d 7.25 ppm) and 1Hpyrene d (d 7.09 ppm) suggests

that the overlapping resonances in the d 7.86–7.80 region com-
prise two doublets (C500AH & 1Hpyrene). Accordingly, the C400-
AHAC700AH protons were associated with d 7.84, 7.25, 7.19

and 6.09 ppm, respectively, and the C4-H, C7-H and C6-H pro-
tons were associated with d 6.08, 6.60 and 7.02 ppm, respec-
tively. As expected, the first proton spin system showed two
triplets and two doublets, while the second one comprised

two doublets and one doublet of doublets, further supporting
the above assignments.

Having identified and assigned chemical shifts in the proton

spectrum for each H atom in the three aforementioned auton-
omous spin systems (oxindole and pyrrolizidine ring systems),
we needed to examine the ROESYAD spectrum (Fig. 1, spec-

trum F) closely for notable spatial correlations that could be
used to determine the relative stereochemistry of the four stere-
ogenic centers. A strong contour at d 7.84/4.76 ppm indicates a

proximity of C400AH and C7a0AH to each other (Fig. 3), sug-
gesting that a syn-stereochemical relationship exists between
the aromatic oxindole ring and C7a0AH, determining the rela-
tive stereochemistry for the C20/C300-spirocenter and C7a0AH.
Based on the trans geometry of the dipole, C10AH is expected

to be trans to both flanking groups, the adjacent aromatic
oxindole ring and C7a0AH. The trans-stereochemical relation-
ship between C10AH and C7a0AH is evident from the lack of

a cross-peak between their signals in the ROESYAD spectrum
(Fig. 1, spectrum F). While C7a0AH showed a strong ROESY
correlation with cis C70AHb and no correlation with trans C70-

AHa, C10AH correlated strongly with C70AHa and showed no
correlation with C70AHb. The diastereotopic protons C70AHa

and C70AHb were identified via 1H–13C-HSQCAD NMR
(Fig. 1, spectrum d), as they were both traced to a common

carbon atom (d 31.3 ppm), and their relative position with
respect to C60AH2 and C50AH2 was determined via
gDQFCOSY NMR (Fig. 1, spectrum c). Finally, the trans

geometry of the oxindole rings was evident from the complete
absence of relevant contours between the two groups of aro-
matic spin systems. Except for two cases (Table 1, entries 8

and 9), regioisomer 5 was obtained exclusively as pure (Table 1,
entries 1, 2, 4, 5, 10, and 12) or as the major product (Table 1,
entries 3, 6, 7, and 11), and regioisomer 6 was observed as a

minor product. However, regioisomer 6 was obtained in pure
form in one case (Table 1, entry 9) and as the major isomer
(73%) in another example (Table 1, entry 8).

The regiochemistry of the cycloadduct 6i was readily estab-

lished due to the lack of correlation between C20AH (s) and
C7a0AH (dd) in the 1H–1H-gDQFCOSY and the pronounced
multiplicity of C20AH (s) (Fig. 4, spectrum a), which, as

expected, appears as the only singlet in the entire 1H NMR
spectrum (d 5.70 ppm), being the only isolated aliphatic spin
system in the entire molecule. Further evidence for the assign-

ment of C20AH in cycloadduct 6i is provided by a strong
1H–13C-HMBCAD correlation of C20AH with the three flank-
ing carbons at d 72.1 (C3/C30,

2JCH), 62.7 (C10/C300), and 200.3

(q, C10), and with the two indoline carbonyls at 179.9 (C200,
3JCH) and 176.6 (C2,

3JCH) (Fig. 4, spectrum b). In the
1H–1H-ROESYAD spectrum (Fig. 4, spectrum c), a strong
correlation between the N100AH and the C700AH triggered the

assignment of C700AHAC400AH using 1H–1H-gDQFCOSY.
Similarly, a strong correlation between N1ACH3 and C7-H
in the 1H–1H-ROESYAD triggered the assignment of C7-

HAC4-H using 1H–1H-gDQFCOSY. After the identification
of the H NMR chemical shifts for each proton in the above
four autonomous spin systems (oxindole and pyrrolizidine ring

systems), it only remained to look for significant spatial prox-
imity contours in the 1H–1H-ROESYAD spectrum (Fig. 4,
spectrum c) to clarify the relative stereochemistry of the four
chiral centers. Certainly, a characteristic contour at d
7.92/5.70 ppm indicated the spatial proximity of C4-H and
C20AH to each other (Fig. 3), suggesting that a syn-
stereochemical relationship exists between the oxindole aro-

matic ring of C7-HAC4-H and C20AH and determines the rel-
ative stereochemistry for the C3/C30-spirocenter and C20AH.
Based on the trans-stereochemical geometry of the dipole,

the aromatic ring C700AHAC400AH is expected to be trans to
C20AH. The stereochemistry of C7a0AH was determined from
a strong 1H–1H-ROESYAD cross-peak (at d 8.14/4.59 ppm)

between C400AH and C7a0AH as syn to the aromatic ring
C700AHAC400AH.
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2.3. Reaction mechanism

As suggested in Scheme 2 below, the regio- and stereochem-
istry for the formation of dispiropyrrolizidine oxindoles 5a-l

and 6a-l are described in terms of electronic factor and the

repulsion force. The formation of regioisomer 5 occurs via
‘‘pathway A”, in which the nucleophilic carbon atom of the
azomethine ylide (AY) attacks the a-carbon of ethylene deriva-
tive 4 through an ‘‘exo” transition state (exo-TS5, Scheme 2).

In this case, exo-TS5 is more stable because the corresponding
‘‘endo” transition state (endo-TS5) requires more free activa-
tion energy than exo-TS5 due to the electrostatic repulsion

between the cis-carbonyl groups, which increases the free acti-
vation energy. On the other hand, the formation of the other
regioisomer 6 occurs via ‘‘pathway B”, in which the nucle-

ophilic carbon atom of the azomethine ylide (AY) attacks
the b-carbon of the ethylene derivatives 4 also via an ‘‘exo”
transition state (exo-TS6, Scheme 2).

Moreover, the regiochemistry of this type of 32CA reaction
can be illustrated by the secondary orbital interaction (SOI) of
the carbonyl group orbitals of dipolarophiles 4a-d with those
of ylides 3a-c, as shown in Scheme 2.
2.4. Theoretical studies

Hypothetically, the reaction could proceed via pathway A (a-
attack) or pathway B (b-attack) and in both cases the orienta-
tion of the reactants could be endo or exo. Therefore, a theo-
retical study was carried out to determine the energetics of

reaction pathways A and B through the exo and endo transi-
tion states for the formation of compounds 5a and 6a starting
from 3a and 4a. The calculated free energy profile of the exo
and endo transition states (exo-TS and endo-TS) and the prod-

ucts of reaction pathway A are shown in Fig. 5A. Fig. 5B
shows the same for reaction pathway B. The calculated activa-
tion energies (Ea) and free energy values (DG) are listed in

Table 2.
The stereoselectivity of the reaction can be explained on the

basis of the activation energies for the formation of 5a and 6a

via exo- and endo- TS. The activation energy for the formation
of exo-5a is lower than that of endo-5a (Fig. 5A). Similarly, the
activation energy for the formation of exo-6a is lower than

that of endo-6a (Fig. 5B). Therefore, all reactions are stere-
ospecific and yield the exo adduct as a single product in all
cases. To explain the regioselectivity, we compared the activa-
tion energies for exo-5a and exo-6a. From the activation ener-

gies (Fig. 5, Table 2), it is evident that the reaction is
regiospecific and yields only cycloadduct-5 as a single product.
It should be noted that the exo-6a isomer was energetically

more stable than exo-5a, but due to the higher activation
energy barrier, it could not form. For reactions (3a + 4a),
(3a + 4b), (3a + 4d), (3b + 4a), (3b + 4b) and (3c + 4d),

the reaction proved to be regiospecific and gave only
cycloadduct-5 as the sole product. Thus, the computational
results agree well with the experimental results. The optimized

geometries of the exo-transition state (exo-TS) in pathways A
and B are shown in Fig. 5C and 5D, respectively. Global elec-
tron density transfer (GEDT) calculations were performed on
the transition states. The GEDT value of 0.15e at 5a-exo-TS is
consistent with a polar nature of the reaction.

