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1. INTRODUCTION AND AIMS

The Mannich reaction is one of the most important basic reaction types in organic chemistry
for C—C and C—N bond formation.X The classical Mannich product arises from the condensation
reaction of a compound containing at least one active hydrogen atom with formaldehyde and a
secondary amine.® A special variation of this latter reaction uses benzaldehyde rather than
formaldehyde, ammonia instead of secondary amine and-replacing the C—H acid by an electron-rich
aromatic compound such as 2-naphthol.” The reaction was developed by Mario Betti and the
aminonaphthol synthesised in this way is known as Betti base.®*2 This modified three-component
Mannich reaction (mMR) was then extended to apply 1-naphthol, quinolinol or isoquinolinol as
electron-rich aromatic compounds.®*

Mechanistically, the modified aza-Friedel-Crafts reaction can be interpreted as a special
mMR, where electron-rich aromatic compounds such as 1- and 2-naphthol and their N-containing
analogues are reacted with a wide range of cyclic imines to furnish aminonaphthols,*-*’
aminoquinolinols®® or aminoisoquinolinols.’>!® The catalyst-free direct coupling of partially
saturated cyclic amines and indole as an electron-rich aromatic compound via a modified aza-
Friedel-Crafts reaction has recently been published by our research group.'®?° The reaction has
been extended by using indole-2-carboxylic acid as substrate leading to the formation of y-amino
acid derivatives.® Most of the methods known already for the synthesis of 3-functionalised 7-
azaindole derivatives have applied multistep transformations. Particular efforts have been made to
insert other biologically active moieties such as tetrahydroisoquinoline into position 3. In this case,
the synthesis of 1-(7-azaindol-3-yl)-1,2,3,4-tetrahydroisoquinoline involved the coupling of 7-
azaindole with N-protected tetrahydroisoquinoline under iron and copper catalysis.?*?2 Our first aim
was to perform a systematic study of the reactivity of azaindole derivatives (4-, 5-, 6- and 7-
azaindole) applying the modified aza-Friedel-Crafts reaction using cyclic imine substrates leading
to new 3-functionalised azaindole derivatives (Figure 1, I).

Our next aim was to extend the applicability of the modified aza-Friedel-Crafts reaction by
using 9-phenanthrol as unique electron-rich aromatic compound and different cyclic imines such as
3,4-dihydroisoquinoline, 6,7-dihydrothieno[3,2-c]pyridine and 3,4-dihydro-/-carboline performing
novel aminophenanthrols (Figure 1, 11). As a further aim, the ring-closing ability of the newly

synthesised bifunctional aminophenanthrols with formaldehyde was also planned (Figure 1, I11).



Figure 1

The transformation of ortho-quinone methide (0-QMs) generated from Mannich bases to
condensed polyheterocycles is a relatively new area of chemistry.?®?* In this case, [4+2]
cycloaddition takes place between the 0-QMs and cyclic imines containing C=N bond. Our research
group was the first to develop the reaction of 1-aminoalkyl-2-naphthols with 3,4-
dihydroisoquinoline as the cyclic imine.?® The reaction was then extended starting from 2-
aminoalkyl-1-naphthols and other C=N dienophiles preparing naphthoxazino-isoquinoline, -
benzazepine and -thienopyridine derivatives.?® Accordingly, another aim of my PhD work was the
synthesis of new 9-phenanthrol based precursor IV (Figure 2) and to investigate its reactivity in
[4+2] cycloaddition forming new phenanthroxazine derivatives (Figure 2, V).

To the best of our knowledge, the transformation of bifunctional Mannich bases, which can
serve as two different types of 0-QMs has not been studied. Consequently, our aim was to synthesise
new functionalised aminonaphthol derivatives (Figure 2, V1) and to study the scope and limitations
of the applicability of these aminonaphthols in [4+2] cycloaddition. Furthermore, we wanted to
investigate the influence of the relative stability of the formed 0-QMs and/or the dienophile on the
structure of the final products VII (Figure 2). Our next aim was to synthesise functionalised
aminobenzylphenanthrols (Figure 2, VI11) and to study their reactivity with cyclic imines as novel
precursor Mannich bases in [4+2] cycloaddition (Figure 2, 1X). Finally, we wanted to explore both
the structure and conformational behaviour of the novel polyheterocycles by NMR spectroscopy

and theoretical quantum chemical (QC) calculations.



Figure 2



2. LITERATURE BACKGROUND

2.1. The transformation of 9-phenanthrols at position 10

9-Phenanthrol is a unique electron-rich aromatic compound with C-10 as the most reactive centre,
because of the position of its phenolic hydroxy function. This chapter collects related publications of the
field.

For the synthesis of quinone derivative 4, two reaction pathways were proposed by Crandal
et al.?” The first included the epoxidation of 9-phenanthrol leading to the formation of 2, a labile
compound, which underwent a rearrangement and gave compound 4 via C—H insertion. As a simpler
synthetic route, Crandal et al. achieved the transformation of 9-phenanthrol to provide the stable
9,10-phenanthroquinone (4) in good yield via an oxidation protocol by using dimethyldioxirane
(DMD) in acetone (Scheme 1).%’
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Scheme 1. DMD oxidation of 9-phenanthrol

Photochemical and thermal transformations of N,N-dialkyl-9-aminomethyl-10-phenanthrols
(5) and their naphthalene analogs, which act as 0-QM precursors, have been studied by Yasuda et
al. (Scheme 2).28
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Scheme 2. Photoreaction of 1 with dienophyl type 6

The precursor N,N-dialkyl-9-aminomethyl-10-phenanthrols (5a,b) were easily prepared by
the Mannich reaction of 9-phenanthrol with alkylamines in the presence of formaldehyde. The
thermal reaction of N,N-dimethyl-9-aminomethyl-10-phenanthrol (5a) with ethyl vinyl ether (6a)
proceeded in aqueous MeOH, acetonitrile (MeCN), dimethylformamide (DMF) or THF solutions
at 50 °C to give 2-ethoxydibenzo[f,h]Jchroman 7a. Interesting to note that the reaction did not take
place in water-free MeOH and THF. 9,10-Phenanthrenequinone (4) was found as a by-product in
the thermal reaction of 5a,b in MeCN—H>0 and DMF-H>0. Photoreactions of 5 with vinyl ethers
(6) were carried out by irradiating a degassed solution containing 5 and 6 by a high-pressure
mercury lamp through a Pyrex filter (10 280 nm) at 20 °C. The photoreaction of 5a with ethyl vinyl
ether (6a) in MeCN-H20 (6:4) gave selectively 7a in a yield of 74% without the formation of 4.
However, the photoreaction of 1 at higher temperature in MeCN-H.O gave 2-ethoxy-4-
oxodibenzo[f,h]-chroman 7a formed as a consequence of the photoreaction of 4 with 6a. The
reaction yields depended on the solvent used. Photoreaction of 1 with 6a proceeded more efficiently
in aqueous MeCN compared with those in MeOH-H>0 and THF-HO. It is noteworthy that no
reaction occurred in water-free solvents and not even in MeOH regardless of the presence of
hydroxy group. Therefore, water was a requisite for the efficient formation of 7 in both
photochemical and thermal reactions.

Wan et al. reported the photochemical generation of 0-QMs by the elimination of water from
o-(hydroxymethyl)phenol derivatives. Among these, 9-hydroxymethyl-10-phenanthrol was also
described to form 2-ethoxy-4-oxodibenzo[f,h]-chroman (7a) with ethyl vinyl ether (6a).?°

Biju et al.*® developed a metal-free synthesis of phenanthrobenzofuran derivatives via the

Brensted acid-catalysed dehydrative, formal [3+2] annulation of 9-phenanthrol with quinone
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monoacetals (QMAS). Products were formed in moderate to good yields with a reasonable substrate
scope (Scheme 3).
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Scheme 3. Tentative mechanism of the reaction

The mechanistic rationale for this Brgnsted acid-catalysed annulation can be advanced along
the following lines. The reaction is likely initiated by the activation of the quinone monoacetal by
triflic acid (TfOH), leading to the generation of highly electrophilic oxocarbenium intermediate 9.
This is followed by the nucleophilic addition of 9-phenanthrol to 9, forming diketone intermediate
10. Intramolecular cyclisation generates the intermediate and subsequent elimination of a water
molecule delivers phenanthrobenzofuran 12 (pathway A). Alternatively, intermediate 10 can
undergo aromatisation via proton transfer to form phenol biaryl 11, which can be converted into 13
via intermediate 12 (pathway B). Demethylation of phenanthrobenzofuran can easily be achieved
under the BBr3 conditions.*

The polymethoxyaromatic skeleton is known to impart important biological activities to some
natural products.®*3* Recently, You et al.* published the synthesis of a new class of spiro

polymethoxyaromatics type 16 (Scheme 4).
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Scheme 4. Synthesis of spirophenanthrones

Condensation of 9-phenanthrol (1, 1a—c) with formaldehyde catalysed by proline at room
temperature gave directly the target spirophenanthrone product. Substrate 9-phenanthrol first
underwent a Mannich reaction affording the expected Mannich base (14), which proved to be
unstable. Elimination of proline then produced 10-methylene-9-phenanthrone intermediate 15,
which was highly reactive and readily dimerised via a hetero Diels—Alder reaction to form 16. It
was summarised that substrates with electron-donating substituents (1a—c) gave moderate to good
yields. Among these, 2,3,4,5,6,7-hexamethoxy-9-phenanthrol 1a gave the highest yield (85%).
When the substituent was electron withdrawing (1d), the product was formed in a lower yield. It
was reasoned that the Mannich reaction occurs more readily with electron-rich aromatic
compounds.

Wu et al.*® reported a highly efficient and selective I.-promoted oxidative cross-
coupling/annulation with the direct use of 9-phenanthrol and methyl ketones as nucleophiles for the
construction of phenanthro[9,10-b]furan-3(2H)-one (21) with a quaternary centre. Initial studies of
the mechanism suggest that this reaction could have occurred through a self-sequenced
iodination/Kornblum oxidation/Friedel—Crafts alkylation/oxidation/cyclisation cascade reaction
(Scheme 5).
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Scheme 5. Selective I.-promoted oxidative coupling of 9-phenanthrols with methyl ketones

The most important direct C—H bond activation step is thought to be the formation of a new
carbon—iodine bond, known as the in situ iodination-based oxidative coupling pathway. It is
envisioned that if the selective iodination of the C(sp®)—H bond of acetophenone is feasible by
molecular iodine, in situ oxidation of the carbon—iodine bond could generate an electrophilic a-
ketoaldehyde intermediate liable to selective attack by the C—H of 9-phenanthrol. Oxidation
followed by cyclisation furnished the desired phenanthro[9,10-b]furan-3(2H)-one (21) with a
quaternary centre.

Baumgartner et al.3’ reported the synthesis of 10-aryl-9-phenanthrols by reacting the anion of
9-phenanthrol with aryl halides. Interesting to note that by using o-diiodobenzene, product 23 was
formed in a relatively low yield (26%). It was attributed to a parallel ring-closure reaction leading

to the formation of oxa-indeno[1,2-l]phenanthrene 24 (Scheme 6).

(] | O O (]
| NHg, -33°C )
OH KOt-B
1 22 -Bu OH
23 24

Scheme 6. The synthesis of the products 23 and 24

Cyclohexadienones with ortho-quaternary carbon centres are pivotal skeletons with special
bioactivities® for drug discovery, excellent photoelectric performance for material science® and
great importance in the total synthesis of natural products.*>#! Accordingly, Yang et al.*? explored

the scope of oxidative allylic C—H alkylation of varied cyclohexadienones, including 10-methyl-9-
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phenanthrol (25). The synthesis of the desired cyclohexadienones, among others, compound 27,
was accomplished with excellent chemoselectivities and broad substrate scope through
Pd(PPh3)4/Cu(MeCN)4PFs cooperative catalysis with 2,6-dimethoxybenzoquinone (2,6-DMBQ)
under mild, base-free conditions. The transformation provided a general protocol to obtain
functionalised cyclohexadienones with quaternary carbon centres under two alternative sets of
conditions (A and B, Scheme 7) and it serves as a complementary catalytic system for the
dearomatisation of 9-phenanthrols.

A: Pd(PPhs), (10 mol),

Cu(MeCN),PFg (50 mol), X
OH 2,6-DMBQ (1 equiv) »
ppMeCN (1.0 mL), 40 °C, Ar, 48 h, N
+ AN _ O N N
‘ H B: Pd(PPhs), (2.5 mol),
- 28 Cu(MeCN),PFg /L(5 mol), :
2,6-DMBQ (1 equiv) ! L

27
MeCN (1.0 mL), 40 °C, Ar, 64 h.

Scheme 7. Allylic alkylation of substituted phenanthrol 27

Flavonoids, a common group of polyphenol compounds in fruits and vegetables, have been
shown to exhibit a wide range of pharmacological effects including anti-inflammatory, anti-aging
and anticancer activities.**** Yi et al.*® published the synthesis of novel flavonoid derivatives (29a—
c) starting from 9-phenanthrol and a,f-unsaturated aldehydes (28a—c). The structures of the

flavonoid derivatives are depicted in Scheme 8.

HO
O o R? PPh,
CgHsClI
D v e e
R 120 °C
1 16 h
28a: R'= H, R2= H, R3= nPr 29a: 71%
28b: R'= Me, R%= H, R3= Ph 29b: 60%
28c: R'= H, R?= Ph, R%= Ph 29c: 56%

Scheme 8. The synthesis of the products 29

The formation of the corresponding polycyclic enol ether products 29a—c was explained by

ortho-C-H acylation followed by conjugate addition and dehydrative annulation sequences.
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2.2. Synthesis and applications of 10,10'-dihydroxy-9,9'-biphenanthryl (BANOL)
based catalysts

Noyori first reported the application of nonracemic 1,1'-bi-2-naphthol (BINOL) in asymmetric
catalysis in 1979.% Since then BINOL derivatives have played a significant role in asymmetric
synthesis and have attracted a great deal of interest.**® Numerous new examples have emerged in
this field, because the enantiomers of BINOL are inexpensive and commercially available
compounds.*® By modifying the BINOL scaffold, chemists can easily and effectively tune both the
steric and electronic character of chiral metal-BINOL complexes. Using the techniques of parallel
synthesis, diverse BINOL derivatives can be synthesised and screened in a particular reaction with
the ultimate goal of finding the best catalyst/substrate combination.>® Nakajima et al. have
demonstrated the first example of the enantioselective addition of Grignard reagents to ketones
promoted by a BINOL derivative bearing alkyl chains at positions 3,3'. This is the first asymmetric
direct aryl Grignard addition to ketones. A variety of tertiary diaryl alcohols could be obtained in
high yields and enantioselectivities without using any other metal source.®* On the other hand,
Kyuetngsoo et al. developed an enantiodivergent approach to chiral BINOLSs using two different 2-
naphthol activation modes: intermolecular coupling by a mononuclear vanadium(V) catalyst and
coupling by a dinuclear vanadium(V) catalyst in an intramolecular manner. The unusually high
coupling reactivity of 4-substituted 2-naphthols has been the key to elucidate the intricate reaction
mechanisms and selectivities of asymmetric oxidative coupling of 2-naphthols, even in the presence
of low catalyst loadings of 0.5—5 mo1%.?

