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Efficient Buchwald—Hartwig and nitrene-mediated
five-membered ring closure approaches to the
total synthesis of quindoline. Unexpected direct
conversion of a nitro group into a phosphazenet

i '.) Check for updates ‘

Cite this: RSC Adv., 2023, 13, 13715

Elida N. Thobokholt, & Sebastian O. Simonetti, @ Teodoro S. Kaufman, ©
Enrique L. Larghi@* and Andrea B. J. Bracca®*

Two total syntheses of quindoline, which take place through the intermediacy of 3-nitroquinoline
derivatives, are reported. The general synthetic sequence involves construction of the latter by

mechanochemical condensation of benzaldehydes with 2-amino-nitrostyrene, followed either by
Received 13th April 2023 ducti f th it f the het l d Buchwald—Hartwi lizati b it R
Accepted 25th April 2023 reduction of the nitro group of the heterocycle and Buchwa artwig cyclization or by a nitrene
mediated cyclization under solventless conditions. Use of PPhs to generate the nitrene resulted in the

DOI: 10.1039/d3ra02468g unprecedented formation of a phosphazene in place of quindoline. This unexpected transformation was
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Introduction

The indoloquinolines are a small family of heterocyclic natural
products, which display fused indole and quinoline rings. They
have been isolated from various plants around the world
belonging to three different genera. These include the African
thin-stemmed twining and scrambling shrub Cryptolepis san-
guinolenta (Periplocaceae), the Chinese Isatis indigotica and L
tinctoria (Brassicaceae), the indian justicia betonica L. (Acan-
thaceae), the American evergreen climbing shrub J. secunda
Vahl and the Brazilian Sida acuta,” S. rhombifolia and S. cordi-
folia® (Malvaceae).

The natural indoloquinolines share two main characteris-
tics: their vegetal sources enjoy wide use in different traditional
medicine systems, being employed to treat a variety of illnesses
and conditions;* in addition, the natural products are scarcely
decorated by alkyl or oxygen bearing functionalities.®

Most of the natural indoloquinolines are monomeric (Fig. 1)
and display their heterocyclic components fused to yield
different skeletal arrangements. These comprise, among others,
quindoline (1),* methylquindoline-11-carboxylate (1a),” crypto-
lepine (2),* 11-hydroxycryptolepine (3),° 11-isopropyl cryptole-
pine (4),** neocryptolepine (5),"* quindolinone (6),**®
isocryptolepine (7)*>'* and quinindoline (8).*
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explained by means of DFT computations.

Enlarging the family, a handful of dimeric indoloquinolines
have also been reported as minor alkaloids from Cryptolepis
sanguinolenta. Among them are cryptoquindoline (9)° and

1R=H 7 2R=H
3 R=0H

4 R= j-Propyl

Fig. 1 Chemical structures of selected indoloquinoline alkaloids.
Quindoline (1), methylquindoline-11-carboxylate (1a), cryptolepine (2),
11-hydroxycryptolepine (3), 1l-isopropyl cryptolepine (4), neo-
cryptolepine (5), quindolinone (6), isocryptolepine (7) quinindoline (8),
6-methylquinindoline (8a), cryptoquindoline (9) and biscryptolepine
(10).

RSC Adv, 2023, 13, 13715-13724 | 13715


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra02468g&domain=pdf&date_stamp=2023-05-04
http://orcid.org/0000-0001-5780-6433
http://orcid.org/0000-0003-4236-7380
http://orcid.org/0000-0003-3173-2178
http://orcid.org/0000-0002-9791-4831
http://orcid.org/0000-0003-2647-475X
https://doi.org/10.1039/d3ra02468g
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02468g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013020

Open Access Article. Published on 05 May 2023. Downloaded on 2/9/2026 1:17:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Our previous work

PPh;
(nitrene)

Buchwald-Hartwig 11R=0,X=H
1—12 Re= H, X= Br

H Intramolecular
X o N chchzauon
B193| Cs
2
1, quindoline
This work
Nitrogen Cyclization
functionality "™ _-facilitating RoN X
g NRpy  grou CHO |
Ol — @,
N NH,
Friedlander
synthesis 15 16
14a (R=H, O; X=H, Br)

Scheme 1 Synthetic approaches to quindoline. Previous strategy and
a proposed new retrosynthetic analysis of quindoline (1).

biscryptolepine (10),°> as well as quindolinocryptotackieine*>*

cryptolepicarboline,'? cryptospirolepine,** and
cryptomisrine.**

We have recently focused on the synthesis of indoloquino-
lines," contributing with the total syntheses of quindoline (1)*
and neocryptolepine (5).** Access to the unnatural 6-methyl-
quinindoline (8a) was also disclosed.*

The synthesis of indoloquinolines remains an active field.
Quindoline (1) has been isolated from different plants world-
wide;>**®1%17 this simple and bioactive monomeric indoloqui-
noline is a synthetic precursor of the most widely known
cryptolepine (2).*

During our previous synthesis of quindoline, we observed
that attempts to perform a nitrene-based cyclization of the five-
membered ring by PPhs-mediated reduction of the nitroben-
zene derivative 11 resulted exclusively in the formation of the
indazolo[2,3a]quinoline 13, whereas an alternative Buchwald-
Hartwig approach from the bromo-aniline 12 gave the product
(1) in good yield (Scheme 1). In an attempt to avoid these
diverging paths, we considered exchanging the places of the
nitrogen functionality and the cyclization facilitating group,
when required, as a viable alternative.