Experimentally, it was observed that in the case of reactions

(3a + 4c), (3b + 4d), (3c + 4a) and (3c + 4b), the reaction
was regioselective and cycloadduct-5 was obtained as the
major product and cycloadduct-6 as the minor product in each

case. To explain this observation, we calculated the free energy
profile for reaction (3a + 4c) as shown in Fig. 6. It is evident
that the activation energy (Table 2) is lowest for the formation

of cycloadduct-5, indicating that the formation of 5g would be
most favorable. The difference between the activation energies
for the formation of exo-5g and exo-6g is 4.95 kcal/mol, which
is less than the difference between the activation energies

(5.32 kcal/mol) for the formation of exo-5a and exo-6a, which
could be a reason for the formation of cycloadduct-6 as a by-
product.

In the case of (3b + 4c) and (3c + 4c), experiments have
shown that the regiochemistry is reversed and the reaction is
regioselective, yielding the cycloadduct-6 (6h) as the major pro-

duct in the case of (3b+ 4c), whereas in the case of (3c+ 4c) it is
regiospecific, yielding only the cycloadduct-6 (6i) as the single
product. To explain this unique observation, the free energy

profiles for both reactions were calculated (Figs. 7 and 8) and
the activation energies are listed in Table 2.

However, the calculated activation energies for the forma-
tion of cycloadduct-5 (5h and 5i) are 4.99 and 4.60 kcal/mol,

respectively, which are much lower than the activation energies
for the formation of cycloadduct-6 (10.05 and 9.45 kcal/mol
for 6h and 6i, respectively). Thus, the calculated free energy

profile could not explain the switching of regioselectivity in
the case of (3b + 4c) and (3c + 4c). However, in all cases,
the computational results confirmed that all reactions were

stereospecific and, in all cases, gave the exo-adduct as a single
product.

The optimized transition state geometries in the a-attack
pathway show that the C40„C50 distance is smaller than the
C20„C30 distance, indicating that the C40„C50 bond is formed
first, followed by the formation of the C20„C30 bond. Simi-
larly, the optimized transition state geometries in the b-
attack pathway show that the C20„C30 distance is smaller than
the C40„C50 distance, indicating that the formation of the C20-
„C30 bond is followed by the C40„C50 bond. To investigate

whether there are stable intermediates, the C20„C30 distance
in the a-attack pathway and the C40„C50 distance in the b-
attack pathway were perturbed and the potential energy was

plotted in Fig. 9. From the scan of the potential energy
(PES), it can be seen that there is no stable intermediate in
the b-attack and that after the formation of the C20„C30 bond,
the C40„C50 bond is formed in a barrierless and concerted

manner.
On the other hand, the a-attack pathway shows thermo-

dynamically stable intermediates and a second transition

state (Fig. 10). However, the activation energy required to
form the intermediate is in the range of 0.1–0.3 kcal/mol,
which is much less than the kBT at room temperature

(0.59 kcal/mol), indicating that the intermediate is not
stable at room temperature (as well as at the reaction tem-
perature) and the a-attack also occurs in a concerted

manner.



Scheme 2 Plausible mechanism for the formation of 10-(1-pyrenoyl)-dispiro[indoline-3,30-pyrrolizine-20,300-indoline]-2,200-diones 5a-l and
20-(1-pyrenoyl)-dispiro[indoline-3,30-pyrrolizine-10,300-indoline]-2,200-diones 6a-l.
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Fig. 5 Computed free energy profiles of the possible reaction paths for (3a+4a). (A) Free energies of a-attack (path A) for the formation

of 5a via exo- and endo-TS, respectively. Relative free energies are given in kcal/mol. (B) Free energies of b-attack (path B) for the

formation of 6a via exo- and endo-TS, respectively. Relative free energies are given in kcal/mol. Optimized geometries and global electron

density transfer (GEDT) at exo-TS in a-attack (C) and b-attack (D). The 50� � �40 and 20� � �30 bond distances are shown with black dotted

arrows. The gray arrow indicates the direction of GEDT.

Table 2 Computed activation energies and the free energies of selected reactions. Energy values are given in kcal/mol.

Reactants Products Ea DG Reactants Products Ea DG

3a+4a endo-5a 8.35 �6.71 3b+4c endo-5h 8.72 �5.93

exo-5a 4.82 �10.57 exo-5h 4.99 �9.30

endo-6a 20.45 �7.58 endo-6h 20.45 �6.47

exo-6a 10.14 �15.14 exo-6h 10.05 �14.58

3a+4c endo-5g 7.10 �7.17 3c+4c endo-5i 7.58 �6.48

exo-5g 3.85 �10.56 exo-5i 4.60 �9.86

endo-6g 19.03 �8.03 endo-6i 19.71 �6.93

exo-6g 8.80 �15.80 exo-6i 9.45 �15.16
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As described in our previous publication (Hussein et al.,

2011), global and local reactivity descriptors such as chemical
potential l, chemical hardness g, and global electrophilicity x,
defined in the framework of density functional theory, have

proven to be very useful for the interpretation of reactivity
and regioselectivity in polar reactions. The calculated values
of l and g, x are given in Table 3. From the data, it is evident
that the electronic chemical potentials l of 3a-c are higher than

those of 4a-d. Moreover, the E configuration of 3a-c has higher
electronic chemical potential than its Z configuration and E
configurations are energetically more favorable than the Z

configurations. This suggests that electrons flow from the
(E)-3a-c to the 4a-d, which act as electrophiles due to their lar-
ger x-values (3.53 < x < 3.93) compared to the x-values
(1.52 < x < 1.87) of the 3a-c. On the electrophilicity scale
(strong, x > 1.5 eV, moderate, 0.8 < x < 1.5 eV, and mar-
ginal x < 0.8 eV) as described by Domingo et al. (Domingo
et al., 2002), our ethylene derivatives 4a-d can be counted

among the strong molecules on this scale of electrophilicity.
However, 3a-c are also strong electrophiles, but their elec-

trophilicity is lower than that of 4a-d. On the other hand,
the nucleophilicity N index described by Jaramillo et al.
(2008) classifies molecules as strong, N > 3.00 eV, moderate,

2.00 eV < N < 3.00 eV, and marginal nucleophilic,
N < 2.00 eV. The calculated nucleophilicity descriptor N, as
listed in Table 3, shows that all reactants can be classified as
strong nucleophilic and (E)-3a is the best nucleophile in this

series. These results confirm the expected reactivity pattern.
In order to rationalize and understand the regioselectivity

observed in this work, we calculated the local reactivity

indices, including the electrophilic and nucleophilic Parr and
Fukui functions. The local electrophilicity parameter is defined
by xk = xPk

+, to reveal the reactive behavior of the atoms

forming a molecule. From Table 4, the highest values of Pk
�

in 3a-c at carbon atom C7 are 0.388, 0.364 and 0.356, respec-
tively. Moreover, the carbon C1 in 4a represents the elec-
trophilic site with a local electrophilicity value of

xk = 0.54 eV. Therefore, the interaction takes place between



Fig. 7 Computed free energy profiles of the possible reaction paths for (3b + 4c). (A) Free energies of a-attack (path A) for the

formation of 5h via exo- and endo-TS, respectively. Relative free energies are given in kcal/mol. (B) Free energies of b-attack (path B) for

the formation of 6h via exo and endo TS, respectively. Relative free energies are given in kcal/mol. (C) Optimized geometry of 5h-exo-TS.

(D) Optimized geometry of 6h-exo-TS. The 50� � �40 and 20� � �30 bond distances are indicated with black dotted arrows. The gray arrow

shows the direction of GEDT.

Fig. 6 Computed free energy profiles of the possible reaction paths for (3a + 4c). (A) Free energies of a-attack (path A) for the

formation of 5g via exo- and endo-TS, respectively. Relative free energies are given in kcal/mol. (B) Free energies of b-attack (path B) for

the formation of 6g via exo- and endo-TS, respectively. Relative free energies are given in kcal/mol. (C) Optimized geometry of 5g-exo-TS.

(D) Optimized geometry of 6g-exo-TS. The 50� � �40 and 20� � �30 bond distances are indicated with black dotted arrows. The gray arrow

shows the direction of GEDT.
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Fig. 8 Computed free energy profiles of the possible reaction paths for (3c + 4c). (A) Free energies of a-attack (path A) for the

formation of 5i via exo- and endo-TS, respectively. Relative free energies are given in kcal/mol. (B) Free energies of b-attack (path B) for

the formation of 6i via exo- and endo-TS, respectively. Relative free energies are given in kcal/mol. (C) Optimized geometry of 5i-exo-TS.

(D) Optimized geometry of 6i-exo-TS. The 50� � �40 and 20� � �30 bond distances are indicated with black dotted arrows. The gray arrow shows

the direction of GEDT.

Fig. 9 Potential energy diagram for the C20 ���C30 bond length perturbation in cycloadduct-5 and the C40���C50 bond length perturbation in

cycloadduct-6. Thermodynamically stable intermediate (Int) and the second transition state (TS2) are marked.