As it has been demonstrated, the substitution of BINOL catalysts at position 3 and/or 4 is critical for
their enantioinduction. Structurally 9-phenanthrol can be interpreted as a special condensed 2-naphthol
analogue. Enantioselective oxidative coupling of 9-phenanthrol at position 10 is a useful method for
the synthesis of biphenanthrol derivatives and this synthetic route is one of the most important
transformations of 9-phenanthrol, using its special reactivity at position 10. Accordingly, this
chapter collects synthetic methods to achieve biphenanthrols, their transformations to new chiral

ligands as well as their applications as chiral ligands in asymmetric synthesis.


https://en.wikipedia.org/wiki/Chiral_ligand
https://en.wikipedia.org/wiki/Asymmetric_synthesis
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2.2.1.  Preparation of 10,10-dihydroxy-9,9'-biphenanthryl derivatives

The preparation of chiral 10,10'-dihydroxy-9,9'-biphenanthryl called also BANOL is of great
importance because of their utility in asymmetric synthesis. Among the synthetic methods to access
enantiomerically pure BANOLS, catalytic asymmetric oxidative coupling of 9-phenanthrols is one
of the most straightforward processes.

In one of the earliest publications on the subject, Kocovsky et al.>® described their experiments
performed under argon thereby achieving anaerobic conditions. CuCl» applied in the reactions had
a double role. It catalysed the process by forming a complex with (—)-spartiene in situ and, on the
other hand, through its reduction, provided the necessary conditions for oxidative coupling (Table
1, entry 1).

Table 1. Synthesis of 10,10'-dihydroxy-9,9'-biphenanthryl

OH
O‘ o OO OH
J o
1 g
30
- Reaction Conditions )
g Yields ee Lit
c . 0 0 .
W | Catalyst Solvent | Oxidant T(Erg? ' tl(rr?)e (%) (%)
parting cuy
1 P MeOH Cu(l) rt. 72 80 76 [53]
complex
system
CuCl-1,5-
2 | QRZCIS | CicH,CHCL | Alr | 6 63 | 10
ecalin
complex
CuCl-1,5- [54]
g |diazacis | ooy epel | o | 3 53 | 11
decalin
complex
g | vanadium [ o e, 0: 0 24 92 84
complex [55]
5 | Vanadium MeCN 0, 5 70 92 89
complex [56]
g | vanadium | o), 0, 5 | 36 94 88
complex
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7 | vanadium CHoCl, Air 5 74 80 76
complex
g | vanadium | o) ene 02 5 72 80 86
complex
g | Vanadium CHCls 02 5 60 90 54
complex
19 | vanadium CH:Cl, 0, 10 | 48 | quant. | 93
complex
vanadium
11 complex CH2Cl> 02 -10 48 quant. 90 [57]
Graphene .
12 oxide (GO) Toluene Air 100 - 91 - [58]
HH
H N
YO (O
N R N W
(-)-spartiene (S,S)-1,5-diaza-cis-decalin
Ho 2o
o
tBu
Dinuclear vanadium (V) complexe
Graphene oxide (GO)

The oxidative coupling of 9-phenanthrol in the presence of CuCl and (S,S)-1,5-diaza-cis-
decalin was performed by Kozlowski et al’* At medium production rates, very low
enantioselectivities were observed (Table 1, entries 2, 3).

In order to achieve better results, it was necessary to optimize reaction conditions. The
exchange of copper-based catalysts with bivalent vanadium complexes increased both the yields
and enantioselectivities. Most of the publications have used dual-core vanadium complexes as
catalysts,®>® having the advantage of being capable of oxidative coupling of compounds with
various functional groups, even under mild conditions. The oxidative catalysis of the vanadium
complex is characterised by the fact that only water is produced as a by-product during the
synthesis.®! Sasai et al. tested the application of dinuclear vanadium catalyst to promote the
oxidative coupling of 1 to give 30 (Table 1, entries 4-11).°>°¢ Yields were found to be between 80—
92% with good enantioselectivities in most cases. Of the applied solvents, CH.Cl, provided the

highest enantioselectivity in a relatively short (24 h) reaction time (Table 1, entry 4). It was also
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established that by using air as oxidant, the enantioselectivity decreased (Table 1, entry 7). The
same research group found that decreasing the reaction temperature to —10 °C, coupling product 30
could be isolated in quantitative yield and with 93% ee (Table 1, entry 10). The vyield after
recrystallisation was 80%, while the ee value was found to be >99%.%® Under these optimal
conditions, Sasai et al. published the gram-scale (6.0 g) synthesis of (S)-30 (Table 1, entry 11). In
the last step of the procedure, a single recrystallisation afforded the desired product in 79% vyield
and with >99% ee.>®’

An environmentally benign green method for the synthesis of racemic 30 was published by
Ranganath et al. The oxidative coupling of 9-phenanthrol has been performed in a metal-free
synthesis.®® The advantage of the process was the use of inexpensive graphene oxide (GO) as
catalyst. The reaction was performed in toluene and 30 was isolated in a yield of 91% (Table 1,
entry 12).%8

2.2.2.  Synthesis of 10,10-dihydroxy-9,9"-biphenanthryl (BANOL) based catalysts

The chiral capacity of nonracemic 10,10'-dihydroxy-9,9'-biphenanthryl is low; therefore,
various structural modifications of the substrate have been made. Yamamoto et al.%? published the
synthesis of modified hydride reagent (S)-31 prepared in situ at room temperature reacting LiA1Ha,
(S)-30 and ethanol (1 : 1 : 1 molar ratio, Scheme 9).

L, we (OCC

~ - .
/Al\OEt Li*

(S)-30 (8)-31

OH ethanol fo)

Scheme 9. The preparation of (S)-31

This reagent combination gave excellent enantioselectivity in the reduction of aromatic
ketones. For example, acetophenone is reduced in 75% yield with 97% ee. It was concluded that
the Noyori reagent with S configuration gave (S)-alcohols. It was also established that aliphatic
ketones were reduced with low enantioselectivity. Both enantiomers of this auxiliary could be

readily prepared and were recovered for reuse at the end of the reduction.
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Szabd et al.%® reported the synthesis of chiral ligand 35 starting from optically pure
biphenanthrol (S)-30. The first step was the formation of the (S)-32 derivative in the presence of
phosphorus trichloride with stirring at 35 °C for 24 hours. Then the product was further transformed
to 34 by the addition of resorcinol iodide 33. The resulting chiral proligand [(S)-34)] was found to
be extremely sensitive to hydrolysis and, therefore, its purification was a major problem. Namely,
purification by column chromatography resulted in a large loss of the chiral proligand. However, it
was found during process optimisation, that under mild conditions (20 °C, 4 h), in the presence of
tris(dibenzylideneacetone)dipalladium(0) (Pd (dba)s), the final product was obtained with sufficient
purity and with an acceptable yield of 60% (Scheme 10).

¢ Wl
O O '
OH PCl o 33

—_— PCl —————————>

OH  35°ci24h o~ Et;N/DMAP
O‘ O‘ 35°C/48 h

(S)-30 (S)-32

OO o ; o
ol P

so Ul

(8)-35

Scheme 10. The synthesis of the product (S)-35

Pringle et al. reported the synthesis of 37 starting from racemic biphenanthrol 30 and
commercially available aminophosphane precursor PhoP(CH).P(NMez)2 (36). The reaction was
performed by treating the starting compounds in toluene under reflux conditions for 16 hours
(Scheme 11).54 The resulting racemic mixture was then resolved by the Toda method.®® The
resolution process involved the complexation of the racemic mixture with trans-(R,R)-(+)-
N,N,N',N'-tetramethyl-2,2-dimethyl-1,3-dioxolane-4,5-dicarboxamide. It should be mentioned that

the method was successfully applied for the resolution of 37 in a higher quantity as well.
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Scheme 11. The synthesis of 37
Iwasawa et al. synthesised new phosphonite-type chiral ligands.®® In the first step, polyaryl-
substituted benzene 38 was reacted with 1,2-dibromobenzene (39) to deliver bromo derivative 40.
Subsequent coupling of phosphonite (S)-32 with 40 led to the formation of desired chiral ligand (S)-
41 (Scheme 12).
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Scheme 12. The preparation of product 41
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2.2.3.  Applications of BANOL-type catalysts

A literature survey on the application of BANOL-type derivatives revealed that their catalytic
applicability has so far been tested only in a few model reactions. Although the number of
publications on the topic is low, it can be concluded from their results that this field is still under
development, thus opening up new and interesting research fields in the future.
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Scheme 13. Enantioselective allylation of sulfonylimine 44

Szabo et al.%® developed the allylation of sulfonylimine 44 in the presence of allyl stannate 43
to synthesise homoallyl-type sulfonamine 45 (Scheme 13). Palladium-catalysed asymmetric
allylation of sulfonimines is of great importance, because chiral bis (allyl)-palladium complexes do
not induce this type of reaction in a selective manner.®” According to their protocol, first BINOL-
type catalysts (S)-42 and (R)-42 were tested under mild conditions (620 °C, 66-96 h). The reaction
resulted in products with 71-74% enantioselectivity. The model reaction was repeated by using
biphenanthrol-type catalysts (S)-35 and (R)-35. In this case, higher enantioselectivities (80-85%)
were achieved under similar conditions (20 ° C, 68-94 h) in DMF.%
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Table 2. Use of biphenanthrol ((S)-37, (S)-41) and BINOL ((S)-46—(S)-48) derivatives in various

model reactions

(5)-46; (S)-48 (8)-47 (5)-37; (S)-41
R Catalyst Reaction (g/i ) Lit.
Pd,(dba);.CHCI,
Ccl O chiral cat.
46 | " } Me . 69

H3C CH;
QO
49 50
e )~ )~ ® [66]
Me

47 74
) O moo T
O

41 78
51
NHAc H NHAc
48 — chiralzcat. 4
pth/_‘%'ﬂ H CO,Me H COMe [64]
37 52 53 94

Iwasawa et al. investigated the effect of chiral catalysts based on BINOL and biphenanthrol
in the asymmetric Suzuki-Miyaura reaction.®® The enantioinduction of chiral ligands (S)-46, (S)-47
and (S)-41 was tested and compared (Table 2). In the model reaction, halide 49 was reacted with
boronic acid 50 in THF by using potassium fluoride (KF). In this case moderate ee values (60—65%)
were observed. The role of the base and/or solvent was also investigated. The best results were
found when reactions were conducted in toluene by using caesium fluoride (CsF) at 90 °C. The ee
values determined are listed in Table 2. It is seen that the highest ee value (78%) was found when
phenanthrol-type phosphonite ligand (S)-41 was applied as catalyst.®®

Pringle et al. inestigated the enantioselective double bond saturation of substrate 52 in the
presence of molecular hydrogen (H2) and chiral BANOL ligands (S)-37) or BINOL (S)-48. During
the hydrogenation of acrylate 52 in CH>Cl» as solvent, in a reaction time of 1 h, (S)-48 gave 74%
ee, while applying (S)-37 the ee value was found to be 94%. Based on these results, it can be
concluded that chiral ligand (S)-37 is more selective in comparison with the enantioinduction of
(S)-48 (Table 2).%4
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3. RESULTS AND DISCUSSION

3.1. aza-Friedel-Crafts reaction of novel electron-rich aromatic compounds

3.1.1.  Application of azaindole derivatives in the modified aza-Friedel-Crafts reaction

In our first experiments, 7-azaindole 54 was reacted with 1.5 equiv. of 3,4-
dihydroisoquinoline (55), synthesised according to a literature method (Scheme 14).%8 The reaction
between 54 and 55 was performed in solvent-free conditions by classical heating at 60 °C (i). Based
on TLC, the reaction in a time of 18 h resulted in the formation of a multi-spot reaction mixture and
the desired 3-(1,2,3,4-tetrahydroisoquinolin-1-yl)-7-azaindole product (56) was isolated by
chromatography in a yield of 31%. Since the yield was not satisfactory, the reaction was repeated
at 80 °C (ii). A 10-h reaction led to the formation of 56 in a yield of 49%. Despite increasing the
temperature further [100 °C, (iii)], the relatively long reaction led to 56 only in a poor yield of 28%.
When the reaction was repeated under microwave irradiation by testing three different reaction
conditions (Table 3), 56 was isolated in a yield of 81% after 120 min at 100 °C (Table 3). Note that
in microwave reactions, 2 equiv. of 55 were needed to provide the homogeneity of the reaction

mixture.
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Scheme 14. Synthesis of 7-azaindole derivatives starting from different cyclic imines

The reaction was extended by using other cyclic imines such as 3,4-dihydro-carboline (57),%°
6,7-dihydrothieno[3,2-c]pyridine (58)"° and 4,5-dihydro-3H-benz[c]azepine (59).2>"* Reactions
were performed by using both oil-bath heating and microwave irradiation (Scheme 14). Table 3
shows that the corresponding products (60—62) were isolated in higher yields when microwave

conditions were applied. It can be concluded that 6,7-dihydrothieno[3,2- c]pyridine 58 was found to
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be the most reactive cyclic imine. Yields and the applied reaction conditions are summarised in Table
3.

Table 3. Reaction conditions for the synthesis of the azaindoles 56 and 6062

Product | Reaction | Temperature? | Yield® | Reaction | Temperature® | Yield®

time (%) timeP (%)

18h 60 °C (i) 31 2h 80 °C (ii) 55

56 10 h 80 °C (ii) 49 4h 80 °C (ii) 63

6 h 100 °C (iii) 28 2 h 100 °C (iii) 81

60 10 h 80 °C (ii) 56 2.5h 100 °C (iii) 75
61 6h 80 °C (i) 76 2h 100 °C (i) 89
62 20 h 80 °C (ii) 63 3h 100 °C (iii) 78

aclassical heating, ® microwave irradiation

With the optimal reaction conditions in hand, we focused on extending the series of electron-
rich aromatic compounds in the modified aza-Friedel-Crafts reaction. Accordingly, 4-azaindole 63

and 6-azaindole 64 were also reacted with cyclic imines 55, 57-59 (Scheme 15).
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Scheme 15. The extension of modified aza-Friedel-Crafts reaction starting from 4-azaindole
63 and 6-azaindole 64

Reactions were performed under solvent-free conditions under both classical heating and using
microwave irradiation. The reaction conditions for the synthesis of new azaindole derivatives are
summarised in Table 4. The isolation method for azaindole derivatives 65-72 differed. In the case
of 65, 67, 69 and 71, a single crystallisation process from Et.O was satisfactory to achieve the

desired products with acceptable purity. In contrast, 66, 68, 70 and 72 had to be purified by column
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chromatography. It can be concluded that the use of microwave irradiation afforded the desired
products (65-72) in higher yields and in significantly shorter reactions compared with those found
with oil-bath heating (Table 4).