Retrosynthetically, this concept is shown in 14a, where the
nitrogen functionality is supported by the quinoline moiety. In
turn, appropriate C-C and C-N disconnections of the hetero-
cyclic ring in the latter unveil the aminobenzaldehyde 15 and
the nitrostyrene derivative 16 as its starting materials, conjec-
turing that a Friedldnder condensation would serve as
a constructive solution.

Therefore, herein we wish to report a new strategic approach
toward the total synthesis of quindoline, employing a ring
building route of the type A+ D — ABD — ABCD, in compliance
with the retrosynthetic analysis of Scheme 1.
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Results and discussion

According to the retrosynthetic analysis, the synthetic sequence
commenced with the preparation of the proposed 2,3-disub-
stituted quinoline intermediate exemplified by 14. To that end,
2-bromobenzaldehyde (17) was reacted with nitromethane and
subjected to a Henry nitroaldol condensation under NH,AcO
promotion, in refluxing AcOH, to afford 18 in 62% isolated
yield,' whereas the slightly unstable 2-aminobenzaldehyde (15)
was conveniently obtained in almost quantitative yield, by an
iron-mediated reduction of 2-nitrobenzaldehyde (14) in an
EtOH-0.1 N HCI medium (Scheme 2)."

Next, the projected Friedldnder-type condensation was
undertaken, employing a solvent-free strategy where 15 and 18
were thoroughly mixed with neutral alumina. Under these
conditions, a hardly separable mixture of 1,2-dihydroquinoline
19 and the corresponding quinoline 20 were obtained in 98%
combined yield.*

Considering that formation of the quinoline could not be
driven to completion, it was assumed that its presence among
the products could be the result of an air-mediated oxidation of
the reaction mixture. Further, in view of the difficulties posed by
the separation of both products, the dehydrogenation stage was
optimized on the mixture, as shown in Table 1.

Unexpectedly, the microwaves-assisted reaction with acti-
vated MnO,, in CH,Cl, gave a complex mixture of unidentified
products (entry 1), whereas exposure to iodine in EtOH for 3 h at
room temperature (entry 2) and to KMnO, in acetone (entry 3)
gave unsatisfactory yields (4 and 6%, respectively).

A slightly better performance was observed with FeCl; in
a CH,Cl,:H,0 (10:1, v/v) solvent mixture (29% yield) under
catalytic amounts of DDQ after 22 h at room temperature (entry
4). However, still unsatisfactory results were obtained with p-
benzoquinone (entry 5) in refluxing dioxane (72 h, 35% yield)
and with the K,CrO,/KHSO, reagent supported on SiO, (entry 6)
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Br
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Scheme 2 Reagentsand conditions: (a) MeNO,, NH4AcO, AcOH, 118°
C. 24 h (62%); (b) Fe®, 0.1 N HCL, EtOH, 90 °C, 4 h (99%); (c) neutral
AlL,Os, 50 °C, 24 h (98%); (d) DDQ, CH,Cl,, RT, 30 min (98%); (e) Fe°,
0.1 N HCL EtOH, 90 °C, 4 h (99%); (f) Pd(MeCN),Cl,, DPPF, ‘BuOK, THF,
100 °C, 72 h (78%).
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Table 1 Optimization of the dehydrogenation of 1,2-dihydroquinoline 19

NO,
O ) 2Br
N
|
H

Conditions

NO,
7
e

20

Entry no. Reagents Solvent Temp. (°C) Time (h) Yield (%)
1 MnoO, CH,Cl, 100 0.5 0*

2 I, EtOH RT 3 4

3 KMnoO, Me,CO RT 10 6

4 FeCl;, DDQ (cat.) CH,Cl, : H,0 (10: 1, v/v) RT 22 29

5 p-Benzoquinone Dioxane Reflux 72 35

6 KHSO,, K,Cr0,, SiO, CH,Cl, RT 20 38

7 Mn(OAc);.2H,0 DDQ (cat.) CH,Cl, RT 12 51

8 Cul DMSO 120 1 78

9 DDQ CH,Cl, RT 0.5 98

“ Performed under microwave irradiation (maximum power: 150 W); complex mixture of unidentifiable compounds.

under solventless conditions, when it was left to react for 20 h at
room temperature (38% yield).

In view of these meagre results, an additional series of
conditions was tested. The use of Mn(OAc);.2H,0 as oxidant,
with the addition of catalytic amounts of DDQ, for 12 h at room
temperature gave 20 in a moderate 51% yield (entry 7). However,
an improved 78% yield was achieved after a 1 h reaction with
Cul in DMSO at 120 °C (entry 8). Finally, it was found that
exposure of 19 to DDQ at room temperature was capable of
affording the required quinoline 20 in 98% yield after 30 min
(entry 9).

With an efficient protocol to access the 3-nitroquinoline in
hand, the next step in the sequence involved its modification
toward a cyclizable substrate.

Therefore, 20 was reduced to the 3-aminoquinoline 21 in
99% yield with iron turnings in EtOH to which 0.1 N HCI was
added.**

Then, aiming to optimize the yields, the final cyclization
stage was performed under different conditions, as shown in
Table 2.