A combined experimental and theoretical study 13



Fig. 10 Optimized geometry of the thermodynamically stable intermediate (A) and the second transition state (B) in the exo-5a

formation path. C20‚C30 distances are shown with back dotted arrows.

Table 3 Global reactivity descriptors of the reactants.

Comp. E(HOMO) E(LUMO) l g x N

TCE �9.41 �5.25 �7.33 4.16 6.47 0.00

4c �5.89 �3.24 �4.57 2.65 3.93 3.52

4d �5.87 �3.19 �4.53 2.68 3.82 3.54

4a �5.82 �3.09 �4.45 2.74 3.62 3.59

4b �5.80 �3.04 �4.42 2.76 3.53 3.61

(Z)-3b �5.15 �1.86 �3.51 3.29 1.87 4.26

(Z)-3c �5.10 �1.81 �3.46 3.29 1.81 4.31

(E)-3b �5.05 �1.72 �3.39 3.33 1.72 4.36

(E)-3c �5.00 �1.68 �3.34 3.32 1.68 4.41

(Z)-3a �4.93 �1.65 �3.29 3.28 1.65 4.48

(E)-3a �4.82 �1.52 �3.17 3.30 1.52 4.59
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the C7 center of 3a-c and the C1 center of 4a, which facilitates

the a-attack. Interestingly, in the case of 4c, the C2 carbon rep-
resents the electrophilic site with a local electrophilicity value
of xk = 0.65 eV, suggesting that the C7 center of 3a-c can align

with the C2 center of 4c, facilitating b-attack. Although the
activation energies could not clarify why cycloadduct-6 was
formed in some cases, the calculated descriptors for the local
electrophilicity/nucleophilicity of the reactants could elucidate

the mechanism of regioselectivity.

3. Conclusion

In conclusion, one-pot three-component regio- and stereoselective

polar 32CA reactions of azomethine ylides with (E)-3-(2-oxo-2-(pyre

n-1-yl)ethylidene)indolin-2-one derivatives were carried out. The

experimental results showed that the regiochemistry in these reactions

is influenced by the chemical structure of both the dipole and the dipo-

larophile. A remarkable reversal of regioselectivity was carried out in

the reaction of azomethine ylide generated by the reaction of L-

proline and 5-chloroisatin or N-methyl-5-chloroisatin with (E)-5-chlo

ro-3-(2-oxo-2-(pyren-1-yl)ethylidene)indolin-2-one. The chemical

structures and stereochemistry of the obtained regioselective products

were confirmed by 1D and 2D NMR spectroscopy.
Computational free energy profile studies clearly show that for

both a-attack and b-attack, product formation via exo-TS always fol-

lows a lower energy pathway than the pathway via endo-TS, confirm-

ing the stereospecificity of the reactions and justifying the observation

of the exo-adduct as a single product in all cases.

Generally, the reaction is regioselective affording adduct-5 as

major product via a-attack and the computational results agree well

with the experimental observations. However, the calculated free

energy profile could not explain the switching of regioselectivity in

the case of dipole/dipolarophile interaction of 1-(5-chloro-2-oxoindo

lin-3-ylidene)pyrrolidinium ylide/(E)-5-chloro-3-(2-oxo-2-(pyren-1-yl)e

thylidene)indolin-2-one and 1-(5-chloro-1-methyl-2-oxoindolin-3-yli

dene)pyrrolidinium ylide/(E)-5-chloro-3-(2-oxo-2-(pyren-1-yl)ethyli

dene)indolin-2-one yielding the cycloadduct-6 as the major product

via b-attack.
Analysis of the optimized transition state geometries indicates that

in the case of a-attack, the C40‚C50 bond is formed first, followed by

the formation of the C20‚C30 bond, while in the case of b-attack, the
C20‚C30 bond is formed first, followed by the formation of the C40-

‚C50 bond. PES analysis, as obtained by the C20‚C30 bond length per-

turbation in the case of a-attack, revealed the existence of an

intermediate and a second transition state. However, the activation

energy barrier for the second transition state is well below kBT at room

temperature, indicating that the formation of the second bond in the a-



Table 4 Nucleophilic and electrophilic Fukui and Parr functions for the most relevant heavy atoms in the reactants.

Comp. Site k fk
� fk

+ Pk
� Pk

+

(Z)-3a 7 C 0.235 0.047 0.362 �0.102
9 C 0.216 0.496 0.351 0.796

10 N 0.007 0.166 �0.124 0.164

(E)-3a 7 C 0.244 0.054 0.388 �0.095

9 C 0.203 0.513 0.328 0.824

10 N 0.006 0.160 �0.118 0.133

(Z)-3b 7 C 0.229 0.034 0.349 �0.108
9 C 0.199 0.503 0.315 0.803

10 N 0.006 0.169 �0.116 0.162

(E)-3b 7 C 0.241 0.040 0.364 �0.113

9 C 0.191 0.517 0.300 0.826

10 N 0.006 0.163 �0.111 0.133

(Z)-3c 7 C 0.219 0.033 0.327 �0.109
9 C 0.195 0.501 0.312 0.801

10 N 0.006 0.170 �0.113 0.165

(E)-3c 7 C 0.236 0.038 0.356 �0.124

9 C 0.189 0.517 0.300 0.824

10 N 0.006 0.163 �0.111 0.134

4a 1 C 0.005 0.139 �0.004 0.149
2 C 0.006 0.155 0.031 0.144

3 C 0.003 0.136 �0.018 0.124

4 O 0.022 0.126 �0.001 0.192

4b 1 C 0.006 0.140 �0.007 0.150
2 C 0.006 0.148 0.023 0.133

3 C 0.001 0.139 �0.018 0.122

4 O 0.020 0.127 �0.003 0.192

4c 1 C 0.006 0.139 0.002 0.147
2 C 0.005 0.168 0.015 0.166

3 C 0.003 0.133 �0.018 0.117

4 O 0.024 0.124 0.002 0.193

4d 1 C 0.006 0.140 �0.003 0.137
2 C 0.005 0.161 0.010 0.159

3 C 0.003 0.137 �0.016 0.119

4 O 0.023 0.125 �0.0001 0.193
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attack is indeed barrierless at reaction temperature and the entire reac-

tion proceeds in a concerted manner. PES analysis for the C40‚C50

bond length disorder in the b-attack showed that the formation of

the C40‚C50 bond in the b-attack is barrierless and the reaction mech-

anism proceeds in a concerted manner, with a single transition state

existing. Analysis of the global and local electrophilicity and nucle-

ophilicity further elucidates the alignment of dipolarophiles 4a-d with

dipoles 3a-c and highlights the regioselectivity of the reactions.

4. Experimental

4.1. Chemical synthesis

All solvents used in this work were purchased from Sigma-
Aldrich. They were all spectroscopic grade and used without

additional purifications. Melting points of solids reported
herein are uncorrected and were obtained using a Stuart
SMP3 melting point apparatus. All NMR spectra were

recorded on a Varian NMR machine (at 400 MHz for 1H,
100 MHz for 13C) in DMSO d6 as solvent. The known dipo-
larophiles 4a-d were synthesized according to literature proce-
dure (Domingo, 2016).

4.1.1. Typical procedure for the preparation of 10-(1-pyrenoyl)-
dispiro[indoline-3,30-pyrrolizidine-20,300-indoline]-2,200-diones
5a-l and 20-(1-pyrenoyl)-dispiro[indoline-3,30-pyrrolizidine-
10,300-indoline]-2,200-diones 6a-l.

An ethanolic mixture (10 mL absolute ethanol) of isatin 1

(1.2 mmol), L-proline 2 (138 mg, 1.2 mmol) and 4 (1.0 mmol)

was refluxed for 3–6 h, followed by cooling to room tempera-
ture. The resulting solid formed during the reaction was iso-
lated by filtration to afford the corresponding regioisomers

5a-l and 6a-l. The molar ratio of 5a-l/6a-l was determined by
1H NMR spectroscopy. The pure cycloadducts 5a, 5b, 5d,
5e, 5j, 5l, and 6i were obtained by recrystallization from abso-

lute ethanol.

