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Abstract: Hydrolysis/[3 + 2] cycloaddition/elimination cascades employed for the synthesis of
unexpected tricyclic compound derived from isoquinoline. Reaction of ethylene derivative 1 with the
isoquinoline ester iminium ion 2 in alkaline medium (MeOH/NEt3) under reflux for 1 h resulted in
the formation of the fused pyrrolo[2,1-a]isoquinoline derivative 3. Its structure was elucidated by
X-ray single crystal and other spectrophotometric tools. Hirshfeld calculations for 3 and its crystal
structure analysis revealed the importance of the short O. . . H (19.1%) contacts and the relatively
long H. . . C (17.1%), Cl. . . H (10.6%) and C. . . C (6.1%) interactions in the molecular packing. DFT
calculations were used to compute the electronic and spectroscopic properties of the studied system.
The studied compound has polar nature (3.5953 Debye). TD-DFT calculations assigned the shortest
wavelength band (220 nm) to the HOMO−1→LUMO+2 (57%), HOMO−1→LUMO+4 (14%) mixed
excitations. The calculated NMR chemical shifts correlated very well with the experimental data
(R2 = 0.93–0.94).

Keywords: pyrrolo[2,1-a]isoquinoline; azomethine ylide; [3 + 2] cycloaddition (32CA) reaction;
stereoselective; DFT; Hirshfeld

1. Introduction

Quinoline and isoquinoline analogues are privileged structures which exploited for
the synthesis of polyheterocycles for the applications in the therapeutic area [1–3]. Fused
isoquinoline moiety with other heterocyles gained much attention in the drug discov-
ery community, however many efficient synthetic protocols being reported in the last
decade [4–8]. Pyrrolo[2,1-a]isoquinoline is a core structure in many natural products
with pharmaceutical targets including human topoisomerase I inhibitors and anti-HIV-1
activities as lamellarins [9–11], and others such as trollines, crispines, and oleraceins [1].
Indeed, this framework remarks as a skeleton for many synthesized molecules as important,
interesting and attractive goal in organic synthesis.

[3 + 2] Cycloaddition reaction via azomethine ylide is one of the most straightfor-
ward, powerful, and efficient reactions that offered the construction of fused tricyclic
compound based on pyrrolo[2,1-a]isoquinoline [12]. Many examples described in the litera-
ture for the synthesis of pyrrolo[2,1-a]isoquinolines using metal mediated syntheses such as
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silver-catalyzed cycloisomerization/dipolar cycloaddition reported by Porco Jr. et al. [13].
Cascade oxidation/cycloaddition/aromatization catalyzed by copper was described by
Wang and co-workers [14]. In addition, a very elegant example disclosed by Xiao in
which [Ru(bpy)3]3+ catalyzed the oxidation/cycloaddition/aromatization cascade reac-
tions [15]. Another elegant protocol is the Pd-catalyzed stereoselective four multicompo-
nent synthesis of pyrrolidinyl-,pyrazolidinyl-, and isoxazolidinyl isoquinolines described
by Grigg, R. et al. [16]. Among the reported procedures for the synthesis of pyrrolo[2,1-
a]isoquinolines was to use the alkaline medium [17] or electrochemical synthesis [18] to
generate the azomethine ylide as integral part of the dipolar [3 + 2] cycloaddition reaction.

The application of fused heterocyclic system based on imidazo[2,1-b]thiazole skeleton
covers a vast therapeutic area as antimicrobial, anti-inflammatory, diuretic agents and
human constitutive androstane receptor (CAR) agonist [19–21]. In this context, and in
continuation of our interest to construct new heterocyclic systems by [3 + 2] cycloaddition
(32CA) reaction [22–30], we employed the imidazo[2,1-b] thiazole based chalcone as a
dipolarphile for the [3 + 2] cycloaddition (32CA) reaction to construct a new compound de-
rived from pyrrolo[2,1-a]isoquinoline (3). Molecular insights including X-ray single crystal
structure combined with Hirshfeld surface analysis of 3 were presented. In addition, DFT
calculations were performed in order to compute the NMR chemical shifts and simulate
the UV-Vis electronic spectra.

2. Materials and Methods

The synthesis of imidazo[2,1-b]thiazole derivative as a dipolarphile 1 and the mono-
quaternary salt 2 followed by the reported procedure in literature [31,32].