The first attempt, an intramolecular amination of the
bromide under ‘BuOK promotion in DMSO at 130 °C for 24 h
afforded the expected product in 43% yield (entry 1),>*“ whereas

Table 2 Conditions for the intramolecular cyclization of 21

an analogous photostimulated cyclization at room temperature
using violet LED light proceeded in 57% yield (entry 2). On the
other hand, the reaction with Cul and K,CO; in DMF at 110 °C,
under modified Ullman conditions and proline as ligand, gave 1
in 56% yield after 24 h (entry 3).

Gratefully, the moderate performance of these reactions was
surpassed by the Buchwald-Hartwig cyclization of 21 in THF
under Pd(MeCN),Cl, catalysis, which proceeded uneventfully to
afford 1 in 78% yield, when DPPF was employed as ligand and
‘BuOK as base (entry 4). The spectroscopic data of the tetracycle
were in full agreement with those of the literature.**

After demonstrating that the new strategy was capable to
successfully afford quindoline through a Buchwald-Hartwig
reaction, our attention was turned toward the use of a nitrene as
cyclization intermediate. To that end, benzaldehyde (22) was
submitted to a Henry reaction under microwaves irradiation,
affording nitrostyrene (23) in 70% yield after 1.5 h (Scheme 3).

Next, the reaction of 23 and freshly prepared 15 under
promotion by basic alumina, gave a mixture of the heterocycles
24 and 25 in 99% combined yield, after 24 h at 50 °C. Conver-
sion of the mixture to 3-nitroquinoline 25 took place in 82%
yield by stirring for 30 min at room temperature, with DDQ as
oxidant.

Mg ¥
O _ Conditions XN
N
) v~
21 1

Entry no. Reagents Solvent Temp. (°C) Time (h) Yield (%)
1 ‘BuOK DMSO 130 24 43
2 ‘BuOK, (violet LED) DMSO RT 48 57
3 Cul, proline, K,COj3 DMF 110 24 56
4 Pd(MeCN),Cl,, DPPF, ‘BuOK THF 100 72 78

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Reagents and conditions: (a) MeNO,, NH4AcO, MW (90 °C),
1.5 h (70%); (b) 15, basic Al,O3, 50 °C, 24 h (99%); (c) DDQ, CH,Cl,, RT,
30 min (82%); (d) PPhs, MoO,Cl,(DMF), (cat.), PhMe, reflux, 72 h (52%);
(e) PPhs, 150 °C, 4 h (87%); (f) DPPE (28), 150 °C, 4 h (82%).
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This set the stage for the final cyclization step. Unexpectedly,
however, reaction of 25 with PPh; in refluxing toluene under
MoO,Cl,(DMF), catalysis gave aminoquinoline 26 in 52% yield,
whereas reaction with PPh; at 150 °C under solventless condi-
tions afforded phosphazene 27 in 87% yield, in place of the
sought tetracycle 1. Interestingly, however, under the same
conditions, the use of DPPE (28), a chelating phosphine, affor-
ded quindoline in 82% yield.?" The NMR data of the heterocycle
fully agreed with those recorded for the Buchwald-Hartwig
product and for natural quindoline.**

The unexpected isolation of 27 prompted for the need of
studying the reasons underlying its generation. Phosphazenes
(iminophosphoranes) have been prepared by reaction of phos-
phines with different nitrogen functionalities, including mainly
amines® and azides (Staudinger reaction)* which, in turn, were
accessed from the corresponding nitro-aromatic precursors.

While phosphazenes are directly formed from azides and
phosphines, their access from amines requires an activation
agent (PPh;.Br, PPh3/CCl,, PPh;/I, or the like).>* Interestingly,
however, to the best of our knowledge, this is the first time
a phosphazene is obtained by direct reaction between a nitro-
aromatic moiety and PPh;. Furthermore, the surprisingly high
yield of the transformation suggests that it may be synthetically
useful.

Despite the most intimate details of the reaction mechanism
may still remain unknown, based on previous reports,
a proposal was devised to explain our observations regarding
the generation of phosphazene 27 from the nitroquinoline 25,
which involves the sequential participation of three molecules
of PPh; for each one of the starting nitroquinoline. In order to
gain more insight about the mechanism that affords the
phosphazene intermediate, a DFT study was performed at the
mo62x/6-31g*//6-311+g** theoretical level, using the less
computationally demanding Me;P instead of PhzP for the
calculations, with the results displayed in Scheme 4.

It has been shown that nitroso derivatives result from
nucleophilic attack to the oxygen atom of the nitro moiety by
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Scheme 4 Theoretical calculations for the mechanism of the nitrene
formation intermediate calculated at MO062x/6-31g*//6-311+g**.
Energies are in kcal mol™, distances in A and Wiberg index in
parentheses.

a lone electron pair from the phosphine, with further release of
phosphine oxide.?® This is in line with our previous proposal;**
hence, compound i was considered as a logical intermediate in
the sequence and our calculations show that i is
34.22 keal mol ™! more stable than 25 (Scheme 4).