4.1.1.1. (1’S,2’R,3S,7a’S)-10-(1-pyrenoyl)-dispiro[indoline-
3,30-pyrrolizidine-20,300-indoline]-2,200-diones (5a)

Buff crystals, mp 251–252 �C; yield 0.556 g (97%) from
176 mg (1.2 mmol) of 1a and 373 mg (1.0 mmol) of 4a. 1H

NMR (DMSO d6, 400 MHz) d 10.40 (s, 1H, N1-H), 9.41 (s,
1H, N100AH), 8.34 (d, J = 8.0 Hz, 1Hpyrene), 8.30–8.25 (m,
3Hpyrene), 8.22 (d, J = 8.0 Hz, 1Hpyrene), 8.15 (d,

J = 8.0 Hz, 1Hpyrene), 8.10 (t, J = 8.0 Hz, 1Hpyrene), 7.87
(d, J = 7.2 Hz, 1H, C400AH), 7.84 (d, J = 9.2 Hz, 1Hpyrene),
7.24 (td, J = 7.6, 0.8 Hz, 1H, C500AH), 7.17 (td, J = 7.6,
1.2 Hz, 1H, C600AH), 7.09 (d, J = 9.2 Hz, 1Hpyrene), 6.98 (td,

J = 7.6, 1.2 Hz, 1H, C6-H), 6.61 (d, J = 7.6 Hz, 1H, C7-H),
6.42 (td, J = 7.6, 1.2 Hz, 1H, C5-H), 6.20 (d, J = 7.2 Hz,
1H, C4-H), 6.06 (d, J = 7.1 Hz, 1H, C700AH), 5.59 (d,

J = 8.0 Hz, 1H, C10AH), 4.82–4.73 (m, 1H, C7a0AH), 2.71–
2.64 (m, 1H, C50AH), 2.60–2.54 (m, 1H, C50AH), 2.45–2.34
(m, 1H, C70AHa), 2.28–2.20 (m, 1H, C60AH), 2.13–2.02 (m,

1H, C60AH), 2.01–1.94 (m, 1H, C70AHb) ppm; 13C NMR
(DMSO d6, 100 MHz) d 202.2 (q, C10), 177.6 (q, C2), 172.5
(q, C200), 142.5 (q, C800), 142.0 (q, C8), 133.0 (q, Cpyrene), 132.7
(q, Cpyrene), 130.6 (q, Cpyrene), 129.9 (q, Cpyrene), 129.3 (C6H),

129.2 (CHpyrene), 129.1 (C600H), 128.0 (CHpyrene), 127.7 (q,
Cpyrene), 127.3 (CHpyrene), 127.2 (CHpyrene), 126.7 (q, C900),
126.6 (CHpyrene), 126.1 (CHpyrene), 125.8 (CHpyrene), 125.7

(C4H), 125.3 (CHpyrene), 125.2 (q, C9), 123.6 (q, Cpyrene and
CHpyrene), 123.5 (C400H), 123.4 (q, Cpyrene), 121.1 (C500H),
120.5 (C5H), 109.4 (C700H), 109.1 (C7H), 77.0 (C3/C30), 66.7

(C20/C300), 65.3 (C7a’H), 56.9 (C10H), 46.9 (C50ACH2), 31.0
(C70ACH2), 30.2 (C60ACH2).

4.1.1.2. (1’S,2’R,3S,7a’S)-5-chloro-10-(1-pyrenoyl)-dispiro[in-
doline-3,30-pyrrolizidine-20,300-indoline]-2,200-diones (5b)

Pink crystals, mp 258–259 �C; yield 0.533 g (88%) from
218 mg (1.2 mmol) of 1b and 373 mg (1.0 mmol) of 4a.
1H NMR (DMSO d6, 400 MHz) d 10.55 (s, 1H, N1-H),
9.47 (s, 1H, N100AH), 8.33 (d, J = 8.0 Hz, 1Hpyrene), 8.29–
8.24 (m, 3Hpyrene), 8.20 (d, J = 8.8 Hz, 1Hpyrene), 8.15 (d,
J = 8.0 Hz, 1Hpyrene), 8.08 (t, J = 8.0 Hz, 1Hpyrene,) 7.84

(d, J = 6.8 Hz, 1H, C400AH), 7.81 (d, J = 9.6 Hz, 1Hpyrene),
7.25 (td, J = 7.6, 0.8 Hz, 1H, C500AH), 7.19 (td, J = 7.6,
1.2 Hz, 1H, C600AH), 7.09 (d, J = 9.2 Hz, 1Hpyrene), 7.02

(dd, J = 8.0, 2.4 Hz, 1H, C6-H), 6.60 (d, J = 8.0 Hz,
1H, C7-H), 6.09 (d, J = 8.0 Hz, 1H, C700AH), 6.08 (d,
J = 2.0 Hz, 1H, C4-H), 5.52 (d, J = 8.0 Hz, 1H,

C10AH), 4.76 (ddd, J = 10, 8.0, 5.6 Hz, 1H, C7a0AH),
2.69 (t, J = 8.0 Hz, 1H, C50AH), 2.58–2.52 (m, 1H,
C50AH), 2.42–2.30 (m, 1H, C70AHa), 2.28–2.17 (m, 1H,
C60AH), 2.14–2.01 (m, 1H, C60AH), 2.01–1.93 (m, 1H, C70-

AHb) ppm; 13C NMR (DMSO d6, 100 MHz) d 202.0 (q,
C10), 177.2 (q, C2), 172.2 (q, C200), 141.9 (q, C800), 141.4 (q,
C8), 132.8 (q, Cpyrene), 132.7 (q, Cpyrene), 130.6 (q, Cpyrene),

129.9 (q, Cpyrene), 129.4 (C600H), 129.2 (C6H & CHpyrene),
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128.0 (C400H), 127.7 (CACl), 127.2 (2xCHpyrene), 127.1 (q,
Cpyrene), 126.7 (CHpyrene), 126.3 (q, C900), 126.1 (CHpyrene),
125.8 (2xCHpyrene), 125.4 (C4H), 124.6 (q, C9), 123.6

(CHpyrene), 123.5 (q, Cpyrene), 123.4 (q, Cpyrene), 123.3
(CHpyrene), 121.2 (C500H), 110.5 (C7H), 109.6 (C700H), 77.1
(C3/C30), 66.7 (C20/C300), 65.4 (C7a’H), 56.7 (C10H), 46.9 (C50-

ACH2), 31.1 (C70ACH2), 30.2 (C60ACH2).

4.1.1.3. (1’S,2’R,3S,7a’S)-5-chloro-1-methyl-10-(1-pyrenoyl)-
dispiro[indoline-3,30-pyrrolizidine-20,300-indoline]-2,200-diones
(5c) and (10R,20S,3S,7a’S)-1-methyl-5-chloro-20-(1-pyrenoyl)-
dispiro[indoline-3,30-pyrrolizidine-10,300-indoline]-2,200-diones
(6c)

Buff crystals, mp 177–178 �C; 5c: yield 0.374 g (60%) from

235 mg (1.2 mmol) of 1c and 373 mg (1.0 mmol) of 4a. 1H
NMR (DMSO d6, 400 MHz) d 9.39 (s, 1H, N100AH), 8.41–
8.02 (m, 7Hpyrene), 7.85 (d, J = 6.8 Hz, 1H, C400AH), 7.79

(d, J = 9.6 Hz, 1Hpyrene), 7.24 (td, J = 7.6, 0.8 Hz, 1H,
C500AH), 7.17 (td, J = 7.6, 1.2 Hz, 1H, C600AH), 7.11 (dd,
J = 8.0, 2.4 Hz, 1H, C6-H), 7.05 (d, J = 9.2 Hz, 1Hpyrene),

6.81 (d, J = 8.0 Hz, 1H, C7-H), 6.03 (d, J = 8.0 Hz, 1H,
C700AH), 6.14 (d, J = 2.0 Hz, 1H, C4-H), 5.52 (d,
J = 8.0 Hz, 1H, C10AH), 4.78 (ddd, J = 10, 8.0, 5.6 Hz,
1H, C7a0AH), 3.05 (s, 3H, N1ACH3), 2.65 (t, J = 8.0 Hz,

1H, C50AH), 2.59–1.45 (m, 5H, C50AH, C60AH2, C70AH2)
ppm; 13C NMR (DMSO d6, 100 MHz) d 202.9 (q, C10),
181.2 (q, C2), 177.1 (q, C200), 143.9 (q), 140.7 (q), 133.6 (q),

133.0 (q), 132.1 (q), 130.8 (q), 130.6 (q), 130.2 (q), 130.1
(CH), 129.9 (q), 129.8 (CH), 128.6 (q), 127.9 (CH), 127.4
(CH), 127.3 (CH), 127.2 (CH), 127.1 (CH), 126.9 (CH),

126.8 (CH), 126.7 (CH), 126.6 (q), 125.8 (CH), 124.7 (CH),
124.5 (CH), 122.3 (CH), 110.3 (CH), 108.4 (C7-H), 75.4
(CH), 72.5 (q), 67.0 (CH), 63.2 (q), 49.9 (CH2), 26.6