Table 4. Reaction conditions for the synthesis of the azaindoles 65-72

Product | Reaction | Temperature® | Yield®(%) | Reaction | Temperature® | Yield®

time? time® (%)
65 20 h 80 °C (i) 49 25h 100 °C (i) 70
66 22 h 80 °C (i) 39 25N 100 °C (iii) 65
67 16 h 80 °C (i) 52 25h 100 °C (i) 69
68 20 h 80 °C (i) 48 2.5h 100 °C (iii) 62
69 7h 80 °C (ii) 63 25h 100 °C (iii) 85
70 8h 80 °C (i) 62 25h 100 °C (i) 75
71 21h 80 °C (i) 57 3h 100 °C (ii) 68
72 25 h 80 °C (i) 55 3h 100 °C (i) 64

aclassical heating, ® microwave irradiation

Since the catalyst-free coupling of 7-, 6- and 4-azaindoles gave the desired C-3 aminoalkylated
derivatives, we focussed our attention on the aza-Friedel-Crafts reaction of 5-azaindole 73. In our
first experiment, 73 was reacted with 3,4-dihydroisoquinoline as a representative cyclic imine
(Scheme 16). However, even applying varied reaction conditions (classical heating, microwave
irradiation) and different temperatures (80 °C, 100 °C, 120 °C), target compound 74 did not form.
There was no conversion at lower temperature (80 °C, 100 °C), while higher temperature (120 °C)
resulted in a multi-spot reaction mixture. Since p-toluenesulfonic acid (p-TSA), an acid catalyst, is
applied frequently in the modified three-component Mannich reaction,”?"# we decided to examine
its effect on the reaction between 73 and 3,4-dihydroisoquinoline. First, 10 mol% of p-TSA was
tested using oil-bath heating. In this case TLC showed the formation of a new compound that after
isolation (30%) proved to be the desired 5-azaindole derivative 74. Since the reaction needed a
relatively long reaction time (19 h) and resulted in poor yield, it was repeated by using microwave
irradiation. In this case, 100 °C was found to be optimal and 5-azaindole 74 was isolated in a yield
of 72% (Table 5).
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Scheme 16. Synthesis of 74—77 from 5-azaindole 73

Table 5. Reaction conditions for the synthesis of the products 74-77

Product | Reaction | Temperature? | Yield? Reaction | Temperature® | Yield®
time? (%) time® (%)
24 h 80°C (i) i 25h 80°C (i) i
74 21 h 100°C (iii) - 25h 100°C (ii) ;
8h 120°C (iv) . 2h 120°C (iv) ;
19 h¢ 80°C (i) 30 2.5 he 100°C (i) 72
75 15 he 80°C (ii) 44 2 he 100°C (i) 69
76 7he 80°C (ii) 62 2 he 100°C (i) 80
77 15 he 80°C (ii) 52 35h 100°C (i) 65

4 classical heating, ® microwave irradiation, ¢ p-TSA

By applying 10 mol% of p-TSA catalyst, C-3 aminoalkylation of 5-azaindole 73 was extended
with additional cyclic imines such as 6,7-dihydrothieno[3,2-c]pyridine, 3,4-dihydro-f-carboline
and 4,5-dihydro-3H-benz[c]azepine (Scheme 16). Reaction conditions and yields are summarised
in Table 5. As data show, there is a difference between the reactivity of 7-, 6-, 4-azaindoles and 5-
azaindole; namely, for C-3 aminoalkylation of 5-azaindole an acid catalyst was needed. The lower
reactivity of 5-azaindole can be accounted for by its highest pKa value (8.42) compared with those
of 6-azaindole (5.61), 4-azaindole (4.85) and 7-azaindole (3.67). The given pKa values were
calculated by using the Marwin Sketch software (version 16.12.12.0, calculation module developed
by ChemAxon).”® The pKa values of azaindoles depend on the resonance stabilisation of their
protonated forms. The reason, why the aza-Friedel-Crafts reaction of 5-azaindole undergoes only

under acidic conditions, is that it has the highest basicity in the series of 4-, 5-, 6- and 7-azaindoles.



27

It is interesting to note that the fastest reactions were achieved with the electron-rich aromatic
compound 7-azaindole. This is in complete agreement with its calculated pKa value (3.67)

indicating that it is the most acidic compound among the azaindoles studied.

3.1.2.  Application of 9-phenanthrol in the modified aza-Friedel-Crafts reaction

3.1.2.1.  a-Arylation of 9-phenanthrol with cyclic imines

To examine the extension possibility of 9-phenanthrol (1) in the modified aza-Friedel-Crafts
reaction, 1 was reacted with 1.5 equiv. of 3,4-dihydroisoquinoline (Scheme 17) under neat
conditions at 80 °C. After a reaction time of 120 min, 1-(9-phenanthrol-10-yl)-isoquinoline 78 was
isolated only with a yield of 10%. By increasing the temperature to 100 °C the yield of 78 was
slightly increased to 19%. Since not only the yield was unsatisfactory under these conditions, but
the appearance of side-products could also be identified, acetonitrile as solvent was tested The
transformation at reflux temperature in acetonitrile (90 °C) gave 78 in an isolated yield of 49%.
Note that the solid product separated out from the recation mixture; therefore, acetonitrile proved
to be an optimal solvent. To improve the yield, the reaction was repeated under microwave
conditions. In this case the reaction was driven at 100 °C and after a short reaction time (10 min)
78 was isolated in a yield of 67%, that could be improved to 82% by increasing the reaction time to
20 min (Table 6). It should be noted that the optimal workup procedure remained the same, that is
filtration of the formed product from the cold reaction mixture. Subsequently, with the satisfactory
optimal reaction conditions in hand, the extension possibility of the reaction was tested by using
various cyclic imines, including 6,7-dihydrothieno[3,2-c]pyridine and 3,4-dihydro- #-carboline. The
reactions afforded new 1-(9-phenanthrol-10-yl)-thieonopyridine 79 and 1-(9-phenanthrol-10-yl)- 5-
carboline 80 in yields of 92% and 76%, respectively (Table 6).
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Scheme 17. Synthesis of bifunctional compounds 78, 79 and 80

Table 6. Reaction conditions for the synthesis of aminophenanthrols 78,79 and 80
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Product Type of Solvent Reaction | Temperature | Yield (%)
heating time
Oil bath - 120 min 80 °C 10
Oil bath - 60 min 100 °C 19
78 Oil bath Acetonitrile 60 min 100 °C 49
MW Acetonitrile 10 min 100 °C 67
MW Acetonitrile 20 min 100 °C 82
79 MW Acetonitrile 20 min 100 °C 72
MW Acetonitrile 35 min 100 °C 92
80 MW Acetonitrile 20 min 100 °C 63
MW Acetonitrile 40 min 100 °C 76
3.1.2.2. Ring-closure reactions of secondary aminophenanthrols

The ring closures of aminophenanthrols 78, 79 and 80 were performed with 35% aqueous

formaldehyde in CHClIs at room temperature. Reactions completed in relatively short reactions and

phenanthr[9,10-e][1,3]oxazino[4,3-a]isoquinoline

81,

phenanthr[9,10-e][1,3]oxazino[3,4-€]

thieno[4,3-a]pyridine 82 and phenanthr[9,10-e][1,3]oxazino[4,3-a]-f-carboline 83 were isolated in

excellent yields by simple crystallisation from n-hexane.
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Scheme 18. Synthesis of phenanthroxazines 81-83

3.2. Application of novel precursors in [4+2] cycloaddition reaction

3.2.1.  Synthesis and transformations of new aminophananthrol precursor

To test aminophenanthrols in the cycloaddition reaction, first the synthesis of precursor 86
was achieved by reacting 9-phenanthrol (1) with morpholine in the presence of benzaldehyde under
solvent-free conditions at 80 °C. After a 4-h reaction the desired 10-morpholinobenzyl-9-

phenanthrol (86) was isolated by crystallisation with n-hexane (Scheme 19).
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Scheme 19. Synthesis of 10-morpholinobenzyl-9-phenanthrol 86

Aminophenanthrol 86 was first reacted with 3,4-dihydroisoquinoline as dienophile. The
reaction was performed in 1,4-dioxane under microwave irradiation at three different temperatures
(60 °C, 80 °C and 100 °C). In our first experiment the reaction was performed at 60 °C and after a
relatively short reaction time, the desired product (87) was isolated only in a low yield (47%). Since

the yield was not satisfactory the reaction was repeated at 80 °C and 100 °C. As Table 7 shows, 80
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°C and a reaction time of 15 min were found to be the optimal reaction condition. Other dienophiles
tested included 6,7-dihydrothieno[3,2-c]pyridine and 3,4-dihydro-f4-carboline. The optimal
conditions and related yields are listed in Table 7.

B
NS
1 OH S
SSENceouSy
- -
1,4-Dioxane O 1,4-Dioxane
MW 86 MW
86% 94%
1,4-Dioxane ‘
MW NN
76% H

Scheme 20. Synthesis of phenanthr[9,10-e]oxazin derivatives 87-89

Table 7. Results for the synthesis of phenanthr[9,10-e]oxazin derivatives 87—89

Product Reaction time Temperature (°C) Yield (%)
60 47
87 15 min 80 86
100 29
60 21
88 15 min 80 76
100 37
60 52
89 15 min 80 94
100 32

Since two new stereogenic centres are generated during the reaction, two epimeric structures
(a and b) can be obtained. The reaction was monitored by TLC and the compositions of the crude

reaction mixtures were verified by 'H-NMR analysis. On the basis of detailed NMR studies, all
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reactions were found to be diastereoselective and the relative configuration of H-9a:H-17 (87), H-
9a:H-16 (89) and H-9a:H-18 (88) proved to be trans.

3.2.2.  Synthesis and transformations of functionalised aminonaphthol derivatives

First, the synthesis of the starting functionalised aminonaphthol derivative was performed. 2-
Naphthol (90) and salicylic aldehyde were reacted in the presence of morpholine as a cyclic
secondary amine. The reaction was carried out under neat conditions at 80 °C in the optimal reaction
time of 5 hours. The progress of the synthesis was followed by TLC that showed the formation of
two main products. The workup procedure was based on the notion that we needed the product with
the basic nitorgen atom. Therefore, dichloromethane was added to the mixture followed by
extraction with 2% hydrochloric acid. Then, after alkalisation with sodium carbonate, the aqueous
phase was extracted with dichloromethane. The collected organic layers were dried, evaporated and
crystallised to isolate the expected bifunctional compound 92 (Scheme 21).
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Scheme 21. The synthesis of the functionalised aminonaphthol 92

To test the behaviour of this highly functionalised aminonaphthol 92 in [4+2] cycloaddition, it
was first reacted with S-carboline. The reaction was performed in 1,4-dioxane using 1.5 equivalents
of cyclic imine 57. To accelerate the reaction, microwave irradiation was applied instead of
conventional heating due to its well-known favourable effects. The thermal decomposition of
starting material 92 affords two types of 0-QM intermediates (93a and 93b). The stabilisation of
these reactive moieties with the dienophile (3,4-dihydro-g-carboline) can lead to the formation of
two regioisomeric products: benzoxazino-p-carboline 94 and naphthoxazino-g-carboline 95
(Scheme 22). Since two new stereogenic centres are generated during the reaction, two regioisomers

(94 and 95) and two epimeric structures (a and b) are obtained.
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Scheme 22. [4+2] Cycloaddition between 92 and 3,4-dihydro--carboline
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The reaction was monitored by TLC and the composition of the crude reaction mixture was

verified by *H-NMR analysis. In our first experiment the reaction was performed at 60 °C. After a

relatively short reaction time, the desired product was isolated in a yield of 47%. Since the yield

was not satisfactory the reaction was repeated at 80 °C and 100 °C.

Table 8. Reaction conditions for preparation of compounds 94-95, 99-102 and 106-107

Product Reaction time Temperature (°C) Yield (%)
60 47
94a,b )
20 min 80 89
95a,b
100 22
60 55
99a,b )
20 min 80 87
100a,b
100 27
60 36
101a,b )
20min 80 92
102a,b
100 21
20 min 60 24
106a,b 40 min 80 36
107a,b 60 min 100 90
40 min 120 67

According to results summarised in Table 8, 80 °C and a reaction time of 20 min were found

to be optimal. The detailed NMR spectroscopic and computational stereochemistry analysis
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confirmed that the formed regioisomer is a naphthoxazine derivative and the relative configuration
of C-7a and C-16 is trans (95a, Scheme 22).

At higher temperature (100 °C) the desired product was isolated with a poor yield (22%),
while the formation of a new spot in TLC was observed. After isolation in a yield of 37%, the side-
product was identified to be 12H-benzo[a]xanthen-12-one 96.”° The xanthone moiety is found as
the core structure of many natural compounds and pharmaceuticals. Furtermore, xanthone
derivatives are versatile synthons to construct new heterocycles.””~# Most of the known methods
for their synthesis require rather complicated and/or expensive starting materials or involve
multistep transformations by using different catalysts.35¥8 In our case, the formation of 96 can be
explained by the mechanism depicted in Scheme 23. Accordingly, the formed 0-QMs (93a or 93b)
are stabilised by water addition to form triol 97. The oxidation to dihydroxy keton 98a followed by
water elimination can lead to the formation of 96. It was proposed that both the basicity of
morpholine the leaving group and the presence of g-carboline are necessary for the formation of 96.
Therefore, the reaction was repeated starting from 92 by using EtzN as base in 1,4-dioxane at 100
°C. The reaction performed under microwave irradiation gave desired xanthone derivative 96 in a
yield of 71%. This method is the first synthesis of 96 via 0-QM intermediates 93a and 93b starting

from highly functionalised Mannich base 92.
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Scheme 23. Plausible mechanism for the formation of benzo[a]-xanthen-12-one 96

The extension of the reaction was investigated by using other cyclic imines as starting
compounds. Therefore, 3,4-dihydroisoquinoline and 6,7-dihydrothieno[3,2-c]pyridine were
selected as representative cyclic imines (Scheme 24). Reactions were performed at three different
temperatures (60 °C, 80 °C and 100 °C) and yields obtained are summarised in Table 8. It can be

seen that for these latter synthesis, the optimal reaction condition was 20 minutes at 80 °C. After
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isolation of the desired polyheterocycles (100a and 102a), both the diastereo- and regioselectivity

of the reaction were confirmed. In all cases, the NMR spectra of the crude products showed the

formation of a single product.
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Scheme 24. Reaction of aminonaphthol 92 with cyclic imines

Our original idea was that the formation of the products is influenced by the relative stability
of the 0-QM intermediates. Consequently, our next aim was to investigate how an additional
heteroatom (nitrogen) will modify the relative stability of the formed 0-QMs and the composition
of the product mixture. The synthesis of bifunctional quinolinol 104 was achieved by reacting 6-
hydroxyquinoline 103 as N-containing 2-naphthol analogue with salicylic aldehyde in the presence
of morpholine. The desired product was isolated and purified by crystallisation from n-hexane. The
reactivity of 104 was tested in the [4+2] cycloaddition with 3,4-dihydroisoquinoline as
representative cyclic imine. After a reaction time of 60 min at 100 °C, the TLC did not show the
presence of the starting materials. The reaction mixture was cooled and product 107a was isolated
by treatment with MeOH (Scheme 25). Of the varied reaction temperatures (60 °C, 80 °C, 100 °C),

100 °C was found to be the optimal choice.
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Scheme 25. Synthesis and transformation of aminoquinolinol 104

The composition of the crude reaction mixtures was also checked and both the regio- and
diastereoselectivity of the reaction were confirmed by the formation of a single product. The
detailed NMR  analysis proved that the isolated compound is  trans-
isoquinolino[1',2":2,3][1,3]oxazino[5,6-f]quinoline 107a.