2.1. Synthesis of Dimethyl 2-(4-Chlorophenyl)-2,3-dihydropyrrolo[2,1-a]isoquinoline-
1,3-dicarboxylate 3

The monoquaternary salt 2 (1 mmol, 1 eq., 296 mg) and ethylene derivative 1 (1.0 mmol,
1.0 eq. 464 mg) were dissolved in MeOH (10 mL). Then, NEt3 (1 mmol, 1 eq., 0.14 mL)
was partially added under magnetic stirring, subsequently the reaction mixture was re-
fluxed for 1 h which the progress of the reaction monitored by TLC (nHexane–EtOAc
(3:1). Evaporation the solvent and the crude product was purified by column chromatogra-
phy on silica gel, eluting with petrol. ether–EtOAc (3:1), to give ester 3 (347 mg, 88%) as
pale-yellow needles.

1H NMR (400 MHz, CDCl3) δ 9.85 (d, J = 8.4 Hz, 1H), 9.35 (d, J = 7.4 Hz, 1H),
8.63–8.56 (m, 1H), 7.75–7.68 (m, 1H), 7.56 (s, 2H), 7.15 (s, 1H), 6.69 (d, J = 6.6 Hz, 2H), 6.28
(d, J = 7.3 Hz, 1H), 4.56 (d, J = 3.0 Hz, 1H), 4.42 (d, J = 3.3 Hz, 1H), 3.83 (s, 2H), 3.53 (s, 3H).
13C NMR (126 MHz, CDCl3) δ 170.72, 166.06, 151.71, 143.31, 136.13, 132.82, 132.20, 131.46,
129.61, 128.99, 128.29, 126.68, 126.16, 123.76, 107.82, 95.40, 71.24, 53.30, 50.73, 50.53; IR (KBr,
cm−1): 3428, 2948, 2870, 1710, 1651, 1510, 107; Chemical formula: C22H18ClNO4.

2.2. X-ray Single Crystal Measurements of 3

The technical experimental data for the synthesized compound 3 and the software [33–36]
employed for data processing was amended in the Supplementary Materials. The crystallo-
graphic details are summarized in Table 1.

Table 1. Crystal data and structure refinement for 3.

Contact 3

CCDC 2075387
empirical formula C22H18ClNO4

fw 395.82
temp (K) 120(2) K

λ (Å) 0.71073 Å
cryst syst Monoclinic

space group P21/c
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Table 1. Cont.

Contact 3

a (Å) 7.9337(3)
b (Å) 32.6514(8)
c (Å) 7.7034(3)

β (deg) 111.687(4)
V (Å3) 1854.29(12) Å3

Z 4
ρcalc (mg/m3) 1.418 mg/m3

µ (Mo Kα) (mm−1) 0.236 mm−1

No. reflns. 16,269
Unique reflns. 4791

GOOF (F2) 1.027
Rint 0.0434

R1
a (I ≥ 2σ) 0.0477

wR2
b (I ≥ 2σ) 0.1017

a R1 = Σ||Fo| − |Fc||/Σ|Fo|. b wR2 = [Σ[w(Fo
2 − Fc

2)2]/Σ[w(Fo
2)2]]1/2.

2.3. Computational Study

The protocols for the Hirshfeld surface analysis [37], DFT [38,39], NBO [40], self-
consistent reaction filed (SCRF) calculations [41,42], as well as NMR computation [43] are
provided in Supplementary Materials.

3. Results and Discussion
3.1. Chemistry

The unexpected tricyclic heterocyclic compound based on isoquinoline scaffold has
been obtained from the starting material named (Z)-2-(4-chlorobenzylidene)-5,6-
diphenylimidazo[2,1-b]thiazol-3(2H)-one 1 with the bromide salt of isoquinoline ester
2 in MeOH using basic medium and under reflux for 1 h. The generated azomethine ylide
was involved in the reaction as intermediate which further move to [3 + 2] cycloaddi-
tion (32CA) reaction with the ethylene derivative 1 to afford the new constructed fused
pyrrolidine ring. Initially, we expected to obtain either the two diastereisomers 5 or 6
but surprisingly the reaction afforded the tricyclic heterocyclic derivative 3. A proposed
mechanism for this unexpected reaction was presented in Scheme 1. First, the isoquinoline
ester iminium ion in alkaline medium could be deprotonated to yield isoquinolinium
ylide. The amidic bond of the dipolarphile could be hydrolyzed under the same condi-
tion to afford the corresponding dipolarphile-ester 7. Subsequently, [3 + 2] cycloaddition
(32CA) reaction between the isoquinolinium ylide and dipolarphile-ester affords dimethyl
2-(4-chlorophenyl)-2,3-dihydropyrrolo[2,1-a]isoquinoline- 1,3-dicarboxylate 3 in which the
4,5-diphenyl-1H-imidazole-2-thiol 4 serve as a good leaving group. To understand this
reaction mechanism, a control experiment was carried out subsequently. The dipolarphile
1 was taken in alkaline medium (MeOH/NEt3) under reflux for 2 h monitored by TLC
(Ethyl acetate: nHexane 20%), the reaction proceeded to give the corresponding ester 7
(Scheme 1). The chemical feature of the tricyclic heterocyclic compound 3 was assigned
based on 1H-NMR; 13C-NMR; IR; and single crystal X-ray diffraction analysis.