In turn, i could experience a nucleophilic attack by a second
molecule of the phosphine at the nitrogen atom and subse-
quently lead to formation of a betaine (i), which could undergo
ring closure to the oxazaphosphiridine . This kind of strained
heterocycles has been earlier proposed in the context of the
mechanism of the Cadogan or Cadogan-Sundberg type
synthesis of indoles and analogous pyrrole derivatives from
nitroaromatics.”® Further, their formation has been recently
demonstrated by low temperature *'P NMR spectroscopy,?” and
they were also proposed as key intermediates during the Mit-
sunobu esterification of alcohols mediated by nitrosobenzene.?®

The formation of the betaine intermediate from i through
the TSi involves an activation energy of 15.46 kcal mol ",
with an endothermic balance for i of 0.55 kcal mol ™. After-
wards, the ring closure of ii to obtain iii shows that the balance
of these two intermediates has a thermodynamic penalty of
8.53 keal mol ™" through iii. The intermediate i could afford the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nitrene intermediate by two paths: (1) a stepwise path that
involves the break of the N-P bond in iii and the formation of
a “N-O-P” species as iv. Subsequently, iv could release Me;PO
with the concomitant formation of the nitrene intermediate. (2)
Another alternative is the formation of the nitrene intermediate
v through the concerted elimination of Me;PO as previously was
described for bisphospines.””

Whereas it was not possible to find out the transition state of
the concerted mechanism (even a dissociate transition state),
the intermediate iv was observed in an optimization of iii.
Therefore, this intermediate was re-optimized and furnished an
energy which resulted —0.12 kcal mol™' lower than iii. The
transition state (TSiv) for the formation of the nitrene inter-
mediate (v) afforded an activation energy of 7.23 kcal mol™"
with and exergonic energy of —24.05 kcal mol " in favour of v.

This nitrene intermediate could continue the reaction along
two paths (Scheme 5).° One of them is the formation of the
cyclized product through the insertion of the nitrene species at
C-H bond of the aromatic ring (Path b). The other possibility
(observed experimentally) is the formation of the phosphazene
through the coupling between the nitrene and the phosphine
(Path a). The calculations of these paths show that the forma-
tion of the phosphazene product presents an activation energy
of 24.65 kcal mol™' (TSva), whereas the formation of the
cyclized product (TSvb) is 3 kcal mol™* higher than the phos-
phazene product. While the formation of the cyclized product

AG +27.74
TSva / \
+24.ssl/,_\\
/ \ .
, ' -
/ \
/ \
v / \
— \

Reaction coordinate

Scheme 5 Above: Routes for the obtention of phosphazane vi or
quindoline (1) from nitrene v. Below: Calculations for the obtention of
the observed phosphazene product. calculated at M062x/6-31g*//6-
311+g**. Energies are in kcal mol™, distances in A and Wiberg index in
parentheses.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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presents a lower energy balance regards to the nitrene than the
phosphazene product (—69.61 kcal mol " vs. —52.41 keal mol ™,
respectively) the energy gap in the activation energy is enough to
explain the results obtained experimentally.

Therefore, based on our theoretical calculations, it can be
assumed that the phosphazene product could be accessed from
nitrene v, which, in turn, is obtained through the gradual
cleavage of the oxaazaphosphane i#ii intermediate (Scheme 4).
Exchange of oxygen atoms in the case of bisphosphines (such as
DPPF) probably also provides the intermediate nitrene, but
cyclization might be favored instead of a phosphazene product
due to steric hindrance. However, a deeper mechanistic inves-
tigation may be required to confirm this hypothesis and rule out
an electronic factor.

Conclusions

In conclusion, we have developed simple and efficient total
syntheses of quindoline, a naturally-occurring bioactive indo-
loquinoline, based on Buchwald-Hartwig and nitrene-mediated
five-membered ring closure approaches, employing 3-nitro-
quinoline derivatives as key intermediates. The Buchwald-
Hartwig alternative afforded quindoline in 5 linear steps and
46% overall yield from 2-bromobenzaldehyde (73% from 2-
nitrobenzaldehyde), whereas the nitrene-based synthesis affor-
ded the natural product in only 4 steps and 47% overall yield
(66% from 2-nitrobenzaldehyde).

Interestingly, phosphazene 27 was obtained in an unprece-
dented way by reaction with 3-nitroquinoline 25 and PPh;. DFT
calculations were carried out to shed light on its formation and
confirmed a nitrene as key intermediate in the mechanistic
pathway. Further investigation on the scope and limitations of
the formation of phosphazenes with other nitroarenes is
underway and the results will be reported in due time.

Both strategies, which were devoid of protecting groups, use
2-nitrobenzaldehyde as starting material. Simplicity of these
routes suggests that they can inspire the synthesis of more
complex heterocycles as analogs of the natural product.

Experimental
General information

The reactions were executed with oven-dried glassware under
dry nitrogen or argon atmospheres. Anhydrous DMF was ob-
tained by heating the PA grade product over BaO for 4 h, fol-
lowed by distillation under reduced pressure. Anhydrous
CH,Cl, was obtained by refluxing 4 h the analytical grade
product over CaH,, followed by distillation. Anhydrous toluene
was obtained by reflux of the solvent over sodium, to which
benzophenone was added, followed by distillation from the
deep-blue sodium benzophenone ketyl. Anhydrous EtOH was
obtained by refluxing the analytical grade solvent for 4 h over
magnesium ethoxide, prepared in situ from magnesium turn-
ings activated with iodine, and distilling the solvent from the
thus formed magnesium ethoxide. Anhydrous solvents were
stored in dry Young ampoules. All other reagents were used as
received.