(N1ACH3), 26.3 (CH2), 24.5 (CH2). 6c: Yield (0.160 g, 26%)
from 235 mg of 1c and 373 mg of 4a. 1H NMR (DMSO d6,
400 MHz) d 10.32 (s, 1H, N100AH), 8.41–8.02 (m, 7Hpyrene),
7.87 (d, J = 2.0 Hz, 1H, C4-H), 7.79 (d, J = 9.6 Hz, 1Hpyrene),

7.46 (dd, J = 8.0, 2.4 Hz, 1H, C6-H), 7.14 (d, J = 8.0 Hz, 1H,
C400AH), 7.05 (d, J = 9.2 Hz, 1Hpyrene), 6.42 (td, J = 7.6,
1.2 Hz, 1H, C500AH), 6.13 (td, J = 7.6, 1.2 Hz, 1H, C600AH),

5.76 (d, J = 8.0, 1H, C7-H), 5.67 (s, 1H, C20AH), 4.61 (dd,
J = 8.4, 2.0 Hz, 1H, C7a0AH), 3.69–3.61 (m, 1H, C50AH),
2.87 (s, 3H, N1ACH3), 2.59–1.45 (m, 5H, C50AH, C60AH2,
C70AH2) ppm; 13C NMR (DMSO d6, 100 MHz) d 200.7 (q,
C10), 176.0 (q, C2), 172.6 (q, C200), 142.8 (q), 142.0 (q), 133.2
(q), 132.8 (q), 131.3 (q), 130.7 (q), 130.3 (q), 130.0 (q), 129.8

(CH), 129.6 (CH), 129.5 (CH), 128.7 (q), 128.4 (CH), 128.1
(q), 126.5 (CH), 126.4 (CH), 126.3 (q), 126.2 (CH), 125.9
(CH), 125.7 (CH), 125.2 (CH), 123.9 (CH), 123.7 (CH),

123.4 (CH), 123.2 (q), 121.7 (CH), 109.9 (CH), 109.7 (CH),
77.1 (q), 67.3 (q), 65.7 (CH), 57.1 (CH), 47.1 (CH2), 31.2
(CH2), 30.4 (CH2), 26.2 (N1ACH3).

4.1.1.4. (1’S,2’R,3S,7a’S)-100-methyl-10-(1-pyrenoyl)-dispiro
[indoline-3,30-pyrrolizidine-20,300-indoline]-2,200-diones (5d)

Yellow crystals, mp 183–184 �C; yield 0.475 g (81%) from
176 mg (1.2 mmol) of 1a and 387 mg (1.0 mmol) of 4b. 1H

NMR (DMSO d6, 400 MHz) d 10.39 (s, 1H, N1-H), 8.32 (d,
J = 7.2 Hz, 1Hpyrene), 8.29–8.23 (m, 3Hpyrene), 8.20 (d,
J = 8.0 Hz, 1Hpyrene), 8.11 (d, J = 8.0 Hz, 1Hpyrene), 8.06 (t,

J = 8.0 Hz, 1Hpyrene), 7.91 (d, J = 7.2 Hz, 1H, C400AH), 7.82
(d, J = 9.2 Hz, 1Hpyrene), 7.28 (td, J = 7.6, 0.8 Hz, 1H,
C500AH), 7.16 (td, J = 7.6, 1.2 Hz, 1H, C600AH), 7.05 (d,
J = 9.2 Hz, 1Hpyrene), 6.92 (td, J = 7.6, 1.2 Hz, 1H, C6-H),

6.56 (d, J = 7.6 Hz, 1H, C7-H), 6.38 (td, J = 8.0, 1.2 Hz, 1H,
C5-H), 6.24 (d, J = 7.2 Hz, 1H, C4-H), 6.01 (d, J = 7.6 Hz,
1H, C700AH), 5.52 (d, J = 8.0 Hz, 1H, C10AH), 4.79–4.72 (m,

1H, C7a0AH), 3.24 (s, 3H, N100ACH3), 2.71–2.63 (m, 1H,
C50AH), 2.62–2.53 (m, 1H, C50AH), 2.43–2.30 (m, 1H, C70AHa),
2.29–2.20 (m, 1H, C60AH), 2.15–2.07 (m, 1H, C60AH), 2.06–1.98

(m, 1H, C70AHb) ppm; 13CNMR (DMSO d6, 100MHz) d 201.8
(q, C10), 177.4 (q, C2), 170.9 (q, C200), 142.7 (q, C800), 142.2 (q, C8),
132.4 (q, Cpyrene), 132.1 (q, Cpyrene), 130.5 (q, Cpyrene), 129.2 (C6-

H), 129.1 (CHpyrene), 129.0 (C600H), 127.9 (CHpyrene), 127.2 (q,
Cpyrene), 127.1 (CHpyrene), 127.0 (CHpyrene), 126.9 (q, Cpyrene),
126.7 (CHpyrene), 126.2 (CHpyrene), 125.9 (CHpyrene), 125.7 (C4-
H), 125.6 (q, C900), 125.1 (CHpyrene), 124.8 (q, C9), 124.0

(CHpyrene), 123.9 (q, Cpyrene), 123.2 (C400H), 123.0 (q, Cpyrene),
121.8 (C500H), 120.4 (C5-H), 109.1 (C700AH00AH), 108.1 (C7-H),
76.03 (C3/C30), 65.9 (C20/C300), 65.0 (C7a0AH), 57.3 (C10AH),

46.6 (C50ACH2), 30.8 (C70ACH2), 30.0 (C60ACH2), 26.1
(N100ACH3).

4.1.1.5. (1’S,2’R,3S,7a’S)-5-chloro-100-methyl-10-(1-pyrenoyl)-
dispiro[indoline-3,30-pyrrolizidine-20,300-indoline]-2,200-diones
(5e)
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Yellow crystals, mp 239–240 �C; yield 0.466 g (75%) from
218 mg (1.2 mmol) of 1b and 387 mg (1.0 mmol) of 4b. 1H
NMR (DMSO d6, 400 MHz) d 10.54 (s, 1H, N1-H), 8.32–8.15

(m, 5Hpyrene), 8.11–8.01 (m, 2Hpyrene), 7.87 (d, J = 7.2 Hz,
1H, C400AH), 7.80 (d, J = 9.2 Hz, 1Hpyrene), 7.28 (td, J = 7.6,
0.4 Hz, 1H, C500AH), 7.16 (td, J = 8.0, 1.2 Hz, 1H, C600AH),

7.04 (d, J = 9.2 Hz, 1Hpyrene), 6.95 (dd, J = 8.4, 2.0 Hz, 1H,
C6-H), 6.55 (d, J = 8.4 Hz, 1H, C7-H), 6.14 (d, J = 2.0 Hz,
1H, C4-H), 6.03 (d, J = 7.6 Hz, 1H, C700AH), 5.44 (d,
J = 8.0 Hz, 1H, C10AH), 4.73 (ddd, J = 10, 8.0, 5.6 Hz, 1H,

C7a’-H), 2.68 (t, J = 8.4 Hz, 1H, C50AH), 2.56–2.50 (m, 1H,
C50AH), 2.38–2.26 (m, 1H, C70AHa), 2.28–2.17 (m, 1H,
C60AH), 2.12–2.04 (m, 1H, C60AH), 2.04–1.98 (m, 1H, C70AHb),

1.60 (s, 3H, N100ACH3) ppm; 13CNMR (DMSO d6, 100MHz) d
201.4 (q, C10), 176.8 (q, C2), 170.4 (q, C200), 142.6 (q, C800), 141.0
(q, C8), 132.3 (q, Cpyrene), 131.8 (q, Cpyrene), 130.2 (q, Cpyrene),

129.5 (q, Cpyrene), 129.3 (CH), 128.9 (CH), 127.8 (CH), 127.1
(q, Cpyrene), 126.8 (q, Cpyrene), 126.7 (CH), 126.5 (CH), 126.4
(CH), 126.4 (CH), 125.8 (CH), 125.6 (CH), 125.1 (q, Cpyrene),

125.1 (CH), 124.2 (CACl), 123.8 (q, Cpyrene), 123.1 (CH),
122.9 (q, Cpyrene), 122.8 (CH), 122.1 (CH), 121.7 (CH), 110.3
(C7-H), 108.2 (C700AH), 76.3 (C3/C30), 65.8 (C20/C300), 65.0 (C7a0-
AH), 57.1 (C10AH), 46.5 (C50ACH2), 30.8 (C70ACH2), 29.9 (C60-

ACH2), 26.0 (N100ACH3).