3.2. Crystal Structure Description of 3

Figure 1 presents the structure of 3 based on the X-ray diffraction analysis. Crys-
tallographic details are depicted in Table 1 while the reported geometric parameters are
listed in Table 2. The lattice parameters are a = 7.9337(3) Å, b = 32.6514(8) Å, c = 7.7034(3),
β = 111.687(4)◦. The molecule comprised three fused rings where the two rings A and B are
perfectly planar to one another (Figure 1). In ring C, the N1C19C20C7 atoms are located
in the same plane while C8 atom located out of this plane by 0.365 Å. Additionally, the
N1C19C20C9 plane is slightly deviated from the mean plan passing through rings A and B
by only 3.5◦ while deviated from the mean plane of ring D by 86.7◦ indicating that rings C
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and D are nearly perpendicular to one another. The molecular conformation structure of
this compound is stabilized by weak intramolecular C17-H17. . . O4 with donor-acceptor
distances of 2.980(2) Å. For better clarity, this intramolecular hydrogen bonding interaction
is presented as turquoise dotted color line in the left part of Figure 2 (left part).
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pound based isoquinoline scaffold 3.

The molecular packing of 3 is dominated by three hydrogen bonds shown as red dotted
lines in Figure 2 (left part). The molecules are packed via non classical C-H. . . O interactions
such as C8-H8. . . O4, C12-H12. . . O2, and C22-H22A. . . O1 contacts. The distances between
the donor (D) and acceptor (A) are 3.245(2), 3.346(2) and 3.520(2) Å, respectively (Table 3).
The molecular packing is shown in Figure 2 (right part).

Interestingly, the molecules are stacked to one another via aromatic π-π interactions
of rings A with each other. This fact is clearly seen in the right part of Figure 2. The
centroid-centroid distance between two stacked rings A is 3.882 Å and shortest C. . . C
interaction of 3.521 and 3.559 Å for C11. . . C16 and C14. . . C18, respectively.

3.3. Analysis of Molecular Packing

The Hirshfeld surfaces of 3 is shown in Figure 3 while the whole set of intermolecular
contacts contributing in the molecular packing are listed in Figure 4. In addition, summary
of the shortest contacts is listed in Table 4. The molecules are mainly packed by short
O. . . H (19.1%) contacts. These O. . . H contacts are shorter than the vdWs radii sum of the
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interacting atoms with red regions in the dnorm maps (Figure 5). The O2. . . H12 (2.343 Å),
O4. . . H8 (2.332 Å) and O1. . . H22A (2.499 Å) are the shortest C-H. . . O interactions. In
addition, relatively long H. . . C (17.1%), Cl. . . H (10.6%) and C. . . C (6.1%) interactions are
also dominant in the crystal packing (Figure 4). The H. . . H contacts are the most dominant
with contact percentage of 44.8% from the whole fingerprint area. The absence of red/blue
triangles in shape index and large green flat area in curvedness revealed the absence of
significant π-π stacking interactions.
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Table 2. Bond lengths (Å) and angles (◦) for 3.

Bond Length/Å Bond Length/Å

Cl1-C3 1.7425(19) C6-C7 1.521(2)
O1-C9 1.338(2) C7-C20 1.532(2)
O1-C10 1.455(2) C7-C8 1.548(2)
O2-C9 1.194(2) C8-C9 1.522(3)
O3-C21 1.370(2) C11-C12 1.336(2)
O3-C22 1.436(2) C12-C13 1.436(2)
O4-C21 1.223(2) C13-C14 1.408(2)
N1-C11 1.376(2) C13-C18 1.419(2)
N1-C19 1.382(2) C14-C15 1.373(2)
N1-C8 1.457(2) C15-C16 1.398(3)
C1-C2 1.388(3) C16-C17 1.377(2)
C1-C6 1.389(2) C17-C18 1.408(2)
C2-C3 1.385(3) C18-C19 1.459(2)
C3-C4 1.379(3) C19-C20 1.393(2)
C4-C5 1.392(3) C20-C21 1.440(2)
Bonds Angle/′′ Bonds Angle/′′