RSC Adv, 2023, 13,13715-13724 | 13719
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The flash column chromatographies were carried out
employing Merck's silica gel 60H. The elutions were performed
under positive pressure with mixtures of hexane and EtOAc, and
employing gradient of solvent polarity techniques. The new
compounds exhibited single spots on TLC plates (silica gel 60
GF,s54) developed in different hexane/EtOAc solvent systems.
The spots were detected by exposure of the plates to 254 nm UV
light, followed by spraying with ethanolic p-anisaldehyde/
sulfuric acid reagent or with the Dragendorff reagent (Munier
and Macheboeuf modification).** The plates were carefully
heated, for improving selectivity.

Apparatus

The melting points were determined on a model 350 Ernst Leitz
Wetzlar hot-stage microscope and are reported uncorrected.
The IR spectra were acquired in a Prestige 21 spectrophotom-
eter (Shimadzu Corp., Tokyo, Japan), as thin films between NaCl
plates or as solid dispersions in KBr disks.

The NMR spectra were acquired in CDCl; at 300.13 (*H),
75.48 (*C) or 188.31 (*°P) MHz on a Bruker Avance spectrom-
eter. The peak of residual CHCI; (6y = 7.26 ppm), and the signal
of CDCl; (6c = 77.0 ppm) were used as internal standards,
respectively. The chemical shifts are informed in parts per
million (¢ scale) and the Jvalues are given in Hertz. When
required, selective TOCSY and 2D-NMR experiments (COSY,
HMBC and HMQC) were also obtained. The high-resolution
mass spectra were obtained from UMYMFOR (Buenos Aires,
Argentina) with a Bruker MicroTOF-Q II instrument. Detection
of the ions was performed in electrospray ionization, positive
ion mode.

(E)-1-Bromo-2-(2-nitrovinyl)benzene (18)

A solution of 2-bromobenzaldehyde (17, 113 mg, 0.61 mmol) in
glacial acetic acid (1.5 mL) was treated portion-wise with
NH,4AcO (94 mg, 1.22 mmol) and the mixture was stirred for 15
minutes at room temperature. Then, MeNO, (149.3 mg, 2.44
mmol) was slowly transferred to the reaction medium and the
system was heated under reflux for 24 h. Brine was added (30
mL) and the product was extracted with EtOAc (3 x 30 mL). The
combined organic phases were dried (MgSO,), filtered and
concentrated under reduced pressure. The crude material was
purified by chromatography to give 18 (86 mg, 62%), as a yellow
solid. Mp 88-90 °C (Lit.: 87-88 °C);"* IR (KBr, v): 3395, 3750,
3422, 1636, 1458, 1340, 1111, 945 and 758 cm™*; "H NMR (300
MHz, CDCl;): 6 = 8.40 (1H, d,J = 13.7, H-2'), 7.69 (1H, dd, J = 7.4
and 1.9, H-3), 7.58 (1H, dd, ] = 7.4 and 2.1, H-6), 7.54 (1H, d, ] =
13.7,H-1'),7.38 (1H, td,J = 7.4 and 1.9, H-5) and 7.33 (1H, td, ] =
7.4 and 2.1, H-1); >C NMR (75 MHz, CDCl,): 6 = 139.0 (C-1),
137.5 (C-2), 134.0 (C-3), 133.0 (C-4), 130.0 (C-2), 128.5 (C-6),
128.1 (C-5) and 126.3 (C-1).

2-Aminobenzaldehyde (15)

A stirred solution of 2-nitrobenzaldehyde (14, 206 mg, 1.36
mmol) in EtOH (8 mL) to which a 0.1 N HCI solution (680 puL, 68
umol) was added, was treated with Fe° turnings (299 mg, 5.34
mmol) and the reaction was heated under reflux for 4 h. After
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cooling to room temperature, the reaction mixture was diluted
with EtOAc (30 mL), filtered through Celite®, and the filtrate
was neutralized with saturated NaHCO; solution and washed
with brine (10 mL). The product was extracted with EtOAc (3 x
30 mL), and the combined organic phases were dried (MgSO,),
filtered and concentrated under reduced pressure. After filtra-
tion through a shorth pad of Celite, the desired product 15 was
obtained (160 mg, 99%), as a yellow solid."”® Mp 32-34 °C; IR
(KBr, v): 3458, 3352, 3063, 2746, 1651, 1556, 1396, 1157, 1028
and 752 em™; "H NMR (300 MHz, CDCl3): 6 = 9.87 (1H, s,
CHO), 7.48 (1H, dd,J=7.8 and 1.5, H-6), 7.34-7.28 (1H, m, H-4),
6.75 (1H, dt, J = 7.4 and 0.7, H-5), 6.64 (1H, d, J = 8.3, H-3) and
6.11 (2H, bs, NH,); ">*C NMR (75 MHz, CDCl,): 6 = 194.1 (CHO),
149.9 (C-2), 135.7 (C-4), 135.2 (C-6), 118.9 (C-5), 116.4 (C-1) and
116.0 (C-3).