4.1.1.6. (1’S,2’R,3S,7a’S)-5-chloro-1,100-dimethyl-10-(1-pyre-
noyl)-dispiro[indoline-3,30-pyrrolizidine-20,300-indoline]-2,20’-
diones (5f) and (1’R,2’S,3S,7a’S)-5-chloro-1,100-dimethyl-20-
(1-pyrenoyl)-dispiro[indoline-3,30-pyrrolizidine-10,300-indoline]-
2,200-diones (6f)
Yellow crystals, mp 155–156 �C; yield 0.451 g (71%) from
235 mg (1.2 mmol) of 1c and 387 mg (1.0 mmol) of 4b. 1H
NMR (DMSO d6, 400 MHz) d 8.61–5.97 (23.5H, Ar-H, both

isomers), 5.66 (s, 0.47H, minor isomer), 5.49 (d, J = 8.0 Hz,
1H), 4.80 (ddd, J = 10, 8.0, 5.6 Hz, 1H), 4.66 (dd, J = 8.4,
2 Hz, 0.47H, minor isomer), 3.76–3.67 (m, 0.47H, minor iso-

mer), 3.24 (s, 3H, CH3, major isomer), 3.08 (s, 1.42H, CH3,
minor isomer), 2.75–1.60 (m, 8.33H, both isomers), 2.84 (s,
1.42H, CH3, minor isomer), 1.53 (s, 3H, CH3, major isomer)

ppm; 13C NMR (DMSO d6, 100 MHz) major isomer: d 201.5
(q, C10), 175.5 (q, C2), 170.5 (q, C200), 142.8 (q), 142.6 (q),
132.7 (q), 132.0 (q), 130.5 (q), 129.8 (q), 128.2 (CH), 128.1
(CH), 127.4 (q), 127.0 (CH), 126.9 (CH), 126.8 (CH), 126.2

(CH), 126.0 (CH), 125.9 (CH), 125.3 (q), 125.1 (q), 125.1
(CH), 124.9 (CH), 124.1 (q), 123.4 (CH), 123.2 (q), 123.0
(CH), 122.9 (q), 122.6 (CH), 122.1 (CH), 109.6 (CH), 108.6

(CH), 76.3 (q), 72.2 (q), 65.3 (CH), 57.3 (CH), 49.8 (CH2),
31.0 (CH2), 30.3 (CH2), 26.1 (N1ACH3), 24.9 (N100ACH3).

4.1.1.7. (1’S,2’R,3S,7a’S)-500-chloro-10-(1-pyrenoyl)-dispiro
[indoline-3,30-pyrrolizidine-20,300-indoline]-2,200-diones (5g) and
(1’R,2’S,3S,7a’S)-500-chloro-20-(1-pyrenoyl)-dispiro[indoline-
3,30-pyrrolizidine-10,300-indoline]-2,200-diones (6g).

Pink crystals, mp 243–244 �C; yield 0.577 g (95%) from

176 mg (1.2 mmol) of 1a and 408 mg (1.0 mmol) of 4c. 1H
NMR (DMSO d6, 400 MHz) d 10.64 (s, 0.69H, N100AH,
minor), 10.44 (s, 1H, N100AH, major), 10.40 (s, 0.69H,

N10AH, minor), 9.62 (s, 1H, N10AH, major), 8.66–6.98 (m,
22H, Ar-H), 6.62 (d, J = 7.6 Hz, 1H, major), 6.50 (t,
J = 7.6 Hz, 1H, C6-H, major), 6.22 (d, J = 7.2 Hz, 0.69H,
C7-H, minor), 6.12 (dd, J = 8.0, 2.0 Hz, 0.69H, C500AH,

minor), 6.11 (d, J = 8.4 Hz, 1H, C400AH, major), 5.71 (d,
J = 8.4 Hz, 0.69H, C400AH, minor), 5.57 (s, 0.69H, C20AH,
minor), 5.58 (d, J = 8.0 Hz, 1H, C10AH, major), 4.66 (ddd,

J = 10, 8.0, 5.6 Hz, 1H, C7a0AH, major), 4.60 (dd, J = 8.4,
2 Hz, 0.69H, C7a0AH, minor), 3.69–3.64 (m, 0.69H, minor),
2.69 (t, J = 8.4 Hz, 1H, C50AH, major), 2.60 (t, J = 8.4 Hz,

0.69H, C50AH, minor), 2.45–1.52 (m, 7.5H, both isomers)
ppm; 13C NMR (DMSO d6, 100 MHz) d 202.2 (q, C10, major),
200.4 (q, C10, minor), 180.4 (q, C200), 178.9 (q, C200), 177.2 (q

C2), 172.2 (q, C2), 143.5 (q), 142.5 (q), 140.9 (q), 139.6 (q),
132.9, 132.7, 132.5, 132.2, 131.4, 129.9, 129.8, 129.7, 129.5
(2xC), 129.4, 129.3, 129.2, 128.9, 128.8, 128.2, 128.0 (2xC),
127.7, 127.6, 127.4, 127.2, 126.9 (2xC), 126.7, 126.6, 126.3,
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126.2, 126.0, 125.9 (2xC), 126.2, 126.1, 126.0, 125.9 (2xC),
125.8, 125.6, 125.3, 125.1, 124.9, 124.7, 123.7, 123.6, 123.5,
123.4 (2xC), 123.0 (2xC), 121.2, 120.6, 110.7 (CH), 109.7

(CH), 109.3 (CH), 109.2 (CH), 76.8 (q, major), 74.7 (CH,
minor), 72.6 (q, minor), 66.8 (q, major), 66.7 (CH, minor),
65.3 (CH, major), 63.1 (q, minor), 56.9 (CH, major), 49.6

(CH2, minor), 46.38 (CH2, major), 31.0 (CH2, major), 30.0
(CH2, major), 26.2 (CH2, minor), 24.2 (CH2, minor).

4.1.1.8. (1’S,2’R,3S,7a’S)-5,500-dichloro-10-(1-pyrenoyl)-dispiro
[indoline-3,30-pyrrolizidine-20,300-indoline]-2,200-diones (5h) and
(1’R,2’S,3S,7a’S)-5,500-dichloro-20-(1-pyrenoyl)-dispiro[indo-
line-3,30-pyrrolizidine-10,30’-indoline]-2,200-diones (6h)

Buff crystals, mp 241–242 �C; 5h: yield (0.158 g, 25%) from
218 mg (1.2 mmol) of 1b and 408 mg (1.0 mmol) of 4c. 1H
NMR (DMSO d6, 400 MHz) d 10.61 (s, 1H, NH), 9.70 (s,

1H, NH), 8.40–6.00 (m, 15H, Ar-H), 5.68 (d, J = 8.0 Hz,
0.1H, C10AH), 4.68 (ddd, J = 10, 8.0, 5.6 Hz, 1H, C7a0AH),
2.72 (t, J = 8.4 Hz, 1H, C50AH), 2.42–1.50 (m, 5H, C50AH,

C60AH2, C70AH2) ppm; 13C NMR (DMSO d6, 100 MHz) d
202.5 (q, C10), 177.3 (q), 172.5 (q), 141.9 (q), 140.4 (q), 133.2
(q), 132.9 (q), 131.0 (q), 130.9 (q), 129.8 (CH), 129.7 (q,
CH), 129.6 (CH), 129.0 (q), 128.1 (CH), 128.0 (q), 127.1

(CH), 127.1 (CH), 126.7 (CH), 126.6 (q, CH), 126.4 (q, CH),
126.3 (CH), 125.9 (q), 125.6 (q, CH), 124.1 (CH), 124.0 (q),
123.8 (CH), 123.4 (CH), 111.4 (CH), 111.2 (CH), 77.3 (q),

67.3 (q), 65.9 (CH), 57.3 (CH), 47.3 (CH2), 31.5 (CH2), 30.5
(CH2). 6h: Yield (0.426 g, 66%) from 218 mg of 1b and
408 mg of 4c. 1H NMR (DMSO d6, 400 MHz) d 10.80 (s,

1H, NH), 10.43 (s, 1H, NH), 8.40–6.00 (m, 15H, Ar-H), 5.66
(s, 1H, C20AH), 4.57 (dd, J = 8.4, 2 Hz, 1H, C7a0AH), 3.67–
3.59 (m, 1H, C50AH), 2.61 (t, J = 8.4 Hz, 1H, C50AH),
2.42–1.50 (m, 4H, C60AH2, C70AH2) ppm; 13C NMR

(DMSO d6, 100 MHz) d 201.1 (C10, q), 180.7 (q), 179.1 (q),
142.8 (q), 140.1 (q), 133.3 (q), 132.7 (q), 131.8 (q), 130.2 (q),
130.0 (CH), 129.8 (CH), 129.7 (q, CH), 128.7 (CH), 128.5

(CH), 127.4 (CH), 127.3 (CH), 128.1 (q), 126.7 (CH), 126.6
(q, CH,), 126.4 (q, CH), 126.2 (CH), 126.0 (CH), 125.6 (q,
CH), 124.2 (CH), 123.8 (q), 123.7 (CH), 123.5 (q), 111.4

(CH), 109.6 (CH), 75.0 (CH), 73.2 (q), 67.2 (CH), 65.9 63.4
(q), 50.1 (CH2), 26.6 (CH2), 24.7 (CH2).