Our further aim was to synthesise a diaminonaphthol, which can lead to two types of 0-QMs
during the cycloaddition reaction. Furthermore, in this case, one of them is an aza-0-QM, where a
special relative stability can be predicted. Accordingly, 2-naphthol was reacted with morpholine in
the presence of 2-nitrobenzaldehyde. After a reaction time of 5 hours at 80 °C, aminonaphthol
derivative 109 was isolated (Scheme 26). The next step was the hydrogenation of nitro compound
109 in the presence of Pd/C. The desired diaminonaphthol 110 was isolated after a 1-hour reaction
time by crystallisation in a yield of 77%. According to TLC, however, the formation of a side-
product was also observed. When the reaction was repeated in a longer reaction time of 5-h, it led
almost completely to the formation of the side-product. The mixture was purified by column
chromatography and the NMR and MS spectra together with the melting point proved that the

isolated compound is benz[a]acridine 1118 (Scheme 27).
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Scheme 26. The synthesis of the diaminonaphthol 110
The possible reaction pathway to furnish 111 via formation of 0-QM intermediate 112a is

depicted in Scheme 27. The synthesis of 111 has already been published starting from aniline and
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1-N,N-dimethylaminomethyl-2-naphthol.8% Accordingly, the 0-QM-mediated synthesis of 111 can

be considered as a new synthetic method to access benz[a]acridine derivatives.*%
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Scheme 27. Plausible mechanism for the formation of benz[a]acridine 111

In our first experiment, bifunctional derivative 110 was reacted with S-carbolin as cyclic
imine. The reaction was performed at three different temperatures, using microwave irradiation and
1,4-dioxane as solvent applied previously. Based on the crude product NMRs, the reaction again
proved to be regio- and diastereoselective. Independently on the applied conditions (Table 9),
quinazoline 113b was isolated as a single product (Scheme 28). Note, that in this case the ring
closure afforded the corresponding quinazoline. The relative configuration of H-5 and H-13b was

determined from the detailed NMR spectra to be cis, supported by parallel DFT calculations.

Scheme 28. [4+2] Cycloaddition between 110 and 3,4-dihydro-#-carboline.

The reaction was then extended by testing 3,4-dihydroisoquinoline and 6,7-
dihydrothieno[3,2-c]pyridine as cyclic imines (Scheme 29). The desired heterocycles were isolated
after a reaction time of 20 min at 80 °C in good vyields as depicted in Table 9. These optimal
conditions were selected from the three different temperatures listed in Table 9. In all cases the

regio- and diastereoselectivity of the reaction were verified by crude product NMR spectra. The
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detailed NMR measurements unequivocally showed that the isolated products are the corresponding

condensed quinazoline derivatives (115b and 117b).

Table 9. Reaction conditions for preparation of compounds 113-118

Product Reaction time Temperature (°C) Yield (%)
60 40
113a,b ]
20 min 80 91
114a,b
100 20
60 40
115a,b ]
20 min 80 89
116a,b
100 19
60 36
117a,b _
20 min 80 92
118a,b
100 21

As it was proved experimentally and verified by theoretical calculations, the regioselectivity
of the [4+2] cycloaddition is influenced by the structure of the starting bifunctional compounds.
Namely, starting from aminodiols 92, trans-naphthoxazines 95a, 100a and 102a were formed, while
diaminonaphthol 110 led to the formation of cis-quinazolines 113b, 115b and 117b. It was surmised
that these undesired selectivity resulted from the relative stability of the 0-QM intermediates.

Therefore, the relative energy for 0-QMs pairs 93a, 93b and 112a, 112b were calculated.

1
13 12 10
H |2,
1 13a_N H% 9
2 N’% 8a
3 8
NH
A o s
T > NS N\) Ns /
‘ - OH E—
1,4 Dioxane OO 1,4 Dioxane
M.w. M.w.

12 1 1 110

116a; 116b 118a; 118b

Scheme 29. Reaction of diaminonaphthol 110 with cyclic imines
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In the case of 0-QMs 93a and 93Db, the latter was found to have an energy about 10 kcal/mol
lower compared with that of 93a. This finding is in complete agreement with our experimental
observation that the naphtholic hydroxy group participates in the cycloaddition reaction leading to
the formation of naphthoxazines.

Comparing the energy values calculated for 112a and 112b, 0-QM 112b was found to have a
lower energy by about 9 kcal/mol than aza-0-QM 112a. This result cannot explain the fact that
quinazolines were found experimentally to be the single products. It means that in this case the
higher nucleophilicity of the amino group compared with that of the naphtholic hydroxy group
overwrites the theory that it is only the relative stability of 0-QMs that affects the outcome of the
cycloaddition reaction.

To get the preferred regio- and stereoisomers of 101a,b or 102a,b and 117a,b or 118a,b, the
structure and energy of trans/cis diastereomers (RS/SR and RR/SS) of the regioisomers were
calculated by the DFT method.®> The most stable structures and the corresponding energy
differences are given in Figure 3. According to data, 102a and 117b can be identified to be the most
stable structures. Energy differences around 1 kcal/mol to the next coming structure are rather
unequivocal. Consequently, structures of trans-isomer 102a and cis-isomer 117b were compared
with available experimental NMR [6(1H)/ppm, &(13C)/ppm, nJH,H/Hz)] and spatial NMR
information (NOEs). The calculated (DFT modelling) and experimental (NMR analysis) data were

in complate agrrement.
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102a (0.00 kcal/mol)

2

- A

117a (2.80 kcal/mol)

118a (1.12 kcal/mol)

118b (5.31 kcal/mol)

Figure 3
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3.2.3.  Synthesis and transformations of functionalised aminophenanthrol precursor

We wanted to investigate how 0-QMs generated from functionalised aminophenanthrol
derivatives can influence the [4+2] cycloaddition reaction. Accordingly, 9-phenanthrol 1 and
salicylic aldehyde 91 were reacted in the presence of morpholine, carried out under neat conditions
at 80 °C. The characteristic spot detected by TLC was isolated and found to be dibenzo[a,c]xanthen
119 by the NMR spectra. The formation of this side-product can be accounted for by the elimination
of water from diol 120. In this modified Mannich reaction the role of morpholine as the nucleophile
was postulated. When it was replaced by pyrrolidine, after a reaction time of 4 h (80 °C, neat
conditions), the desired functionalised phenanthrol derivative 122 was isolated in a yield of 76%
(Scheme 30).

K/N @H'O)LN)NO

121

OH _ o
OH OH
O‘ ‘ 80C4h OH 8004h
68% 76%
CHO
122

Scheme 30. Synthesis of compounds 119 and 122

L 120b 120a

To test the scope and limitations of the [4+2] cycloaddition, precursor 122 was first reacted
with 3,4-dihydro-S-carboline as a dienophile. The reaction was performed in 1,4-dioxane at three
different temperatures (60 °C, 80 °C and 100 °C) under microwave irradiation (Table 10). After the
thermal decomposition of starting material 122, two types of 0-QMs (123a and 123b) were formed.
Their further transformation can deliver two regioisomers and two diastereomers (Scheme 31). The
composition of the crude reaction mixture was verified by *H-NMR analysis. As depicted in Table
10, various reaction conditions were applied. In all cases, reactions were found to be regio- and
diastereoselective. The detailed NMR analysis indicated that the formed/isolated product is

phenanthroxazine 125a with a trans stereochemistry (relative configuration of H-9a:H-18).
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Scheme 31. [4+2] Cycloaddition between 122 and 3,4-dihydro-f-carboline

The reaction was then extended by using 3,4-dihydroisoquinoline and 6,7-dihydrothieno[3,2-
c]pyridine as cyclic imines (Scheme 32).

Table 10. Optimizing of the reaction conditions for the synthesis of products 124-129

Product Reaction time Temperature (°C) Yield (%)
60 48
124a.b 15 min 80 85
125a,b
100 33
60 28
126a,b :
15 min 80 78
127a,b
100 19
60 51
128a,b :
15 min 80 93
129a,b
100 38

In all cases the regio- and diastereoselectivity of the reactions were also explored and the
detailed NMR analysis adequately supported that the isolated products are trans phenanthroxazines
127a and 129a (Scheme 32). The optimal reaction conditions together with the yields are

summarised in Table 10.



1,4 Dioxane
M.w.

78%

127a; 127b

Scheme 32. Reaction of functionalised aminophenanthrol 122 with cyclic imines

122

1,4 Dioxane
M.w.

93%

129a; 129b
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129a (0.00 kcal/mol)

129b (4.33 kcal/mol)

Figure 4
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To get the preferred stereoisomers of 129a,b, the trans/cis diastereomers of the regioisomers
were calculated by the DFT method. Both the most stable structures and the corresponding energy
differences are given in Figure 4. On the basis of these data, 129a could be confirmed to be the most
stable structure. Energy differences around 1 kcal/mol to the next coming structure are rather
unequivocal. Consequently, this structure of trans isomer 129a will be adjusted with the available
experimental NMR [8(*H)/ppm, 5(*3C)/ppm, "Jun/Hz)] and spatial NMR information (qualitative
NOEs).
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SUMMARY

The modified aza-Friedel-Crafts reaction was applied for C-3 substitution of azaindoles. The
reactions were carried out by using 3,4-dihydroisoquinoline, 6,7-dihydrothieno[3,2-c]pyridine, 3,4-
dihydro-/-carboline and 4,5-dihydro-3H-benz[c]azepine as imine substrates. The transformations of
7-azaindole, 4-azaindole and 6-azaindole led to the formation of new 3-isoquinolyl-, 3-thieno[3,2-
c]pyridyl-, 3-s-carbolinyl- and 3-benz[c]azepinyl-azaindole derivatives. Starting from 5-azaindole,
the modified aza-Friedel-Crafts reaction could only be performed by using 10 mol% of p-TSA as
catalyst. Systematic correlation was found between the reactivity of azaindoles and their pKa values.
This observation allowed to explain why the direct coupling of 5-azaindole underwent only under
acidic conditions. Namely, 5-azaindole (pKa=8.42) has the highest basicity in the series of 4-, 5-, 6-
and 7-azaindoles. It is important to note that all reactions could be accelerated by using microwave

irradiation.

9-Phenanthrol as a unique electron-rich aromatic compound was tested in the modified aza-
Friedel-Crafts reaction. The application of 3,4-dihydroisoquinoline, 6,7-dihydrothieno[3,2-c]
pyridine or 3,4-dihydro-/-carboline as cyclic imines led to the formation of the corresponding
bifunctional phenanthrol derivatives that were further transformed to new phenanthr[9,10-

e][1,3]oxazines.

9-Phenanthrol was aminoalkylated by using morpholine in the presence of benzaldehyde.
Aminophenanthrol 86 prepared in this way was reacted with 3,4-dihydroisoquinoline, 6,7-
dihydrothieno[3,2-c]pyridine and 3,4-dihydro-/-carboline as dienophiles. The reaction was
performed in 1,4-dioxane under microwave irradiation at three different temperatures (60°C,
80°C and 100°C). Since two new stereogenic centres are generated during the transformation,
two epimeric structures (a and b) can be obtained. The reactions were monitored by TLC and
the compositions of the crude reaction mixtures were verified by *H-NMR analysis. All
reactions were diastereoselective and, on the basis of detailed NMR studies, relative

configurations were found to be trans.

Starting from salicylaldehyde and 2-naphthol or 6-hydroxyquinoline, functionalised Mannich bases
could be synthesised in the presence of morpholine affording two types of 0-QM intermediates. While
the relative stability of the formed 0-QM intermediates was postulated to influence the formation of

the products in subsequent [4+2] cycloaddition, the highly functionalised aminodiols were reacted
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under heating with different cyclic imines such us 3,4-dihydroisoquinoline, 6,7-dihydrothieno[3,2-
c]pyridine and 3,4-dihydro-f-carboline. The latter reactions were found to be diastereo- and
regioselective leading to trans-naphthoxazines. Its structure was proved by DFT computed structures
in comparison with the experimental *H/*C-NMR spectra and a detailed analysis of the spatial
magnetic properties of the preferred diastereomers.

Mannich base 110 was synthesised as a unique substrate that can form 0-QM and aza-0-QM after
thermal elimination. The functionalised diaminonaphthol was tested in [4+2] cycloaddition with
cyclic imines. The regio- and diastereoselectivity of the reactions were examined by computational
and *H/**C NMR analysis indicating the formation of cis-quinazolines as single products.

The relative stabilities of 0-QMs/aza-0-QM were examined by calculating their relative energies. The
obtained results (93b is more stable than 93a) supported completely the experimental findings, that
naphthoxazines are formed during the cycloaddition reactions when aminodiol 92 was the starting
compound. When diaminonaphthol 110 was applied as precursor, the regioselectivity of the reaction
was found to be driven by the higher nucleophilicity of the amino group compared with that of the
hydroxy group. During the synthesis and/or transformation of functionalised aminonaphthols,
unexpected heterocycles (benzo[a]xanthen-12-one and benz[a]acridine) were obtained. Their
formation was explained through formed 0-QMs and/or aza-0-QM intermediates and the processes
can be recommended as useful methods for the synthesis of benzo[a]xanthen-12-ones and

benz[a]acridines, respectively.

The synthesis of functionalised aminophenanthrol 122 could only be achieved by using salicylic
aldehyde in the presence of pyrrolidine. Applying morpholine in this modified Mannich
reaction led to the formation of 14-morpholinyl-dibenzo[a,c]xanthene. Phenanthrol-based
bifunctional Mannich products were further tested in [4+2] cycloaddition by using 3,4-
dihydroisoquinoline,  6,7-dihydrothieno[3,2-c]pyridine or  3,4-dihydro-f-carboline  as
dienophiles. The regio- and diastereoselectivity of the reactions were supported by NMR

spectroscopy and DFT calculations.
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To synthesize functionalized Mannich bases that can serve two
different types of ortho-quinone methide (0-QM) intermediates,
2-naphthol and 6-hydroxyquinoline were reacted with salicylic
aldehyde in the presence of morpholine. The Mannich bases
that can form 0-QM and aza-o-QM were also synthesized by
mixing 2-naphthol, 2-nitrobenzaldehyde, and morpholine fol-
lowed by reduction of the nitro group. The highly functional-
ized aminonaphthol derivatives were then tested in [4+2]
cycloaddition with different cyclic imines. The reaction proved
to be both regio- and diastereoselective. In all cases, only one
reaction product was obtained. Detailed structural analyses of
the new polyheterocycles as well as conformational studies
including DFT modelling were performed. The relative stability
of 0-QMs/aza-o-QM were also calculated, and the regioselectiv-

1. Introduction

The Mannich reaction is one of the most important basic
reaction types in organic chemistry for C—C and C—N bond
formation." The classical Mannich product arises from the
condensation reaction of a compound containing at least one
active hydrogen atom with formaldehyde and a secondary
amine A special variation of this latter reaction when
formaldehyde is replaced by benzaldehyde, the secondary
amine by ammonia, and the C—H acid by an electron-rich
aromatic compound such as 2-naphthol. The reaction was first
developed by Mario Betti and the aminonaphthol synthesized
in this way became as Betti base.”! This modified three-
component Mannich reaction (mMR) was then extended to
apply 1-naphthol, quinolinol or isoquinolinol as electron-rich
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ity of the reactions could be explained only when the cyclo-
addition started from aminodiol 4. It was summarized that
starting from diaminonaphthol 25, the regioselectivity of the
reaction is driven by the higher nucleophilicity of the amino
group compared with the hydroxy group. 12H-benzo[a]xanth-
en-12-one (11), formed via 0-QM formation, was isolated as a
side product. The proton NMR spectrum of 11 proved to be
very unique from NMR point of view. The reason for the
extreme low-field position of proton H-1 could be accounted
for by theoretical calculation of structure and spatial magnetic
properties of the compound in combination of ring current
effects of the aromatic moieties and steric compression within
the heavily hindered H(1)-C(1)-C(12b)-C(12a)-C(12) =0 structural
fragment.

aromatic compounds.®™ Mechanistically, the bifunctional prod-
uct is formed by the nucleophilic addition of the electron-rich
aromatic compound on the C=N bond formed by in situ
condensation of the aldehyde and amine. As a consequence of
the two or more functional groups in the structures of the
Mannich bases prepared via such modified reactions, one of the
most important areas of application is the synthesis of new
heterocycles.””