2-(2-Bromophenyl)-3-nitroquinoline (20)

2-Bromonitrostyrene (21.6 mg, 0.095 mmol) was added to
a mixture containing neutral Al,O; (95 mg, 1.07 mmol) and 2-
aminobenzaldehyde (11.5 mg, 0.095 mmol) and the reaction
was heated at 50 °C for 24 h. After cooling to room temperature,
the crude material was chromatographed to give a barely
separable mixture of 2-(2-bromophenyl)-3-nitro-1,2-
dihydroquinoline (19) and quinoline 20 (30.9 mg, 98%), as
a reddish solid.*

2-(2-Bromophenyl)-3-nitro-1,2-dihydroquinoline (19)

Mp 104-106 °C; IR (KBr, v): 3995, 3977, 3400, 3381, 1634, 1606,
748, 603 and 588 cm ™. '"H NMR (300 MHz, CDCl;): 6 = 8.19
(1H, s, H-4), 7.61 (1H, dd,J = 7.7 and 1.0, H-5), 7.24-7.21 (3H, m,
H-7, H-4" and H-5'), 7.18-7.12 (2H, m, H-3' and H-6'), 6.70 (1H,
td,J = 7.5 and 0.8, H-6), 6.45 (1H, d, ] = 6.4, H-8), 6.43 (s, 1H, H-
1) and 5.09 (s, 1H, H-1); "*C NMR (75 MHz, CDCl,): 6 = 143.8 (C-
8a), 139.2 (C-4a), 139.1 (C-3), 134.2 (C-6'), 133.5 (C-5), 133.0 (C-
4), 131.3 (C-5"), 130.1 (C-3'), 128.3 (C-7), 127.9 (C-4"), 121.4 (C-
2), 118.9 (C-6), 115.2 (C-1), 114.0 (C-8) and 53.8 (C-2).

Without further purification, a stirred solution of dihy-
droquinoline 19 (15.7 mg, 0.05 mmol) in anhydrous CH,Cl, (1
mL) was treated with DDQ (12.8 mg, 0.05 mmol) and the reac-
tion was stirred at room temperature for 30 minutes. Next,
saturated NaHCOj; solution (7 mL) was added and the products
were extracted with EtOAc (3 x 30 mL). The combined organic
phases were dried (MgSO,), filtered and concentrated under
reduced pressure. The residue was purified by chromatography
to give the desired nitroquinoline 20 (15.3 mg, 98%), as a yellow
solid. Mp 95-97 °C (Lit.: 95-97 °C);** IR (KBr, v): 1603, 1553,
1520, 1348, 1335, 831, 789 and 760 cm ™ *; "H NMR (300 MHz,
CDCl,): 6 = 8.99 (1H, s, H-4), 8.26 (1H, d, J = 8.7, H-5), 8.07 (1H,
d,J =8.2,H-8),7.96 (1H, dt,J = 7.7 and 1.4, H-7), 7.76 (1H, dt,
= 7.6 and 1.0, H-6), 7.66 (1H, d,J = 7.8, H-3), 7.51 (ddd, 2H, ] =
9.9,7.6 and 2.3) and 7.36 (ddd, 1H, J = 8.8, 6.7 and 2.3, H-4); *C
NMR (75 MHz, CDCl;): 6 = 152.0 (C-2), 148.3 (C-8a), 142.8 (C-1),
139.2 (C-3), 133.2 (C-4), 133.1 (C-7), 132.3 (C-3), 130.1 (C-4),
129.9 (C-5"), 129.6 (C-5), 128.8 (C-8), 128.7 (C-6), 127.5 (C-6'),
125.8 (C-4a) and 121.6 (C-2).
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2-(2"-Bromophenyl)-3-aminoquinoline (21)**

Fe’ turnings (67.7 mg, 1.20 mmol) were added to a stirred
solution of the nitroquinoline 18 (66.4 mg, 0.2 mmol) in EtOH
(2.7 mL). The mixture was then treated with a 0.1 N solution of
HCI (100 pL, 100 umol) and heated under reflux for 4 h. Then,
the reaction system was diluted with EtAcO and filtered through
Celite®. After diluting with EtOAc (30 mL) and washing with
saturated NaHCO; (10 mL), the product was extracted with
EtOAc (3 x 30 mL); the combined organic layers were dried
(MgSO0,), filtered and concentrated under reduced pressure,
affording 21 (60 mg, 99%), as a light yellow oil. IR (film, v): 3997,
3462, 3129, 2851, 1556, 1417, 1250, 1188, 881 and 665 cm ™ *; 'H
NMR (300 MHz, CDCl,): 6 = 7.90 (1H, t,] = 4.7, H-8), 7.60 (1H, d,
J=7.9,H-5),7.55-7.52 (1H, m, H-6), 7.38-7.33 (4H, m, H-7, H-3/,
H-5' and H-6'), 7.25-7.19 (1H, m, H-4), 7.14 (1H, s, H-4) and 3.65
(2H, bs, NH,); *C NMR (75 MHz, CDCl,): 6 = 149.4 (C-2), 141.3
(C-3), 138.0 (C-1"), 137.1 (C-8a), 132.2 (C-3'), 130.0 (C-6"), 129.4
(C-4"),128.4 (C-4a), 128.2 (C-8), 127.2 (C-5'), 126.0 (C-6), 124.9 (C-
5), 124.5 (C-7), 121.6 (C-2') and 115.2 (C-4).