4.1.1.9. (1’R,2’S,3S,7a’S)-5,500-dichloro-1-methyl-20-(1-pyre-
noyl)-dispiro[indoline-3,30-pyrrolizidine-10,300-indoline]-2,200-
diones (6i)
Yellow crystals, mp 230–231 �C; yield 0.512 g (78%) from

235 mg (1.2 mmol) of 1c and 408 mg (1.0 mmol) of 4c. 1H
NMR (DMSO d6, 400 MHz) d 10.43 (s, 1H, N100AH), 8.30
(d, J = 8.0 Hz, 2Hpyrene), 8.26 (d, J = 8.0 Hz, 1Hpyrene),

8.20 (d, J = 6.0 Hz, 1Hpyrene), 8.16 (d, J = 6.4 Hz, 1Hpyrene),
8.14 (d, J = 1.6 Hz, 1H, C400AH), 8.12–8.11 (m, 2Hpyrene), 8.07
(t, J = 4.8 Hz, 1Hpyrene), 8.04 (d, J = 6.0 Hz, 1Hpyrene), 7.92

(d, J = 1.2 Hz, 1H, C4-H), 7.48 (dd, J = 5.6, 1.2 Hz, 1H, C6-
H), 7.17 (d, J = 5.6 Hz, 1H, C7-H), 6.05 (dd, J = 5.6, 1.6 Hz,
1H, C600AH), 5.70 (s, 1H, C20AH), 5.68 (d, J = 5.6 Hz, 1H,

C700AH), 4.59 (dd, J = 6.0, 1.6 Hz, 1H, C7a0AH), 3.65 (dd,
J = 8.0, 4.0 Hz, 1H, C50AH), 3.39 (s, 3H, N1ACH3), 2.59 (t,
J = 8.0 Hz, 1H, C50AH), 1.95–1.88 (m, 1H, C70AH), 1.87–
1.80 (m, 1H, C60AH), 1.69–1.60 (m, 1H, C60AH), 1.59–1.50

(m, 1H, C70AH) ppm; 13C NMR (DMSO d6, 100 MHz) d
200.3 (q, C10), 179.9 (q, C200), 176.6 (q, C2), 143.4 (q, C8),
139.3 (q, C800), 132.6 (q, C900), 131.8 (q, Cpyrene), 130.9 (CACl),

130.1 (CACl), 129.5 (q, Cpyrene), 129.4 (C6H), 129.1 (CHpyrene),
128.1 (q, Cpyrene), 127.8 (CHpyrene), 127.3 (q, Cpyrene), 126.7
(CHpyrene), 126.6 (CHpyrene), 126.4 (C600H), 126.0 (CHpyrene),

125.9 (CHpyrene), 125.8 (q, C900), 125.7 (C4H), 125.6 (q, Cpyrene),
125.5 (CHpyrene), 125.4 (C400H), 123.5 (CHpyrene), 123.0 (q,
Cpyrene), 122.9 (CHpyrene), 122.73 (q, Cpyrene), 109.7 (C7H),
108.9 (C700H), 74.4 (C7a’H), 72.1 (C3/C30), 66.5 (C20H), 62.7

(C10/C300), 49.4 (C50ACH2), 26.1 (N1ACH3), 25.9 (C60ACH2),
24.0 (C60ACH2).

4.1.1.10. (1’S,2’R,3S,7a’S)-500-chloro-100-methyl-10-(1-pyre-
noyl)-dispiro[indoline-3,30-pyrrolizidine-20,300-indoline]-2,200-
diones (5j)
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Pale yellow crystals, mp 262–263 �C; yield 0.516 g (83%)
from 176 mg (1.2 mmol) of 1a and 422 mg (1.0 mmol) of 4d.
1H NMR (DMSO d6, 400 MHz) d 10.45 (s, 1H, N1-H), 8.37–

8.01 (m, 7Hpyrene), 7.92 (d, J = 9.6 Hz, 1Hpyrene), 7.84 (d,
J = 2.4 Hz, 1H, C400AH), 7.22 (d, J = 9.6 Hz, 1Hpyrene),
7.19 (dd, J = 8.4, 2.4 Hz, 1H, C600AH), 6.95 (td, J = 7.6,

0.8 Hz, 1H, C6-H), 6.59 (d, J = 7.6 Hz, 1H, C7-H), 6.46 (td,
J = 7.6, 1.2 Hz, 1H, C5-H), 6.22 (d, J = 7.2 Hz, 1H, C4-H),
6.05 (d, J = 8.4 Hz, 1H, C700AH), 5.52 (d, J = 8.0 Hz, 1H,

C10AH), 4.67 (ddd, J = 10, 8.0, 5.6 Hz, 1H, C7a0AH), 2.71–
2.64 (m, 1H, C50AH), 2.60–2.54 (m, 1H, C50AH), 2.45–2.34
(m, 1H, C70AHa), 2.28–2.20 (m, 1H, C60AH), 2.13–2.02 (m,
1H, C60AH), 2.01–1.94 (m, 1H, C70AHb), 1.68 (s, 3H, N100-

ACH3) ppm; 13C NMR (DMSO d6, 100 MHz) d 201.7 (q,
C10), 176.9 (q, C2), 170.4 (q, C200), 142.1 (q, C800), 141.6 (q,
C8), 132.4 (q), 131.6 (q), 130.2 (q), 129.5 (q), 129.3 (CH),

129.0 (CH), 128.8 (CH), 128.0 (CH), 127.6 (q), 127.0 (q),
126.7 (CH), 126.4 (CH), 126.1 (CH), 126.0 (CH), 126.0 (q),
125.7 (CH), 125.6 (CH), 124.6 (CH), 124.3 (q), 123.1 (CH),

122.9 (2xq), 122.4 (C500H), 120.4 (C5H), 109.4 (C700H), 109.1
(C7H), 76.1 (C3/C30), 65.9 (C20/C300), 65.0 (C7a’H), 57.2
(C10H), 46.6 (C50ACH2), 30.8 (C70ACH2), 29.8 (C60ACH2),
24.9 (N100ACHACH3).

4.1.1.11. (1’S,2’R,3S,7a’S)-5,500-dichloro-100-methyl-10-(1-pyre-
noyl)-dispiro[indoline-3,30-pyrrolizidine-20,300-indoline]-2,200-
diones (5k) and (1’R,2’S,3S,7a’S)-5,500-dichloro-100-methyl-20-
(1-pyrenoyl)-dispiro[indoline-3,30-pyrrolizidine-10,30’-indoline]-
2,200-diones (6k)

Yellow crystals, mp 159–160 �C; 5k: yield (0.364 g, 55%)

from 218 mg (1.2 mmol) of 1b and 422 mg (1.0 mmol) of 4d.
1H NMR (DMSO d6, 400 MHz) d 10.60 (s, 1H, N1-H, major),
8.35–8.03 (m, 7Hpyrene), 7.92 (d, J = 9.2 Hz, 1Hpyrene), 7.85 (d,

J = 2.4 Hz, 1H, C400AH), 7.24 (dd, J = 8.4, 2.0 Hz, 1H,
C600AH), 7.22 (d, J = 9.2 Hz, 1Hpyrene), 7.01 (dd, J = 8.4,
2.0 Hz, 1H, C6-H), 6.60 (d, J = 8.4 Hz, 1H, C7-H), 6.16 (d,

J = 2.2 Hz, 1H, C4-H), 6.10 (d, J = 8.4 Hz, 1H, C700AH),
5.47 (d, J = 8.0 Hz, 1H, C10AH), 4.69 (ddd, J = 10, 8.0,
5.6 Hz, 1H, C7a0AH), 2.72 (t, 1H, J = 8.4 Hz, C50AH),