Another proposed mechanism for the synthesis of modified
Mannich bases is via formation of an ortho-quinone methide (o-
QMes) intermediate that is generated from the aldehyde and the
electron-rich aromatic compound such as 2-naphthol. This
intermediate reacts with the nucleophile to form the final
Mannich products.! Accordingly, 0-QMs can also be generated
from the Mannich bases after thermal elimination of the amine.
This reactive moiety can be stabilized by reacting with different
dienophiles.**'” One of the possibilities is when the formed o-
QMs reacts with electron-rich aromatic compounds. Accord-
ingly, Rueping et al."" recently published reactions between
aza-0-QMs generated in situ from a-substituted ortho-amino-
benzyl alcohols and substituted indoles catalyzed by N-
triflylphosphoramides (NTPAs). The process provided new C-2-
and C-3-functionalized indole polyheterocycles in good yields
with 90-99% ee.""

The preparation of novel condensed polyheterocycles is a
relatively new area of the chemistry of 0-QMs generated from
Mannich bases. In this case, the [4+ 2] cycloaddition take place
between the 0-QMs and cyclic imines (containing C=N bond).
Our research group developed for the first time the reaction of
1-aminoalkyl-2-naphthols with 3,4-dihydroisoquinoline as cyclic
imine."” The reaction was then extended starting from 2-

961 © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 1. Summary of previous work and the results of this study.

aminoalkyl-1-naphthols and other C=N dienophiles (cyclic
imines) preparing new naphthoxazino-isoquinoline, -benzaze-
pine and -thienopyridine derivatives.” At the same time,
Osyanin et al™ reported the same reaction extended by
various substituted aminonaphthols achieving the syntheses in
ethanol at 78°C (Figure 1).

To the best of our knowledge, the transformation of
bifunctional Mannich bases, which can serve two different types
of 0-QMs has not been investigated. According to this, our first
aim was to synthesize new functionalized aminonaphthol
derivatives. Our further aim was to study the scope and
limitations of the applicability of these aminonaphthols in [4+
2] cycloaddition. Furthermore, we wanted to investigate the
influence of the relative stability of the formed 0-QMs and/or
the dienophile on the structure of the final product. Finally,
both structure and conformational behavior of the novel
polyheterocycles was studied by NMR spectroscopy and
accompanying theoretical quantum chemical (QC) calculations.

2. Results and Discussion
2.1. Synthesis

First, the synthesis of the functionalized precursor amino-
naphthol derivative was achieved. Accordingly, 2-naphthol and
salicylic aldehyde were reacted in the presence of morpholine
as a cyclic secondary amine. The reaction was carried out under
neat conditions at 80 °C. The optimal reaction time was 5 hours.
The progress of the synthesis was followed by TLC that showed

ChemistryOpen 2019, 8, 961-971 www.chemistryopen.org
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the formation of two main products. The separation of the
desired aminonaphthol from the side product was achieved
based on the concept that the derivative we want to produce
contains basic nitrogen. Therefore, the work-up procedure was
optimized by adding dichloromethane to the mixture and then
extracting with 2% hydrochloric acid. Then the aqueous phase
was alkalized with sodium carbonate and extracted with
dichloromethane. The collected organic layers were dried,
evaporated, and crystallized to isolate the expected bifunctional
compound 4 (Scheme 1).

OH(\O
QLD
OH @[m‘ (\o 80°C,5h OH
cHo HN 62% OO
1 2 3 4

Scheme 1. The synthesis of the functionalized aminonaphthol 4.

To test the behavior of this highly functionalized amino-
naphthol 4 in [4+ 2] cycloaddition, it was first reacted with f3-
carboline 6.""' The reaction was performed in 1,4-dioxane by
using 1.5 equivalents of the cyclic imine 6. To accelerate the
reaction, microwave irradiation was. applied instead of conven-
tional heating due to its positive effects (shorter reaction,
improved yields). Because of the thermal decomposition of
starting material 4, two types of 0-QM intermediate (5a and
5b) can be formed. The stabilization of these reactive moieties
with the dienophile (3,4-dihydro-B-carboline) can lead to the
formation of two regioisomeric products: benzoxazino-f3-carbo-
line 7 and naphthoxazino-f3-carboline 8 (Scheme 2). Since

Scheme 2. [4+ 2] cycloaddition between 4 and 3,4-dihydro-f-carboline.

during the reaction two new stereogenic centers are generated,
two regioisomers (7 and 8) and two epimeric structures (a and
b) can be obtained.

The reaction was monitored by TLC, and the composition of
the crude reaction mixture was verified by '"H-NMR analysis. In
our first experiment the reaction was performed at 60 °C. After a
relatively short reaction time, the desired product was isolated
in a yield of 47%; since the yield was not satisfactory, the
reaction was repeated at 80°C and 100°C. Results are
summarized in Table 1. 80°C and 20 minutes reaction time was
found to be the optimal reaction conditions. The detailed NMR
spectroscopic and computational stereochemistry analysis (see
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Table 1. Reaction Conditions for Preparation of Compounds 8a, 14a, 16a
and 22a
Product Time Temperature (°C) Yield (%)
8a 20 min 60 47
80 89
100 22
14a 20 min 60 55
80 87
100 27
17a 20 min 60 36
80 92
100 21
22a 20 min 60 24
40 min 80 36
60 min 100 90
40 min 120 67

2.) proved that the formed regioisomer is a naphthoxazine
and the relative configuration of C-7a and C-16 is trans (8a,
Scheme 2). By using higher temperatures (e.g. 100°C) the
desired product was isolated with only a poor yield (22%),
while the formation of a new spot in TLC was observed. After
isolation, the side product was identified (see 2.3.) to be 12H-
benzolalxanthen-12-one 11.1 that was isolated in a yield of
37%. The xanthone derivatives are the core structure of many
natural compounds and pharmaceuticals and, at the same time,
they are versatile synthons to achieve new heterocycles. Most
of the known methods for their synthesis either require rather
complicated and/or expensive starting materials or involve
multistep transformations by using different catalysts."”” In
our case the formation of 11 can be explained by the
mechanism depicted in Scheme 3. Accordingly, the formed o-

OH
O (\0 14 dioxane OH O OH
+ H0 OH
0 " ™
4

9

-H,0 |+ 0,

Qg o
5 o O O o
o -~ OH _-—
0 OO ™
1

10b 10a

Scheme 3. Plausible mechanism for the formation of benzo[al-xanthen-12-
one

QMs (5a or 5b) are stabilized by water addition to form triole 9.
The oxidation to dihydroxy keton 10a followed by water
elimination can led to the formation of 11. It was proposed that
both the basicity of the leaving morpholine and the presence of
[-carboline are necessary for the formation of 11. Therefore, the
reaction was repeated starting from 4 by using Et;N as a base in
1,4-dioxane at 100°C. The reaction was performed under
microwave irradiation, and the desired xanthone derivative 11
was obtained in a yield of 71%. This method is the first
synthesis of 11 via 0-QM intermediates 5a and 5b starting from
a highly functionalized Mannich base 4. The '"H NMR spectrum

ChemistryOpen 2019, 8, 961-971 www.chemistryopen.org
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of 12H-benzo[alxanthen-12-one (11) is very interesting and will
be discussed below (see 2.3.).

The extension of the reaction was investigated by using
other cyclic imines as starting compounds. Therefore, 3,4-
dihydroisoquinoline®” and 6,7-dihydrothieno[3,2-clpyridine®®?
were selected as representative cyclic imines (Scheme 4). The

B8a

"5 OH (\0
 OH
Ny
-
4
1,4 Dioxane Oe 1 4 Dioxane
M.w. M.w.

4

4 5
17a;17b
14a; 14b

Scheme 4. Reaction of aminonaphthol 4 with cyclic imines.

reactions were performed at three different temperatures
(60°C, 80°C, and 100°C). The yields obtained are summarized in
Table 1. It can be concluded that for these latter synthesis, the
optimal reaction condition was 20 minutes at 80°C. After
isolation of the desired polyheterocycles (14a and 17a), both
the diastereo- and regioselectivity of the reaction were
confirmed. In all cases, the NMR spectra of the crude products
show the formation of single product.

Our original idea was that the formation of the products is
influenced by the relative stability of the 0-QM intermediates.
Consequently, our next aim was to investigate how an addi-
tional heteroatom (nitrogen) will modify the relative stability of
the formed 0-QMs, and how it will influence the composition of
the product mixture. The synthesis of bifunctional quinolinol 19
was achieved by reacting 6-hydroxyquinoline 18 as N-contain-
ing 2-naphthol analogue with salicylic aldehyde in the presence
of morpholine. The desired product was isolated and purified
by crystallization from n-hexane (see Experimental Part). The
reactivity of 19 was tested in the [4+ 2] cycloaddition reaction
with 3,4-dihydroisoquinoline as representative cyclic imine.
After a reaction time of 60 min. at 100°C, TLC did not show the
presence of the starting materials. The reaction mixture was
cooled and product 22a was isolated by treatment with MeOH
(Scheme 5). From the varied reaction temperature (60°C, 80°C,
100°C), 100°C was found to be the optimal one.

The composition of the crude reaction mixtures was also
checked, and both the regio- and the diastereoselectivity of the
reaction were confirmed by the formation of a single product.
The detailed NMR analysis proved that the isolated compound
is the trans isoquinolino[1’,2":2,3][1,3]oxazino[5,6-flquinolin
(224, see 2.2.).

Our further aim was to synthesize diaminonaphthol, which
can lead to two types of 0-QMs during the cycloaddition
reaction. Furthermore, in this case, one of them is an aza-o-QM,
where a special relative stability can be predicted. Accordingly,
2-naphthol was reacted with morpholine in the presence of 2-

963 © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Scheme 5. Synthesis and transformation of aminoquinolinol 19.
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Scheme 6. The synthesis of the diaminonaphthol 25.

T

Scheme 7. Plausible mechanism for the formation of benz[a]acridine 26.

27b 26

nitrobenzaldehyde. After a reaction time of 5 hours at 80°C,
aminonaphtol derivative 24 was isolated (Scheme 6). The next
step was the reduction of nitro compound 24 via hydro-
genation in the presence of Pd/C. The desired diaminonaphthol
25 was isolated after 1 hour reaction time, by crystallization in a
yield of 77%. According to TLC, the reaction proved to be
sensitive to the reaction time. After 1 hour, the formation of a
side product was observed. When the reaction was repeated by
using longer reaction time (5 hours), it led almost completely to
the formation of the side product. The mixture was purified by
column chromatography and the NMR and MS spectra together
with the melting point proved that the isolated compound is
benz[alacridine (26).*

The possible reaction pathway to furnish 26 via formation
of the 0-QM intermediate 27 is depicted in Scheme 7. The
synthesis of 26 has already been published starting from aniline
and 1-N,N-dimethylaminomethyl-2-naphthol.”? Accordingly, the
0-QM mediated synthesis of 26 can be interpreted as a new
synthetic method to prepare benz[alacridine derivatives.

In our first experiment, bifunctional derivative 25 was
reacted with f-carbolin as cyclic imine. The reaction was
performed by applying three different temperatures, using
microwave irradiation, leaving the previously applied solvent
(1,4-dioxane) unchanged. Based on the crude product NMRs,
the reaction again proved to be regio- and diastereoselective,
and independently of the applied conditions (Table 2), quinazo-
line 28 b was also isolated as a single product (Scheme 8). Note,
that in this case the ring closure went to the direction of
forming quinazoline, and the relative configuration of H-5 and
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Table 2. Reaction Conditions for Preparation of Compounds 28b, 30b and
32b
Product Time Temperature (°C) Yield (%)
28b 20 min 60 40

80 91

100 20
30b 20 min 60 40

80 89

100 19
32b 20 min 60 36

80 92

100 21

H HHN

25

%

i on 15 o
1,4 Dioxane OO 1,4 Dioxane
M.W. M.w.

25

e
32a; 32b

33a; 33b

Scheme 9. Reaction of diaminonaphthol 25 with cyclic imines.

H-13b was found from the detailed NMR spectra to be cis,
supported by the parallel DFT calculations (see 2.2.).

The reaction was extended by testing 3,4-dihydroisoquino-
line and 6,7-dihydrothieno[3,2-c]pyridine as cyclic imines
(Scheme 9). After a reaction time of 20 min at 80 °C, the desired
heterocycles were isolated in good yields as depicted in
(Table 2). These optimal conditions were selected from three
different temperatures listed in Table 2. In all cases, the regio-
and diastereoselectivity of the reaction were proved by the
crude product NMR spectra. The detailed NMR measurements
adequately showed that the isolated products are the corre-
sponding condensed quinazoline derivatives 30b and 32b.

As it was proved experimentally and supported by theoret-
ical calculations, the regioselectivity of the [4+ 2] cycloaddition
is influenced by the structure of the starting bifunctional
compounds. Namely, starting from aminodiols (4), trans-naph-
thoxazines (8a, 14a and 17a) were formed, while diamino-
naphthol (25) led to the formation of cis-quinazolines (28b,
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30b, and 32b). It was surmised that this undesired selectivity
resulted from the relative stability of the 0o-QM intermediates.
Therefore, the relative energy for the pair of 0-QMs (5a, 5b)
and (27 a, 27 b) were calculated.

In the case of 0-QMs 5a and 5b, 5b was found to have
about 10 kcal/mol lower energy compared with 5a. This finding
is in complete agreement with our experimental result that the
naphtholic hydroxyl group is participating in the cycloaddition
reaction, i.e., the reaction leads to the formation of the
naphthoxazines.

Comparing the energy values calculated for 27a and 27b:
0-QM 27b was found to have lower energy (about 9 kcal/mol)
than the aza-o-QM 27 a. This result cannot explain the fact that
quinazolines were found experimentally to be the single
products. It means that in this case the higher nucleophilicity of
the amino group compared with naphtholic hydroxyl group
overwrite the theory that only the relative stability of 0-QMs is
influencing the outcome of the cycloaddition reaction.

2.2. Structural and Conformational Analysis

The complete NMR of the educts shows different structures
with different ring formations depending on the starting
material 4, with an OH group, or 25 with an NH, group at ortho
position. All products starting from 4 showed the same
regioselectivity and stereochemistry while those starting from
25 were found to have different regio- and stereoselectivity, but
the same within the series. This will be shown by compounds
16a,b or 17a,b and 32a,b or 33a,b, selected as examples. For
the corresponding structure elucidation, both the NMR spectra
(chemical shift, coupling constants, NOE's) and quantum
chemical calculations are examined.

To get the preferred regio- and stereoisomers of 16a,b or
17a,b and 32a,b or 33a,b the trans/cis diastereomers (RS/SR
and RR/SS) of the regioisomers were calculated by the DFT
method. Both the most stable structures and the corresponding
energy differences are given in Figure 2; hereby, 17a and 32b,
respectively, could be identified to be the most stable
structures. Energy differences around 1 kcal / mol to the next
coming structure are rather unequivocal. Consequently, struc-
tures of trans-isomer 17 a and of cis-isomer 32b were compared
with available experimental NMR [8('H)/ppm, &("*C)/ppm, "Jyu/
Hz)] and spatial NMR information (NOEs).