10H-Indolo[3,2-b]quinoline (quindoline, 1)

A mixture of Pd(MeCN),Cl, (1.6 mg, 0.006 mmol) in THF (1.2
mL) was treated with DPPF (16.0 mg, 0.03 mmol) and stirred at
room temperature under inert atmosphere for 12 h. Then, the
aminoquinoline 21 (18.4 mg, 0.06 mmol) was added and the
reaction was stirred at room temperature for 1 h. After the
addition of ‘BuOK (19.3 mg, 0.14 mmol), the mixture was stirred
under reflux for 72 h. The reaction mixture was diluted with
EtOAc and filtered through Celite®. After evaporation of the
solvent under reduced pressure, the residue was purified by
chromatography to give the desired quindoline (1, 10.2 mg,
78%), as a yellow solid.*> Mp 201-203 °C; IR (KBr, v): 3163, 3086,
2922, 2851, 1608, 1481, 1338, 1223, 737 and 716 cm™'; 'H NMR
(300 MHz, CDCL;): 6 = 8.54 (1H, d, J = 7.9, H-6), 8.33 (1H, d, J =
8.6, H-4), 8.27 (1H, b, H-10), 8.02 (1H, s, H-11), 7.92 (1H, dd, ] =
8.3 and 1.2, H-1), 7.65 (1H, ddd, J = 7.6, 6.9 and 1.5, H-3), 7.55
(2H, ddd, J = 8.5, 8.4 and 1.2, H-8 and H-2), 7.45 (1H, d, ] = 8.2,
H-9) and 7.33 (1H, td, J = 7.5 and 0.8, H-7); *C NMR (75 MHz,
CDCl,): 6 = 146.5 (C-5a), 144.4 (C-4a), 143.6 (C-9a), 132.4 (C10-
a), 129.9 (C-8), 129.1 (C-4), 127.2 (C-1), 127.0 (C-11a), 126.6 (C-
3), 125.3 (C-2), 122.2 (C-6), 122.1 (C-5b), 120.4 (C-7), 113.2 (C-
11) and 111.0 (C-9).

(E)-(2-Nitrovinyl)benzene (23)

A mixture of benzaldehyde (22, 106.1 mg, 1 mmol), MeNO, (2
mL) and NH,Ac (39.7 mg, 0.51 mmol) was transferred to
a microwave tube and irradiated in a microwave oven at 90 °C
for 60 min. Once the reaction was finished, the volatiles were
removed under reduced pressure and the crude material was
purified by chromatography to give the nitrostyrene 23 (105 mg,
70.4%), as a yellow solid. Mp 58-60 °C (Lit.: 57-58 °C);*** IR
(KBr, v): 1634, 1514, 1495, 1449, 1346 and 594 cm '; '"H NMR
(300 MHz, CDCl,): 6 = 8.0 (1H, d,J = 14.1, H-2), 7.59 (2H, d, ] =
13.7, H-2 and H-6), 7.54 (1H, d,J = 1.9, H-1') and 7.51-7.42 (3H,
m, H-3, H-4 and H-5); *C NMR (75 MHz, CDCl,): 6 = 139.1 (C-
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2'),137.1 (C-2 and C-6), 132.1 (C-3 and C-5), 130.1 (C-1), 129.4 (C-
1') and 129.1 (C-4).

2-Phenyl-3-nitroquinoline (25)

A mixture of basic Al,0; (172 mg, 1.67 mmol), 2-amino benz-
aldehyde (15, 20.9 mg, 0.17 mmol) and nitrostyrene (23,
36.1 mg, 0.24 mmol) was heated at 50 °C for 24 h. Then, the
system was cooled at room temperature and the crude material
was purified by chromatography to give a mixture of 2-phenyl-3-
nitrodihydro-quinoline (24) and 2-phenyl-3-nitroquinoline (25)
as a red solid (43 mg, 99%).

Compound 24: HRMS (EST") calcd. for Cy5H;,N,NaO, ([M +
Na]") m/z = 275.0791; found: m/z = 275.0794.

Without further treatment, the mixture of dihydroquinoline
24 and nitroquinoline 25 (28.2 mg, 0.11 mmol) was dissolved in
anhydrous CH,Cl, (1 mL) and treated with DDQ (28.1 mg, 0.12
mmol). The reaction was stirred at room temperature for
30 min, when saturated NaHCOj; solution (5 mL) was added to
the reaction mixture and the product was extracted with EtOAc
(3 x 30 mL). The combined organic layers were dried (MgSO,),
filtered and concentrated under reduced pressure, and the
residue was chromatographed, giving the desired nitroquino-
line 25 (23.3 mg, 82%), as a light yellow solid. Mp 146-148 °C. IR
(KBr, v): 3447, 3422, 1636, 1607, 1524, 831, 762 and 692 cm .
'H NMR (300 MHz, CDCl,): 6 = 8.70 (1H, s, H-4), 8.24 (1H, d, ] =
8.5, H-5), 7.99 (1H, d, J = 7.9, H-8), 7.91 (1H, td, J = 7.7 and 1.4,
H-6), 7.72 (1H, dd, J = 6.9 and 1.0, H-7), 7.68-7.65 (2H, m, H-2'
and H-6') and 7.50 (t, 3H, J = 3.3, H-3’, H-4’ and H-5'). ">’C NMR
(75 MHz, CDCly): 6 = 152.1 (C-2), 148.4 (C-8a), 144.0 (C-3), 137.1
(C-1),132.9 (C-6), 132.7 (C-4), 129.8 (C-5), 129.6 (C-3, C-4" and C-
5'),128.8 (C-8), 128.6 (C-7), 128.5 (C-6'), 128.1 (C-2") and 125.6 (C-
4a). HRMS (ESI) caled. for Cy;sHy N0, (M + 1]") m/z =
251.0815; found: m/z = 251.0819.