C9-O1-C10 114.88(15) O1-C9-C8 110.34(14)
C21-O3-C22 115.83(13) C12-C11-N1 120.44(15)
C11-N1-C19 125.37(14) C11-C12-C13 119.38(16)
C11-N1-C8 122.19(14) C14-C13-C18 119.63(15)
C19-N1-C8 111.59(13) C14-C13-C12 119.95(15)
C2-C1-C6 121.37(16) C18-C13-C12 120.42(15)
C3-C2-C1 118.70(18) C15-C14-C13 120.59(16)
C4-C3-C2 121.40(18) C14-C15-C16 119.95(16)
C4-C3-Cl1 118.83(14) C17-C16-C15 120.69(16)
C2-C3-Cl1 119.77(15) C16-C17-C18 120.64(17)
C3-C4-C5 118.86 (17) C17-C18-C13 118.48(15)
C6-C5-C4 121.23(17) C17-C18-C19 122.55(15)
C5-C6-C1 118.43(16) C13-C18-C19 118.97(14)
C5-C6-C7 119.92(16) N1-C19-C20 109.02(14)
C1-C6-C7 121.62(15) N1-C19-C18 115.39(14)

C6-C7-C20 114.86(14) C20-C19-C18 135.58(15)
C6-C7-C8 111.81(13) C19-C20-C21 131.92(15)

C20-C7-C8 101.56(13) C19-C20-C7 109.13(13)
N1-C8-C9 109.27(14) C21-C20-C7 118.95(14)
N1-C8-C7 103.02(13) O4-C21-O3 120.31(14)
C9-C8-C7 111.47(14) O4-C21-C20 130.41(16)
O2-C9-O1 124.11(18) O3-C21-C20 109.25(14)
O2-C9-C8 125.55(16)
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Table 3. Hydrogen bond parameters (Å and ◦) for 3.

D-H. . . A D-H H. . . A D. . . A D-H. . . A

C8-H8. . . O4 1 1.00 2.40 3.245(2) 142
C12-H12. . . O2 2 0.95 2.46 3.346(2) 155
C17-H17. . . O4 0.95 2.14 2.980(2) 147

C22-H22A. . . O1 3 0.98 2.59 3.520(2) 158

Symm. Code. 1 −1 + x,y,z; 2 x,1/2 − y,1/2 + z and 3 1 + x,y,z.
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3.4. DFT Studies

The structure of 3 was optimized and the resulting optimized geometry is compared
with the experimental one (Figure 6). There is good matching between the calculated
and experimental data (Table S1, Supplementary Materials). There are excellent straight-
line correlations (R2 = 0.9939–0.9599) between the calculated and experimental geometric
parameters (Figure S4; Supplementary Materials). Crystal packing effects are main reason
for the little differences between the computed and experimental structures.

Crystals 2021, 11, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 6. The calculated structure (left) and its overlay with experimental one, (right) for 3. 

The natural atomic charges were calculated and the results are depicted in Table S2 
(Supplementary Materials). The results indicated the slight electronegative nature of chlo-
rine atom (−0.0116 e). On the other hand, the nitrogen and oxygen atomic sites are electro-
negative where the two carbonyl oxygen atoms have higher charges than the two oxygen 
atoms bonded to the methyl groups. It is clear that the two oxygen atoms of the ester 
group attached to the sp2 hybridized carbon atom have higher negative charges than the 
corresponding O-atoms of the ester group attached to the sp3 hybridized carbon atom. 
The majority of carbon atoms have electronegative nature where the only exceptions are 
those C-atoms bonded either to N or O atoms. As a consequence of the presence of differ-
ent charged regions in the studied molecule, the compound has polar nature (3.5953 De-
bye) and the dipole moment vector is presented in Figure 7. 

 
Figure 7. The MEP, HOMO and LUMO of 3. 

In molecular electrostatic potential (MEP), there are intense red regions (highest e-
density) close to the carbonyl oxygen atoms while the blue region (lowest e-density) closes 
to the CH proton of the sp3 hybridized carbon atom bonded to the ester group (Figure 7). 
In the same figure, the HOMO and LUMO are located over the π-system of 3. Hence, the 
HOMO→LUMO excitation is mainly π-π* transition. Based on the HOMO and LUMO 
energies, the reactivity indices such as ionization potential (I = −EHOMO), electron affinity 
(A = −ELUMO), chemical potential (μ = −(I + A)/2), hardness (η = (I−A)/2) as well as electro-
philicity index (ω = μ2/2η) were calculated [44–50]. The calculated parameters are 5.0279, 
1.3350, −3.1814, 3.6929 and 1.3704 eV, respectively. 