First, all 'H and >C NMR chemical shifts for 17 could be
unequivocally assigned. Hereby, the OH-bearing positions 6a
and 1’ are crucial, and the AX spin system of H-5 and H-6
protons can serve as useful starting point. It is the only spin
system of aromatic protons with two doublets and the
characteristic ortho-coupling constant of ca. 9 Hz."?¥ The low-
field doublet (at 7.72 ppm) was assigned to the H-5 proton. The
long-range coupling constant of the H-5 proton to the "C
signal of C-6a (at 151.0 ppm) unequivocally assigns this carbon
atom and can serve as entry into the sequence of “C signals:
Thus, the other OH-bearing carbon atom C-1" must have the
chemical shift of 156.7 ppm. Based on this entry, assignment of
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Figure 2. The most stable structures of the regioisomeric (16 or 17; 32 or 33)
heterocycles including their trans (a) and cis (b) diastereomeric possibilities.

the other aromatic carbon atoms using direct and long-range
connectivities can be easily realized.

Another 'H NMR and the HMBC spectrum were recorded in
[Dg]IDMSO as solvent to stabilize the OH-group. Along the
analysis, long-range connectivities between OH and the carbons
at positions 1’, 2’, and 5'a, respectively, together with a medium
NOE between H-7a and H-8 (2.85 A from quantum chemical
calculations) unambiguously lead to the regioisomer 17. Some
more representative long-range connectivities corroborate this
structure: From H-14 to carbons C-1', C-5'a, C-6a, C-14a, and C-
14b; from H-5 to C-4, C-6a, and C-14b, and from H-8 to C-7a, C-
7b and C-10a, respectively. In addition, the obtained NOE's
agree only with the stereochemistry of 17a: the protons H-7a
and H-14 are in trans position. The corresponding NOE's do
support this conclusion: strong NOE between H-1 and H-14
(2.17 A), medium NOE between H-1 and H-5" (3.14 A) and the
weak NOE between H-7a and H-11eq (4.52 A), respectively (cf.
Table 3).

Starting from aniline derivative 25, instead of the phenol
analogue 4, another type of ring closure was observed. Again,
for exemplary purposes, the stereochemical analysis is de-
scribed for compound 32. The two low-field *C NMR signals at
155.5 and 142.2 ppm, respectively, can be easily assigned to the
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Table 3. Computed distances and measured NOE's for 32b.

Positions computed distances (A NOE
H-11/H-12 2.81 Medium
H-11/H-11b 3.14 Medium
H-8ax/H-12 442 Weak
H-7eq/H-5 2.78 Medium
H-7ax/H-5 2.51 Strong
H-7eq/H-12 4.89 Weak
H-7ax/H-11b 2.54 Strong
H-5/H-4 297 Medium
H-5/H-12 4.28 Weak
H-5/H-11b 244 Strong
H-5/H-8' 192 Strong
H-4/H-8' 2.89 Medium
H-12/H-11b 291 Medium

two heteroatom bearing aromatic carbons: 155.5 ppm is
assigned to the C-2' signal due to the higher electronegativity
of oxygen in comparison with nitrogen (C-12a: 142.2 ppm). This
is corroborated by long-range connectivities between H-4' and
C-2', and between H-5 and C-12a. A *J 165112 cOUpling constant
of 5.8 Hz and long-range connectivities of the OH proton to C-
2', C-3’ and C-4’ (weak), respectively, support only the presence
of regioisomer 32. A strong NOE between H-5 and H-11b
(calculated distance: 2.44 A) confirms additionally the cis
configuration of H-5 and H-11b. Actually, 32b proves to be the
only possible configuration, where the calculated distances fit
with the experimentally determined NOFE's (see Table 3).

Interestingly, in both compounds a large difference in the
'H NMR chemical shifts between H-1 and H-5 (in 17a) and
between H-8' and H-4 (in 32b) was observed. These extremely
large chemical shift differences of Ad=1.04 ppm in the first
and Ad=1.62 ppm in the latter case correspond to their
computed different distances of 3.14 A and 2.89 A, respectively.
This points to strong steric compression within the correspond-
ing fragments. In addition, the influence of ring current effects
of the present aromatic moieties in 17a and 32b can be
expected (see 2.4.).

The same trans configuration as in 17a was found in the
stereochemically analogous f-carboline 8a and isoquinoline
derivatives 14a, and the cis configuration as in 32b was also
found in the structurally analogous new N,N-heterocyclic
compounds 30b and 28 b, respectively.

2.3. 'H and "*C NMR Spectra of 12H-Benzo[a]xanthen-12-one
(11)

The C chemical shifts of the carbon atoms in 12H-benzold]
xanthen-12-one (11)® (cf. Figure 3) were found as expected.
That is, the aromatic C-H carbon atoms resonate in the common
range for this kind of carbons (0=117.8 to 136.9 ppm) and do
so the quaternary carbon atoms at 8 =114.7 to 131.4 ppm. Out
of this absorption range are only the carbons bound directly to
oxygen (8=155.0 and 157.9 ppm, respectively), and the
carbonyl carbon itself (8=178.5 ppm). In contrast, a similar
general conclusion cannot be drawn from the analysis of the
corresponding 'H NMR spectrum of 11. The aromatic protons
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Figure 3. 12H-benzo[a]lxanthen-12-one 11

resonate in a completely normal way (0=7.47 to 8.41 ppm)

[with expected H,H-coupling values (Jyqno=7.5 to 8.5 Hz, J et

and J,, < 1.5 Hz)] except for H-1 (§=10.06 ppm). This proton

chemical shift of H-1 is widely outside of the resonance range
of aromatic protons; usually only aldehyde protons can be
expected so far low-field shifted. Therefore, the structure
elucidation of 11 was far from ordinary. Finally, the DFT/GIAO
calculation of this shift values (8.,.=10.9 ppm) and reference

25 cleared up the present structure.

There are two reasonable but controversial reasons for this
low-field position of H-1 in 12H-benzo[alxanthen-12-one 11 out
of the resonance range for aromatic protons:

(i) The combined ring current effect of the C-7a to 11a phenyl
residue and the anisotropy effect of the carbonyl moiety.

(i) Steric compression within the heavily hindered H(1)-C(1)-C
(12b)-C(12a)-C(12)=0 structural fragment. In this latter case,
consequences on both the involved bond lengths and
bond angles can be expected.

For this reason, the structure, the NMR chemical shifts (vide
supra), and the spatial magnetic properties of 12H-benzo[d]
xanthen-12-one 11 have been calculated (cf. Figure 4). We

[26-28]

Figure 4. Visualization of the in-plane spatial magnetic properties (TS
NMRS) of 12H-benzo[alxanthen-12-one (11) by the ICSS of —0.5 ppm
(orange) and —0.1 ppm (red) deshielding.

employed our through-space  NMR shielding concept
(TS NMRS)*2 to qualify and quantify the spatial magnetic
properties (actually, the familiar concept of anisotropy/ring
current effect in 'H NMR spectroscopy) of the studied
conjugated species. Along this concept,”*® the TS NMRS are
calculated as NICS values®=% for a grid of ghost atoms
surrounding the molecules in order to locate diatropic and
paratropic regions around the molecules. The TS NMRS values
are visualized as iso-chemical-shielding surfaces (ICSS) of
resulting NICS and were already employed to visualize and
quantify the anisotropic effects of functional groups and the
ring current effect of aromatic species and, hereby, present
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(anti)aromaticity.”**® Specifications normally employed from
magnetic point of view to quantify, e.g., (anti)aromaticity, are
theoretical non-measurable items:®" single NICS values or
components of the latter, or traces of NICS or components of
the latter starting from the centre of the (anti)aromatic
compound up to 10A outwards. Experimental Ad/ppm in
proton NMR spectra, in turn, are the molecular response
property of our TS NMRS values.®** For this latter reason, the
spatial magnetic properties (TS NMRS values) of 12H-benzo[d]
xanthen-12-one 11 (and, vide infra, of the preferred conformers/
diastereomers of the new O,N- and N,N-heterocycles) have been
calculated and examined with respect to (i) the combined ring
current effect of the C-7a to 11a phenyl residues and the
anisotropy effect of the carbonyl moiety on the chemical shift
of H-1 in 11 (cf. Figure 4). Proton H-1 is positioned within the
deshielding belt [(ICSS) of —0.5 ppm (orange) and —0.1 ppm
(red) deshielding] of this completely planar molecule; the exact
value is —0.51 ppm deshielding.

Thus, the combined ring current effect of the C-7a to C-11a
phenyl residue together with the anisotropy effect of the
carbonyl moiety deshields the H-1 proton by about 0.5 ppm
only. It remains a deshielding effect at least of ca. 1.5 ppm
which must come from other resources, and this can be only (ii)
steric compression within the heavily hindered H(1)-C(1)-C(12b)-
C(12a)-C(12) =0 structural fragment. From NMR spectra we
have no direct access but the calculation of the structure of 11
indicates the corresponding consequences on both involved
bond lengths and bond angles in 11. The C(1)-H(1) bond length
is shortened (normally 1.085 to 1.082 A) and bond angles <C
(12a,C(12b),C(1)=123.3°, <(C(12),C(12a),C(12b)=123.6° and <
0,C(12),C(12a)=124.7° are widened and document hereby, the
steric hindrance in the studied H(1)-C(1)-C(12b)-C(12a)-C(12)=0
structural fragment. Because ring current/anisotropy effects on
H-1 is quantified to ca. —0.5 ppm deshielding for the present
steric compression effect on 8('"H)/ppm at least ca. 1.5 ppm
deshielding can be concluded. It is no surprise that for steric
compression in 11 the value obtained was about the same as
that in 11-ethynylphenanthrene.’® The 11-ethynylphenan-
threne molecule was employed to quantify the anisotropic
effect of the —C=C— triple bond, which should be —1.57 ppm
deshielding around the triple bond. However, when employing
our TS NMRS approach?2® we found that this effect is rather
pretty showing only —0.06 ppm deshielding. The difference to
—1.57 ppm deshielding results from steric compression within
the 11-ethynylphenanthrene molecule.

2.4. Spatial Magnetic Properties (TS NMRS) of Preferred
Regioisomers/diastereomers of the New O,N- and
N,N-Heterocycles

The result of the NMR spectroscopic stereochemistry analysis of
the reaction products of the studied [4 + 2] cycloaddition of the
highly functionalized aminonaphthol derivatives (4, 19, and 25,
respectively) via the o0-QM intermediates (5, 20, and 27,
respectively) proved to be unequivocal. Namely, in each case,
when reacting various representative cyclic imines (6, 12, and
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15, respectively) with 4 and 9, the formation of one single
product could be reported, which was unequivocally assigned
to be the trans diastereomer for 8a, 14a, 17a and 22a.
Furthermore, in the case of heterocycles formed starting from
25, the relative cis configurations (28b, 30b and 32b) were
assumed. As examples, both O,N-heterocycles 14a and 17a and
N,N-heterocycles 30b and 32b were studied by our TS NMRS
approach®*® (i) to prove the assigned diastereomers (vide
supra) from the spatial magnetic point of view, and (ii) to find a
simple NMR spectroscopic tool to readily differentiate the
diastereomers.

In Figure 5, TS NMRSs of the preferred trans diastereomer
17 a are visualized by ICSS of 1 ppm (greenblue) and 0.5 ppm

[26-28]

Figure 5. Visualization of the spatial magnetic properties (TS NMRS) of
both the naphthyl moiety (left) and of the phenol moiety of polyheterocycle
17 a by different ICSS of 1 ppm (greenblue), 0.5 ppm (green) and 0.1 ppm
(yellow) shielding.

(green) shielding (for the ring current effect of the naphthyl
moiety) and by ICSS of 0.5 ppm (green) and 0.1 ppm (yellow)
shielding (for the ring current effect of the phenol moiety). In
Figure 6, the corresponding TS NMRSs of the preferred cis
diastereomer 32b are visualized. In this case, because of
additional influence, TS NMRS of the phenyl moiety are
visualized by ICSS of —0.1 ppm (red) deshielding. |dentical
TS NMRS visualizations were obtained for 14a and 30b (cf
Table 4).

In 17a, the naphthyl ring current effect on the phenoxy
protons H-4'/5" is shielding and it is extraordinarily large on the
adjacent proton H-5'. The corresponding naphthyl protons H-1/
2 are less affected (0.28 and 0.12 ppm shielding). The reversed
effect is observed on the chemical shifts of the corresponding
trans diastereomer protons: shielding on the protons of the
phenyl moiety (H-3/4). The naphthoxy protons are less effected

Figure 6. Visualization'®?® of the spatial magnetic properties (TS NMRS) of
both the naphthyl moiety (left) and of the phenol moiety of polyheterocycle
32b by different ICSS of 1 ppm (greenblue) and 0.5 ppm (green) shielding,
and —0.1 ppm (red) deshielding.
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Table 4. Ring current effects of the phenyl/naphthyl moieties on protons
H-1/2 and H-4'/5" in 17 a, and of the naphthyl/phenyl moieties on H-3/4
and H-7'/8' in 32b as compared with the chemical shifts &/ppm of the
corresponding protons (in brackets).
Compd. Ring current effects Ad/ppm Ring current effects Ad/ppm
on on
H-5 H4 H1 H2 H4 H3 H8 H7
14a 133 0.35 0.28 0.12
(6.51) (6.65) (7.41) (7.37)
17a 1.34 0.35 0.28 0.12
(6.38) (6.55) (7.42) (7.33)
30b 0.98 037 -0.24 -0.08
(6.54) (6.57) (8.16) (7.57)
32b 1.00 037 -0.23  -0.08
(6.45) (6.48) (8.07) (7.48)

and it is even deshielding (—0.24 to —0.08 ppm). Identical results
have been obtained for 14a and 30b, respectively (cf. Table 4).

The differences in the ring current effects [as calculated
from TS NMRS values (cf. Table 4)], as being active in the
diastereomers, are reproduced by the chemical shifts in the
compounds studied. This is in no case remarkable. The
experimental proton chemical shift 8('H)/ppm is the molecular
response property of the spatial magnetic properties TS NMRS
(e.g., the anisotropy/ring current effect).?*> Both the chemical
shift difference between the phenyl protons in the cis (17 a) and
the trans diastereomer (32b) [A(H-5"-H-4)=0.07 ppm, Ad(H-4'-
H-3=-0.07 ppm] and the calculated ring current effects [Ad(H-
5'-H-4) =-0.34 ppm, Ad(H-4'-H-3 = +0.02 ppm] are comparable.
In turn, the corresponding differences in Ad('H)/ppm of the
naphthyl protons are fairly different [Ad(H-1-H-8)=0.65 ppm,
AJ(H-2-H-7')=0.15 ppm] in complete agreement with the
calculated ring current effects [Ad(H-1-H-8')=0.52 ppm, Ad(H-
2-H-7')=0.20 ppm]. Thus, the proton chemical shifts of the
naphthyl protons can readily serve as simple indication of the
present diastereomerism: H-7" and H-8' in the cis diastereomer
are low field shifted with respect to H-1 and H-2 in the trans
analogue. Thanks to TS NMRS (the ring current effects), the cis/
trans diastereomers of the new O,N- and N,N-heterocycles can
be simply differentiated.