2-Phenyl-3-aminoquinoline (26)

A mixture of PPh; (47.0 mg, 0.18 mmol) and 3-nitroquinoline 25
(18.9 mg, 0.07 mmol) in PhMe (1 mL) was treated with MoO,-
Cl,(DMF), (2.8 mg, 0.008 mmol). The reaction mixture is heated
under reflux for 72 h. Then, the solvent was removed under
reduced pressure and the crude material was purified by chro-
matography to give 2-phenyl-3-aminoquinoline 26 (8.5 mg,
52%) as a yellow solid, mp 121-123 °C (Lit.: 123 °C).** IR (KBr, v):
3321, 2924, 1614, 1435, 1354, 1190, 881, 766 and 700 cm ™ *. 'H
NMR (300 MHz, CDCl5): 6 = 8.03-8.00 (1H, m, H-8), 7.75 (2H, dt,
J=6.6and 1.7, H-2' and H-6"), 7.64-7.60 (1H, m, H-4), 7.56-7.51
(2H, m, H-6 and H-7), 7.49-7.40 (3H, m, H-3/, H-4' and H-5'), 7.34
(1H, s, H-4) and 3.98 (2H, bs, NH,). '*C NMR (75 MHz, CDCl;):
6 =150.7 (C-2), 142.8 (C-3), 138.4 (C-8a), 138.1 (C-1'), 129.3 (C-8),
129.1 (C-4a), 129.0 (C- 2’y C-6') 128.9 (C-6), 128.7 (C-7),126.7 (C-
4'), 125.7 (C-5), 125.4 (C-3') and 116.1 (C-4).

Quindoline (1)

A solution of 2-phenyl-3-nitroquinoline 25 (15.61 mg, 0.06
mmol) in CH,Cl, (0.5 mL) was treated with DPPE (27.1 mg, 0.07
mmol); the solvent was evaporated under a N, atmosphere and
the remaining solid mixture was heated at 150 °C for 5 h. Then,
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the crude material was purified by chromatography, affording
quindoline (1, 11 mg, 82%), as a yellow solid, mp
201-203 °C.*** The 'H and "*C NMR spectroscopic data of this
synthetic compound were in agreement with those of synthetic
and natural quindoline.

Phosphazene 27

In order to ensure an intimate mixture of reagents, PPh; (70 mg,
0.27 mmol) was added to a solution of 2-phenyl-3-
nitroquinoline (25, 19.4 mg, 0.08 mmol) in CH,Cl, (0.5 mL).
The solvent was evaporated under high vacuum in a N, atmo-
sphere, and the resulting solventless solid mixture was heated
at 150 °C for 4 h. The crude material was purified by chroma-
tography to give phosphazene 27 (33.4 mg, 87%) as a yellow
solid, mp 117-119 °C. IR (KBr, v): 3053, 2959, 2849, 2779, 1416,
1360, 1271, 1107, 747 and 694 cm™*. "H NMR (300 MHz, CDCl,):
0 = 8.05 (2H, dd, H-2' and H-6"), 7.97 (1H, d, J = 8, H-8), 7.74-
7.66 (6H, m, 3 x H-2" and 3 x H-6"), 7.57-7.48 (3H, m, 3 x H-4'
N,7.47-7.38 (9H, m, 3 x H-3", 3 x H-5", H-3', H-4' and H-5), 7.32
(1H, dd,J=7.5 and 8, H-7), 7.24 (2H, m, H-5 and H-6), and 6.97
(1H, bs, H-4). *C NMR (75 MHz, CDCly): 6 = 121.4 (d, *Jp.c =
10.4, C-4), 124.5 (C-7), 125.0 (C-5), 125.5 (C-6), 127.3 (H-3’ and H-
5'), 127.5 (H-4"), 128.7 (d, *Jp.c = 12.0, 3 x C-3" and 3 x C-5"),
129.0 (2C, C-4a and C-8), 129.4 (C-8a), 130.3 (C-2’ and C-6), 130.5
(d, Yp.c = 100.3, 3 x C-1"),131.9 (d, YJp.c = 2.6, 3 x H-4"), 132.6
(d, *fp.c = 9.8,3 x C-2" and 3 x C-6"), 141.6 (d, */p.c = 33.8, C-3),
143.7 (C-1') and 159.0 (d, */p.c = 22.8, C-2). *'P NMR (188.31
MHz, CDCl,): 6 = 3.97. HRMS (ESI") caled. for C33H,oN,P ([M +
1]") m/z = 481.1828; found: m/z = 481.1830.

Computational methods

Conformational searches for the reactants, transition structures
(TS) and products were run using the conformational search
module of Hyperchem with the MM+ method.*® Selected
structures were then successively optimized at the B3LYP/6-
31G* and M062X/6-311+G** level single point was performed.*
This level has been shown as a suitable level of theory for this
type of structures.”

Frequency calculations were made to confirm the nature of
the stationary points and to evaluate their thermochemical
properties. The molecular orbitals of the reactants were calcu-
lated to analyze the frontier orbital interactions at the M062X/6-
311+G** level of theory. Intrinsic reaction coordinate (IRCs)
calculations were run to verify the connectivity between reac-
tants, TSs and products. To examine the most important
interactions in the TSs, natural bond orbital calculations were
performed and Wiberg bond indexes (WBIs) analyzed.
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