2.44–2.34 (m, 2H, C50AH & C70AHa), 2.26–1.98 (m, 3H, C60-
ACH2 & C70AHb), 1.72 (s, 3H, N100ACH3) ppm; 13C NMR
(DMSO d6, 100 MHz) d 201.5 (q, C10), 176.6 (q, C2), 170.2
(q, C200), 141.6 (q, C800), 141.0 (q, C8), 132.5 (q), 131.5 (q),
130.3 (q), 129.5 (q), 129.2 (CH), 129.1 (CH), 128.1 (CH),
126.8 (CH), 127.3 (q), 127.0 (q), 126.8 (CH), 126.5 (CH),
126.3 (q), 126.1 (q), 126.0 (CH), 126.0 (2CH), 125.7 (CH),

125.6 (CH), 124.8 (CH), 124.3 (q), 123.1 (CH), 122.9 (q,
2xC), 122.4 (CH), 110.5 (C700H), 109.7 (C7H), 76.2 (C3/C30),
65.9 (C20/C300), 65.1 (C7a0AH), 57.2 (C10AH), 46.5 (C50ACH2),

30.8 (C70ACH2), 29.8 (C60ACH2), 25.0 (N100ACH3). 6k: Yield
(0.188 g, 29%) from 218 mg of 1b and 422 mg of 4d. 1H
NMR (DMSO d6, 100 MHz) d 10.78 (s, 1H, N1-H), 8.30 (d,

J = 8.0 Hz, 2Hpyrene), 8.20 (d, J = 8.8 Hz, 1Hpyrene), 8.15
(d, J = 8.8 Hz, 1Hpyrene), 8.14 (d, J = 1.6 Hz, 1H, C400AH),
8.12–8.00 (m, 5Hpyrene), 7.83 (d, J = 2.4 Hz, 1H, C4-H), 7.36
(dd, J = 8.4, 2.0 Hz, 1H, C6-H), 6.96 (d, J = 8.4 Hz, 1H,

C7-H), 5.94 (dd, J = 8.0, 2.0 Hz, 1H, C600AH), 5.67 (d,
J = 8.4 Hz, 1H, C700AH), 5.61 (s, 1H, C20AH, minor), 4.55
(dd, J = 8.8, 3.6 Hz, 1H, C7a0AH), 3.63 (dd, J = 8.0,

4.0 Hz, 1H, C50AH), 2.80 (s, 3H, N100ACH3), 2.60 (t,
J = 8.0 Hz, 1H, C50AH), 1.90–1.76 (m, 2H, C60AH &
C70AH), 1.69–1.57 (m, 1H, C70AH), 1.46–1.38 (m, 1H,

C60AH) ppm; 13C NMR (DMSO d6, 100 MHz) d 200.2 (q,
C10), 178.3 (q, C2), 178.0 (q, C200), 142.1 (q, C800), 140.6 (q,
C8), 132.7 (q), 131.0 (q), 130.7 (q), 130.1 (q), 129.4 (q), 129.3

(CH), 129.0 (CH), 128.9 (q), 127.9 (CH), 127.2 (q), 126.7
(CH), 126.6 (q), 126.4 (2xCH), 126.0 (CH), 126.1 (CH),
125.9 (CH), 125.2 (CH), 125.1 (CH), 124.9 (q), 123.3 (CH),
123.0 (q), 122.7 (q), 122.2 (CH), 110.7 (C700H), 107.7 (C7-H),

73.5 (C7a0AH), 72.5 (C3/C30), 67.3 (C20AH), 62.1 (C10/C300),
49.5 (C50ACH2), 26.1 (N100ACH3), 25.9 (C70ACH2), 24.0
(C60ACH2).

4.1.1.12. (1’S,2’R,3S,7a’S)-5,500-dichloro-1,100-dimethyl-10-(1-
pyrenoyl)-dispiro[indoline-3,30-pyrrolizidine-20,300-indoline]-
2,200-diones (5l)

Yellow crystals, mp 206–208 �C; yield 0.449 g (67%) from
235 mg (1.2 mmol) of 1c and 422 mg (1.0 mmol) of 4d. 1H

NMR (DMSO d6, 400 MHz) d 8.36–8.17 (m, 5Hpyrene), 8.12–
8.05 (m, 2Hpyrene), 7.92 (d, J = 9.2 Hz, 1Hpyrene), 7.86 (d,
J = 2.4 Hz, 1H, C400AH), 7.24 (dd, J = 8.4, 2.0 Hz, 1H,

C600AH), 7.22 (d, J = 9.2 Hz, 1Hpyrene), 7.12 (dd, J = 8.4,
2.0 Hz, 1H, C6-H), 6.82 (d, J = 8.4 Hz, 1H, C7-H), 6.22 (d,
J = 2.2 Hz, 1H, C4-H), 6.06 (d, J = 8.4 Hz, 1H, C700AH),

5.49 (d, J = 8.0 Hz, 1H, C10AH), 4.73 (ddd, J = 10, 8.0,
5.6 Hz, 1H, C7a0AH), 3.08 (s, 3H, N100ACH3), 2.70 (t, 1H,
J = 8.4 Hz, C50AH), 2.47–2.35 (m, 2H, C50AH & C70AHa),
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2.26–2.00 (m, 3H, C60ACHACH2 & C70AHb), 1.60 (s, 3H,
N1ACH3) ppm; 13C NMR (DMSO d6, 100 MHz) d 201.5 (q,
C10), 175.2 (q, C2), 170.3 (q, C200), 142.6 (q, C800), 141.8 (q,

C8), 132.8 (q, Cpyrene), 131.7 (q, Cpyrene), 130.5 (q, Cpyrene),
129.8 (q, Cpyrene), 129.5 (CH), 129.4 (2xCH), 128.4 (CH),
127.3 (q, Cpyrene), 127.2 (q, Cpyrene), 127.0 (CH), 126.8 (CH),

126.5 (q, Cpyrene), 126.3 (2xCH), 126.1 (CH), 126.0 (CH),
125.9 (q, Cpyrene), 125.4 (q, Cpyrene), 124.7 (CH), 123.5 (CH),
123.2 (2xCACl), 122.6 (CH), 110.1 (C7H), 109.8 (C700H), 76.2

(C3/C30), 65.5 (C20/C300), 65.4 (C7a’H), 57.4 (C10H), 46.9 (C50-
ACH2), 31.0 (C70ACH2), 30.2 (C60ACH2), 26.1 (N100ACH3),
25.2 (N1ACH3).

4.2. Computational details

Quantum chemical calculations were performed to obtain
cycloaddition free energy profiles following a previously pub-

lished protocol (Domingo, 2016). Geometry optimizations
were performed in vacuum with density functional theory
(DFT) using the B3LYP exchange correlation functional

(Miehlich et al., 1989) and the People’s double-zeta basis set
(6-31G) with additional polarization function and diffuse func-
tion on the heavy atoms (B3LYP/6-31G+(d)) as implemented

in Gaussian 16 software. Frequency calculations were per-
formed with the optimized ground-state and transition-state
geometries at the same level of theory. Relative energies were
calculated with respect to the sum of the energies of the reac-

tants. The energy values were converted to kcal/mol by Har-
tree per particle, using 627.509467 as the conversion factor.

The global electronic properties of series 3a-c and com-

pounds 4a-d were estimated according to the equations of Parr
and Domingo (Velikorodov et al., 2011; Domingo et al., 2002).
The electronic chemical potential l and chemical hardness g
were both determined from the one-electron energies of the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), EHOMO and ELUMO,

as l = (EHOMO + ELUMO)/2 and g = (ELUMO � EHOMO),
respectively. Then, the global electrophilicity (x) was calcu-
lated using the electronic chemical potential (l) and chemical
hardness (g) according to the formula x = l2/2g. Then, the
global nucleophilicity (N) is expressed as follows:N=EHOMO-
� EHOMO(TCE), where tetracyanoethylene (TCE) was used as a
reference because it provides the lowest HOMO energy of

many organic molecules previously studied in polar
cycloadditions.

Regional Fukui functions for electrophilic (fk
�) and nucle-

ophilic (fk
+) attacks were obtained from a one-point calcula-

tion on the optimized ground state structures of the
molecules, as described in the literature (Miehlich et al.,
1989). The electrophilic (Pk

+) and nucleophilic (Pk
�) Parr

functions were obtained by analyzing the Mulliken atomic spin
densities of the radical anion and radical cation, respectively,
by one-point energy calculations over the optimized neutral

geometries using the unrestricted B3LYP formalism for radical
species (Parr et al., 1999).
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local reactivity in polar organic reactions through electrophilic and

nucleophilic Parr functions. RSC Adv. 2013, 3, 1486–1494. (g)

Domingo, L. R.; Rı́os-Gutiérrez, M.; Pérez, P. Applications of the
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