3. Conclusions

Starting from salicylaldehyde and 2-naphthol or 6-hydroxyqui-
noline in the presence of morpholine, functionalized Mannich
bases could be synthesized that served two different types of o-
QM intermediates. While the relative stability of the formed o-
QM intermediates was postulated to influence the formation of
the products in the subsequent [4+ 2] cycloaddition, the highly
functionalized aminodioles were reacted under heating with
different cyclic imines such us 3,4-dihydroisoquinoline, 6,7-
dihydrothieno[3,2-clpyridine, and 3,4-dihydro-f3-carboline. The
latter reactions were found to be diastereo- and regioselective
leading to trans naphthoxazine. Its structure was proved by DFT
computed structures in comparison with the experimental
'H/C-NMR spectra, and a detailed analysis of the spatial
magnetic properties of the preferred diastereomers.
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Mannich base 25 was synthesized as a unique substrate
that was formed after thermal elimination 0-QM and aza-o-QM.
The functionalized diaminonaphthol was tested in [4+ 2] cyclo-
addition with cyclic imines 6, 12, and 15. The regio- and
diastereoselectivity of the reactions were proved by the same
computational and 'H/"*C NMR analysis; cis-quinazolines were
isolated as single products.

The relative stability of 0-QMs/aza-o-QM was examined by
calculating their relative energies. The obtained results (5b is
more stable than 5a) supported completely the experimental
findings, that naphthoxazines are formed during the cyclo-
addition reactions when aminodiole 4 was the starting com-
pound. When diaminonaphthol 25 was applied as precursor,
the regioselectivity of the reaction was found to be driven by
the higher nucleophilicity of the amino group compared with
the hydroxyl group.

During the synthesis and/or transformation of the function-
alized aminonaphthols, unexpected heterocycles were
achieved. Their formations were explained by the aim of the
formed 0-QMs and/or aza-0-QM and can be recommended as
useful synthetic methods for benzola]xanthen-12-ones and
benz[a]acridines, respectively.

Along the reaction of the 0-QM intermediates 5a,b with
dienophile 3,4-dihydro-f3-carboline at higher temperatures (e.g.,
100°C), 12H-benzola]xanthen-12-one 11 could be isolated as
side product. The extreme low-field position of proton H-1
[6('"H)=9.97 ppm] in 11 proved to be unusual and could be
verified and quantified to be a combination of the para-
magnetic ring current effect of the aromatic residues (together
with the anisotropy effect of the carbonyl group, respectively)
and steric compression within the heavily hindered H(1)-C(1)-C
(12b)-H(12a)-C(12) = O structural fragment.

Experimental Section

Melting points were determined on a Hinotek X-4 melting point
apparatus. Elemental analyses were performed with a Perkin-Elmer
2400 CHNS elemental analyser. Merck Kieselgel 60F,s, plates were
used for TLC. The microwave reactions were performed with a CEM
Discover SP microwave reactor.

The used starting cyclic imines 4,9-dihydro-B-carboline™ (6), 3,4-
dihydroisoquinoline® (12), and 6,7-dihydrothieno[3,2-clpyridine®®?
(15) were synthesized according to the process known from the
literature.

Quantum chemical calculations were performed using the Gaussian
09 program package®® and carried out on LINUX clusters. The
various different conformations and configurations of the studied
compounds were optimized.®?® The B3LYP density functional
method was selected for all calculations. The method is based on
Becke's three-parameter hybrid functionals®” and the correlation
functional of Lee, Yang and Parr.*® All optimizations were carried
out without any restriction at this B3LYP/6-311G(d,p) level of
theory.”**? NICS values™” were computed using the gauge-
including atomic orbital (GIAO) method™™ at the B3LYP/6-311G
(d,p) theory level. Visualization was carried out with the modelling
software SYBYL-X."¥

The 'H and "*C NMR spectra were recorded in CD,Cl, or [Dg]DMSO
solution in 5 mm tubes at room temperature, on a Bruker Avance Il
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spectrometer at 600.13 ('H) and 150.61 (*C) MHz, with the
deuterium signal of the solvent as the lock and TMS as internal
standard. All spectra ('H, "*C, gs-H, H-COSY, edited HSQC, gs-HMBC
and NOESY) were acquired and processed with the standard
BRUKER software.

1-[(2-Hydroxyphenyl)-morpholin-4-yl-methyl]-2-naphthol (4)

2-Naphthol (2.0g, 13.88 mmol), salicylic aldehyde (1.7 g,
13.90 mmol) and morpholine (1.21 g, 13.90 mmol) were stirred and
heated at 80°C under neat conditions for 5 h. Dichloromethane
(100 ml) and water (100 ml) were added to the mixture that was
then extracted with 2% hydrochloric acid. After separation of the
fractions, the aqueous phase was alkalized with Na,CO; and
extracted with dichloromethane (2x70 ml). The organic fractions
were collected, dried with anhydrous Na,SO, filtered and then the
solvent was removed under reduced pressure. The residue was
crystallised with n-hexane (15mL) and recrystallized from iPr,0
(10 mL) R;=0.38 (n-hexane/ EtOAc, 2:1); 2.89 g (62 %).

Beige crystals; m.p. 107-109°C; '"H NMR (CD,Cl,): §=2.57 ( m, 1H,
H-2"), 3.09 (m, 1H, H-2"), 3.62 (m, 1H, H-3"), 3.84 (m, 1H, H-3"), 5.84
(br s, 1H, H-8b), 6.80 (t, 7.7 Hz, 1H, H-5), 6.82 (d, 8.1 Hz, 1H, H-3),
7.10 (t, 7.8 Hz, 1H, H-4'), 7.13 (d, 8.9 Hz, 1H, H-3), 7.23 (t, 7.6 Hz, TH,
H-6), 7.35 (t, 7.9 Hz, 1H, H-7), 7.44 (dd, 7.8, 1.6 Hz, TH, H-6'), 7.69 ( d,
9.0 Hz, 1H, H-4), 7.71 ( d, 8.7 Hz, 1H, H-5), 7.92 (d, 8.5 Hz, TH, H-8),
13.50 (br s, TH, 2-OH);*C NMR (CD,Cl,): §=54.0 (br, C-2“), 62.8 (br,
C-8b), 66.9 (C-3"),115.7 (2C, br, C-1, C-3'), 119.9 (C-3), 121.6 (br, C-
5'), 121.7 (C-8), 122.9 (C-6), 125.2 (br, C-1'), 126.8 (C-7), 128.9 (C-5),
129.0 (C-4a), 129.5 (C-4'), 129.6 (C-4), 130.5 (br, C-6'), 133.1 (C-8a),
154.0 (C-2'), 155.8 (C-2); elemental analysis calcd (%) for C,H,,NO;
(335.40) : C 75.20, H 6.31, N 4.18; found: C 75.16, H 6.34, N 4.13.

General Procedure for the Synthesis of Naphthoxazines (8 a,
14a, and 17a)

A mixture of the appropriate aminonaphthol 4 (40 mg 0.12 mmol),
4,5-dihydro-3H-benz[clazepine 12 ( 26 mg, 0.18 mmol), 6,7- dihy-
drothieno[3,2-c]pyridine 15 (24 mg, 0.18 mmol), 3,4-dihydro-{3-car-
boline 6 (30 mg, 0.18 mmol) in 1,4-dioxane (5 mL) was placed in a
10 mL pressurized reaction vial and heated in a CEM SP microwave
reactor under the conditions given in Table 1. The solvent was
removed in vacuo, and the residue was isolated by crystallization
with MeOH (5 mL).

7aR*,165*-17-(2-Hydroxyphenyl)-naphth[1,2-eJoxazino-
[2,3-a]-B-carboline (8a)

Recrystallized from iPr,0 (5 mL); R;=0.38 (n-hexane/ EtOAc, 2:1);
44 mg (89%). Light brown crystals; m.p. 216-217°C; 'H NMR (CD,Cl,
): 0= 2.97 (dd, J=15.8, 3.5 Hz, 1H, H-13), 3.19 (ddd, J=15.6, 12.1,
5.7 Hz, 1H, H-13), 3.35 (m, 2H, H-14), 5.84 (s, 1H, H-16), 5.99 (s, 1H,
H-7a), 6.48 (d, J=7.5 Hz, 1H, H-5), 6.65 (t, J=7.3 Hz, 1H, H-4), 6.90
(d, J=7.9 Hz, 1H H-2), 7.08 (d, J=8.9 Hz, 1H, H-6), 7.14 (t, J=7.5 Hz,
1H, H-11), 7.18 (t, J=7.2 Hz, 1H, H-3'), 7.23 (t, J=7.6 Hz, TH, H-10),
7.39 (m, 2H, H-3, H-9), 7.44 (t, J=7.5 Hz, 1H, H-2), 7.54 (d, J=8.3 Hz,
1H, H-1), 7.57 (m, 1H, H-12), 7.81 (d, /=8.9 Hz, 1H, H-5), 7.85 (d, /=
7.9 Hz, 1H, H-4), 8.23 (br s, 1H, H-8), 9.52 (br s, TH, H-1");"*C (CD,Cl, ):
0= 22.3(C-13), 45.3(C-14), 60.4(C-16), 77.3(C-7a), 109.4(C-16a),
110.8(C-12b), 111.7(C-9), 117.5(C-2), 118.6(C-6), 119.3(C-12),
119.9(C-4'), 120.1(C-11), 122.5(C-1), 123.3(C-10), 124.0(C-3), 125.5(C-
5a’), 126.2(C-12a), 127.3(C-2), 128.9(C-4),129.2(C-4a), 129.7(C-3"),
129.8(C-7b), 130.1(C-5), 130.7(C-5'), 132.8(C-16b), 150.8(C-6a),
156.9(C-1'); elemental analysis calcd (%) for C,gH,,N,0, (418.50): C
80.36, H 5.30, N 6.69; found: C 80.41, H 5.27, N 6.74.
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7aR*,155*-15-(2-Hydroxyphenyl)-naphth[1,2-eJoxazino[2,3-al-
isoquinoline (14a)

Recrystallized from iPr,0 (6 mL); R;=0.38 (n-hexane/ EtOAc, 2:1);
40 mg (87 %). White crystals; m.p. 206-207 °C; 'H NMR (CD,Cl,): 6=
2.96 (m, 1H, H-12), 3.17 (m, 1H, H-13), 3.31 (m, 2H, H-12, H-13), 5.74
(s, TH, H-15), 5.80 (s, 1H, H-7a), 6.51 (d, /=7.6 Hz, 1H, H-5'), 6.65 (t,
J=7.4Hz, 1H, H-4'), 6.89 (t, J=8.0 Hz, 1H, H-2'), 7.08 (d, /=8.9 Hz,
1H, H-6), 7.17 (t, J=7.3 Hz, 1H, H-3"), 7.25 and 7.37 (2xm, 2x2H, H-8,
H-9, H-10, H-11), 7.37 (m, 1H, H-3), 7.41 (t, J=7.1 Hz, 1H, H-2), 7.50
(d, /=83 Hz, 1H, H-1), 7.80 (d, J=89Hz, 1H, H-5), 7.83 (d, J=
7.9 Hz, 1H, H-4), 9.56 (br s, 1H, H-1");*C NMR (CD,Cl,): = 29.3(C-
12), 43.9(C-13), 60.8(C-15), 81.5(C-7a), 109.1(C-15a), 117.4(C-2),
118.8(C-6), 119.9(C-4'), 122.7(C-1), 123.9(C-3), 125.7(C-5a"), 126.6(C-
10 or C-9), 127.2(C-2), 128.8(C-4), 129.1(C-8), 129.1(C-11), 129.2(C-
4a), 129.5(C-9 or C-10), 129.6(C-3"), 130.1(C-5), 130.8(C-5"), 132.5(C-
7b), 132.9(C-15b), 134.4(C-11a), 151.2(C-6a), 156.8(C-1'), elemental
analysis calcd (%) for CysH,,NO, (379.46):C 82.30, H 5.58, N 3.69;
found: C 82.26, H 5.60, N 3.74.

7aR*,145*%-14-(2-Hydroxyphenyl)-naphth[1,2-e]oxazino[2,3-al-
thieno[3,2-c]pyridine (17 a)

Recrystallized from iPr,0 (5 mL); R;=0.38 (n-hexane/ EtOAc, 2:1);
43 mg (92%). Light brown crystals; m.p. 186-187°C; 'H NMR
(CD,Cly): 0= 2.93 (m, TH, H-11), 3.20 (m, 3H, H-11, H12), 5.69 (s, 1H,
H-14), 5.74 (s, 1H, H-7a), 6.38 (d, J=7.6 Hz, TH, H-5), 6.55 (t, J=
7.4 Hz, 1H, H-4), 6.81 (t, J=7.9 Hz, 1H, H-2'), 6.89 (d, J=5.1 Hz, TH,
H-8), 7.00 (d, J=8.9 Hz, 1H, H-6), 7.09 (t, J=7.6 Hz, 1H, H-3"), 7.12 (d,
J=5.1Hz, 1H; H-9), 7.28 (t, J=7.3 Hz, 1H, H-3), 7.33 (t, J=7.2 Hz, TH,
H-2), 7.42 (d, J=8.2 Hz, 1H, H-1), 7.72 (d, J=9.0 Hz, 1H, H-5), 7.75 (d,
J=7.9 Hz, 1H, H-4), 9.42 (br s, TH, H-1);*C NMR (CD,Cl,): 8 = 26.1(C-
11), 44.6(C-12), 60.4(C-14), 78.3(C-7a), 109.1(C-14a), 117.5(C-2");
118.7(C-6), 119.9(C-4’), 122.5(C-1), 123.9(C-3), 124.3(C-9), 125.6(C-
5a’), 126.0(C-8), 127.3(C-2), 128.8(C-4), 129.2(C-4a), 129.7(C-3"),
130.1(C-5), 130.8(C-5'), 133.0(C-7b), 132.8(C-14b), 137.7(C-10a),
151.0(C-6a), 156.7(C-1’), elemental analysis calcd (%) for C,,H;,NO,S
(385.48): C 74.78, H 4.94, N 3.63; found: C 74.82, H 4.92, N 3.69.

12H-Benzo[alxanthen-12-one (11)

Aminonaphthol 4 (40 mg, 0.12 mmol), was heated with 2 equiv-
alent of Et;N (24.2 mg, 0.24 mmol) in 1,4-dioxane (5 mL) at 100°C
for 2 hour under microwave irradiation. The residue was purified by
column chromatography (n-hexane: EtOAc, 3:1); 21 mg (71%);
White solid; mp 144-146°C (Lit."® mp 145-146°C).