3.5. UV-Vis and NMR Spectra 
The experimental UV-Vis spectra of the studied molecule were measured in different 

solvents as shown in the lower part of Figure 8. Obviously, the electronic spectra showed 
very little changes due to solvent effects. The UV-Vis spectra of the studied molecule ex-
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The natural atomic charges were calculated and the results are depicted in Table S2
(Supplementary Materials). The results indicated the slight electronegative nature of
chlorine atom (−0.0116 e). On the other hand, the nitrogen and oxygen atomic sites are
electronegative where the two carbonyl oxygen atoms have higher charges than the two
oxygen atoms bonded to the methyl groups. It is clear that the two oxygen atoms of the
ester group attached to the sp2 hybridized carbon atom have higher negative charges than
the corresponding O-atoms of the ester group attached to the sp3 hybridized carbon atom.
The majority of carbon atoms have electronegative nature where the only exceptions are
those C-atoms bonded either to N or O atoms. As a consequence of the presence of different
charged regions in the studied molecule, the compound has polar nature (3.5953 Debye)
and the dipole moment vector is presented in Figure 7.

In molecular electrostatic potential (MEP), there are intense red regions (highest e-
density) close to the carbonyl oxygen atoms while the blue region (lowest e-density) closes
to the CH proton of the sp3 hybridized carbon atom bonded to the ester group (Figure 7).
In the same figure, the HOMO and LUMO are located over the π-system of 3. Hence, the
HOMO→LUMO excitation is mainly π-π* transition. Based on the HOMO and LUMO
energies, the reactivity indices such as ionization potential (I = −EHOMO), electron affinity
(A = −ELUMO), chemical potential (µ = −(I + A)/2), hardness (η = (I−A)/2) as well as
electrophilicity index (ω = µ2/2η) were calculated [44–50]. The calculated parameters are
5.0279, 1.3350, −3.1814, 3.6929 and 1.3704 eV, respectively.
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3.5. UV-Vis and NMR Spectra

The experimental UV-Vis spectra of the studied molecule were measured in different
solvents as shown in the lower part of Figure 8. Obviously, the electronic spectra showed
very little changes due to solvent effects. The UV-Vis spectra of the studied molecule
exhibited several electronic transitions at 220, 272, 286, 298, 358, 397, 414 and 444 nm.
Theoretically, the TD-DFT calculations predicted five electronic transitions calculated at
381.4 nm (f = 0.2416), 342.0 nm (f = 0.1837), 271.4 nm (f = 0.1269), 258.2 nm (f = 0.1157) and
220 nm (f = 0.1270) as shown in the upper part of Figure 8. The two bands calculated at 271.4
and 258.2 nm appeared in the theoretical TD-spectrum as one broad band mixed with a
shoulder. The shortest wavelength band calculated at 220 nm is experimentally observed at
the same wavelength and it was assigned to the H−1→L + 2 (57%) and H−1→L + 4 (14%)
mixed excitations. Similarly, the electronic spectral bands observed experimentally at 272,
358 and 397 nm were predicted at 271.4, 342.0 and 381.4 nm, respectively. These spectral
bands were assigned to H−1→LUMO (89%), HOMO→L + 1 (93%) and HOMO→LUMO
(94%) excitations, respectively (Figure 9).

1H and 13C NMR chemical shifts (CSs) were calculated and compared with the experi-
mental results (Table S3 (Supplementary Materials)) showing high correlation coefficients
(R2 = 0.93–0.94) which are close to 1 (Figure S5 Supplementary Materials).
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4. Conclusions

In conclusion, we have been demonstrated the synthesis of a new pyrrolo[2,1-
a]isoquinoline derivative via hydrolysis/[3 + 2] cycloaddition/elimination reactions incor-
poration cascades that proceed via azomthine ylide intermediate. Analysis of Hirshfeld
surfaces indicated that the short O. . . H and the relatively long H. . . C, Cl. . . H and C. . . C
interactions are the most significant while the H. . . H contacts are the most frequently
occurring close interactions. DFT calculations were used to compute the electronic and
spectroscopic properties of the studied system. The studied compound has polar nature
(3.5953 Debye). The NMR chemical shifts and the UV-Vis spectral bands were calculated
using GIAO and TD-DFT methods, respectively. This hypothesis could be useful and open
insight to substrate scope with different substituents and examine the application of the
new set of compounds against different targets.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cryst12010006/s1, Figures S1–S3: 1HNMR, 13CNMR, and IR. Figure S4: Correlations between
the optimized and experimental geometric parameters. Figure S5: 1H and 13C NMR correlations
between the calculated and experimental data. Tables S1–S3: Computational investigations.
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