5-[(2-Hydroxyphenyl)-morpholin-4-yl-methyl]-quinolin-6-ol
(19)

6-Hydroxyquinoline (1.0 g, 6.88 mmol) was reacted with salicylic
aldehyde (0,84 g. 6,88 mmol) in the presence of morpholine (0,60 g,
6.88 mmol). The reaction was stirred for 6 h at 80°C, under neat
conditions. The desired product was isolated by crystallization with
n-hexane (10 ml) and recrystallized from iPr,O (8 mL). R;=0.38 (n-
hexane/ EtOAc, 2:1); 1.64 g (71 %). Brown crystals; m.p. 196-197 °C.
'H NMR ([Dg]DMSO): §=2.44 (br s, 2H, H-2*), 3.67 (br s, 2H, H-3"),
5.71 (s, 1H, H-8b), 6.70 (t, 7.4 Hz, 1H, H-5"), 6.90 (d, 8.0 Hz, 1H, H-3'),
7.06 (t, 7.8 Hz, 1H, H-4'), 7.26 (d, 7.6 Hz, 1H, H-6'), 7.32 (d, 9.1 Hz, TH,
H-3), 7.38 (dd, 8.6, 4.1 Hz, 1H, H-7), 7.81 (d, 9.1 Hz, 1H, H-4), 8.26 (d,
8.4 Hz, 1H, H-8), 8.62 (d, 4.2 Hz, 1H, H-6), 10.20 (s, 1H, OH), 13.45 (s,
1H, OH); *C NMR ([D¢g]DMSO): =50.7 (br, C-2"), 61.7 (C-8b), 66.2
(C-3"),115.6 (C-3'), 115.9 (C-1), 120.0 (C-5'), 121.4 (C-7), 123.0 (C-3),
124.5 (C-1), 127.4 (C-8a), 128.8 (C-6'), 129.2 (C-3'), 129.4 (C-8), 130.0
(C-4), 143.3 (C-4a), 146.7 (C-6), 154.7 (C-2'), 155.2 (C-2); elemental
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analysis calcd (%) for CyH,0N,O;5 (336.39): C 71.41, H 5.99, N 8.33;
found: C 71.48, H 5.96, N 8.37.

7aR*,155%-15-(2-Hydroxyphenyl)-isoquinolino[1’,2":2,3][1,3]-
oxazin-o[5,6-flquinolin (22a)

Aminoquinolinol 19 (40 mg, 0.12 mmol), dihydroisoquinoline 12
(23 mg, 0.18 mmol) and 1,4-dioxane (5 mL) were placed in a 10 mL
reaction vial and heated in a CEM microwave reactor under the
conditions given in Table 1. The solvent was removed in vacuo, and
the residue was isolated by crystallisation from MeOH (5 mL) and
recrystallized from iPr,O (10 mL). Rr=0.38 (n-hexane/ EtOAc, 2:1);
34 mg (90%). Light brown crystals; m.p. 208-209°C; 'H NMR ([D]
DMSO): =2.84 (br d, J=16.0 Hz, 1H, H-12), 3.05 (ddd, J=16.7, 8.6,
8.6 Hz, 1H, H-12), 3.16 (m, 2H, H-13), 5.78 (s, 2H, H-7a, H-15), 6.61 (,
J=7.0Hz, 1H, H-4), 6.66 (m, 1H, H-5'), 6.93 (d, J=7.7 Hz, 1H, H-2),
7.09 (t, J=8.0 Hz, 1H, H-3'), 7.24 and 7.33 (2 x m, 2H and 1H, H-9, H-
10, H-11), 7.34 (d, J=9.2 Hz, 1H, H-6), 7.36 (dd, J=8.5, 4.1 Hz, 1H, H-
2),7.41 (br d, J=7.6 Hz, 1H, H-8), 7.63 (br d, J=7.9 Hz, 1H, H-1), 7.89
(d, J=9.2 Hz, 1H, H-5), 8.68 (dd, J=4.2-1.6 Hz, 1H, H-3), 9.84 (br s,
1H, H-1"); *C NMR ([D¢]DMSO): = 28.5(C-12), 44.5(C-13), 55.9(C-15),
82.0(C-7a), 111.3(C-15a), 115.6(C-2'), 118.4(C-4’), 121.5(C-2 or C-6),
121.9(C-6 or C-2), 125.9(C-9), 126.5(C-15b), 128.5(C-10 or C-11),
128.7(C-3'), 128.8(C-5a’), 128.9(C-8), 128.9(C-11 or C-10), 129.5(C-5),
129.8(C-5), 130.4(C-1), 132.2(C-7b), 1349 (C-11a), 143.9(C-4a),
147.3(C-3), 151.8(C-6a), 155.1(C-1'); elemental analysis calcd (%) for
C,5H,0N,0, (380.45): C 78.93, H 5.30, N 7.36; found: C 78.89, H 5.36,
N 7.71.

1-[(2-Nitrophenyl)-morpholin-4-yl-methyl]-naphthalen-2-ol
(24)

50 ml round-bottom flask was charged with 2-naphthol (0.72 g,
5 mmol), morpholine (0.48 g, 5.5 mmol) and 2-nitrobenzaldehyde
(0.79 g, 5.25 mmol). The mixture was stirred and heated under
solvent-free conditions at 70°C for 6 hours. The mixture was
purified by column chromatography (n-hexane: EtOAc, 2:1); 1.31 g
(72%). Yellow crystals; m.p. 148-149°C; '"H NMR (CD,Cl,): 6=2.63
(dt, 11.8, 3.0 Hz, 1H, H-2"), 3.09 (d, 11.7 Hz, 1H, H-2"), 3.74 (dt, 11.7,
1.7 Hz, 1H, H-3"), 3.85 (t, 12.5 Hz, 1H, H-3"), 6.11 (s, 1H, H-8b), 7.13
(d, 89 Hz, 1H, H-3), 7.24 (ddd, 8.0, 6.9, 1.1 Hz, 1H, H-6), 7.36 (ddd,
8.6, 7.1, 1.5 Hz, 1H, H-7), 7.40 (dt, 7.8, 1.4 Hz, 1H, H-4), 7.49 (dt, 7.7,
1.3 Hz, 1H, H-5), 7.68 (d, 8.6 Hz, 1H, H-8), 7.71 (d, 8.1 Hz, 1H, H-5),
7.72 (d, 8.9 Hz, 1H, H-4), 7.85 (dd, 8.2, 1.3 Hz, 1H, H-3’), 7.88 (dd, 8.1,
1.5 Hz, 1H, H-6'), 13.46 (br s, TH, 2-OH); *C NMR (CD,Cl,): 6=54.0
(C-2"), 64.1 (C-8b), 66.9 (C-3"), 114.5 (C-1), 120.3 (C-3), 120.8 (C-8),
123.1 (C-6), 124.7 (C-3), 127.3 (C-7), 129.0 (C-4a), 129.1 (C-5), 129.6
(C-4'), 130.6 (C-4), 131.5 (C-6'), 132.8 (C-8a), 133.0 (C-1'), 134.1 (C-5"),
150.6 (C-2'), 156.5 (C-2); elemental analysis calcd (%) for C,;H,N,0O,
(364.40): C 69.22, H 5.53, N 7.69; found: C 69.30, H 5.50, N 7.72.

1-[(2-Aminophenyl)-morpholin-4-yl-methyl]-naphthalen-2-ol
(25)

(0.73 g, 2 mmol) of 24 was dissolved in 50 ml of EtOH and 0.2 g of
5% Pd/C catalyst was added. The mixture was hydrogenated at
atmospheric pressure for 1 hour. After filtration of the catalyst, the
solvent was removed and the residue was crystallized from Et,0
(30 mL) and recrystallized from iPr,0 (18 mL); 0.5 g (77%). Beige
crystals; m.p. 133-134°C; '"H NMR (CD,Cl,): §=2.51 (ddd, 12.1, 9.3,
3.1 Hz, 1H, H-2%), 2.97 (m, TH, H-2"), 3.76 (t, 9.2 Hz, 1H, H-3"), 3.82
(m, 1H, H-3"), 4.12 (br s, 2H, 2'-NH,), 5.28 (s, 1H, H-8b), 6.66 (t,
7.5 Hz, 1H, H-5), 6.71 (d, 7.9 Hz, 1H, H-3'), 7.03 (t, 7.6 Hz, 1H, H-4'),
7.10 (d, 8.9 Hz, 1H, H-3), 7.23 (t, 7.5 Hz, 1H, H-6), 7.33 (d, 7.7 Hz, 1H,
H-6'), 7.36 (ddd, 8.5, 7.0, 1.4 Hz, 1H, H-7), 7.68 (d, 9.0 Hz, 1H, H-4),

ChemistryOpen 2019, 8, 961-971 www.chemistryopen.org

Ak Heog Open Access
-~ ChemistryOPEN
‘ Full Papers

R o W
A A7

7.71 (d, 8.2 Hz, 1H, H-5), 7.76 (d, 8.6 Hz, 1H, H-8), 13.37 (br s, 1H, 2-
OH); C NMR (CD,Cl,): = 53.9 (br, C-2“), 67.0 (C-3"),114.7 (br, C-1),
117.1 (C-3), 119.7 (br, C-5), 120.0 (C-3), 121.8 (C-8), 122.9 (C-6),
123.0 (br, C-1'), 126.8 (C-7), 129.0 (C-5), 129.0 (C-4a), 129.3 (C-4),
129.8 (C-4), 130.6 (br, C-6'), 133.0 (C-8a), 145.0 (C-2), 155.7 (C-2), C-
8b could not be detected (very broad line); elemental analysis calcd
(%) for C,,H,,N,0, (334.17): C 75.42, H 6.63, N 8.38; found: C 75.45,
H 6.60, N 8.37.

Benz[alacridine (26)

The synthetic protocol applied to achieve 25 was repeated, and the
reaction was driven till the formation of 26 (5 hours). After removal
of the catalyst, the filtrate was concentrated under reduced
pressure and the crude reaction mixture was purified by column
chromatography (n-hexane:EtOAc, 2:1) resulting in 26 (0.32g,
(69 %); Beige crystals; m.p. 129-130°C (Lit:** mp 130-131°C).

General Procedure for the Synthesis of Quinazolines (28 b,
30b and 32b)

A mixture of diaminonaphtol 25 (67 mg 0.2 mmol) and 3,4-dihydro-
B-carboline 6 (50 mg, 0.3 mmol), or 3,4-dihydroisoquinoline 12
(39.4mg, 03 mmol) or 6,7-dihydrothieno[3,2-c]pyridine 15
(41.2 mg, 0.3 mmol), in 1,4-dioxane (5 mL) was placed in a 10 mL
pressurized reaction vial and heated in a CEM SP microwave reactor
under the conditions given in Table 2. The solvent was removed
under reduced pressure and the residue was isolated by crystal-
lization from MeOH and recrystallized.

55%,13b5*-7-(2-Hydroxynaphth-1-yl)-[2,3-a]-p-carbolino[2,1-b]-
quinazoline (28Db)

Recrystallized from iPr,0 (6 mL); R;=0.38 (n-hexane/EtOAc 2:1);
76 mg (91%). Beige crystals; m.p 182-183°C; 'H NMR ([D¢]DMSO):
0= 271 (m, 1H, H-8), 2.79 (m, 1H, H-8), 2.80 (m, 1H, H-7), 3.09 (m,
1H, H-7), 5.27 (br s, TH, H-13b), 6.10 (s, 1H, H-5), 6.41 (d, J=8.0 Hz
1H, H-4), 6.48 (m, 1H, H-14), 6.49 (m, 1H, H-3), 6.80 (d, J =7.5 Hz, 1H,
H-1), 7.01 (m, 2H, H-11, H-3'), 7.02 (m, TH, H-2), 7.14 (d, /=8.4 Hz,
1H, H-9), 7.38 (t, J=7.4 Hz, 1H, H-6'), 7.45 (m, 2H, H-10, H-12), 7.59
(t, J=7.6Hz, 1H, H-7), 7.79 (d, J=8.8Hz, 1H, H-4), 7.89 (d, J=
7.8 Hz, 1H, H-5'), 8.29 (d, J=8.6 Hz, 1H, H-8), 11.09 (s, 1H, H-13),
11.82 (brs, TH, H-2'); 3C ([DJDMSO): & = 21.0(C-8), 47.7(C-7), 61.0(C-
5), 68.2(C-13b), 108.2(C-8b), 111.5(C-12), 116.5(C-1), 117.8(C-1"),
118.2(C-10), 119.0(C-3 or C3'), 119.4(C-3' or C-3), 119.4(C-11),
121.5(C-9), 121.8(C-8)), 122.6(C-6'), 123.8(C-4a), 125.8(C-8a), 127.1(C-
7" or C-2), 127.2(C-2 or C-7), 127.3(C-4), 128.0(C-4a’), 128.7(C-5"),
129.3(C-4'), 131.5(C-13a), 134.1(C-8a’), 136.3(C-12a), 143.0(C-14a),
155.5(C-2'), elemental analysis calcd (%) for C,sH,N;O (417.51): C
80.55, H 5.55, N 10.06; Found: C 80.48, H 5.57, N 10.04.

55*,12b5*-7-(2-Hydroxynaphth-1-yl)-[2,3-alisoquinolino-
[2,1-bl-quinazoline (30b)

Recrystallized from iPr,0 (7 mL); R;=0.38 (n-hexane/EtOAc 2:1);
67 mg (89%). White crystals; m.p. 191-192°C; 'H NMR (CD,Cl, ): 8=
2.61 (Yt, J=13.8 Hz, 1H, H-7), 2.71 (d, J=14.7 Hz, 1H, H-8), 3.19 (m,
2H, H-7, H-8), 436 (d, J=5.6 Hz, 1H, H-13), 5.14 (d, J=5.9 Hz, TH, H-
12b), 5.83 (s, 1H, H-5), 6.54 (m, 1H, H-4), 6.57 (m, 1H, H-3), 6.87 (d,
J=7.9 Hz, 1H, H-1), 7.06 (m, 2H, H-2, H-3'), 7.19 (d, J=7.2 Hz, 1H, H-
9), 7.31 (m, 1H, H-10), 7.35 (m, 1H, H-11), 7.38 (m, 1H, H-6'), 7.57 (t,
J=7.5Hz, 1H, H-7'), 7.65 (d, J=7.4 Hz, 1H, H-12), 7.76 (d, J=8.7 Hz,
1H, H-4'), 7.85 (d, J/=8.0 Hz, 1H, H-5'), 8.16 (d, J=8.5 Hz, 1H, H-8),
11.38 (br s, 1H, H-2));"*C (CD,Cl,): 8= 29.3(C-8), 47.3(C-7), 63.0(C-5),
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72.7(C-12b), 117.5(C-1’), 118.0(C-1), 120.0(C-3"), 120.6(C-3), 121.7(C-
8'), 122.9(C-6'), 124.8(C-4a), 125.4(C-12), 127.0(C-11), 127.3(C-7"),
127.9(C-2), 128.2(C-10), 128.2 (C-4), 128.8(C-4a"), 129.1(C-9), 129.1(C-
5), 129.8 (C-4'), 134.6(C-8a"), 135.0(C-12a), 135.4(C-8a), 142.5(C-13a),
155.5(C-2"); elemental analysis calcd (%) for CyH,,N,O (378.48): C
82.51, H 5.86, N 7.40; found: C 82.67, H 5.88, N 7.38.

55*,11bS*-7-(2-Hydroxynaphth-1-yl)-thieno[3,2-c]pyrido-
[2,1-blquinazoline (32b)

Recrystallized from iPr,0 (6 mL); R;=0.38 (n-hexane/EtOAc 2:1);
71 mg (92%). White crystals; m.p. 198-199°C; '"H NMR (CD,Cl, ): &
2.62 (td, /=118, 3.7 Hz, 1H, H-7), 2.70 (br d, J=16.4 Hz, 1H, H-8),
3.02 (br t, J=14.0 Hz, 1H, H-8), 3.16 (ddd, J=11.8, 5.3, 1.4 Hz, 1H, H-
7), 4.24 (d, J=5.8 Hz, 1H, H-12), 4.93 (d, J =5.8 Hz 1H, H-11b), 5.75
(s, TH, H-5), 6.45 (m, 1H, H-4), 6.48 (ddd, J=7.9, 6.9, 1.1 Hz, 1H, H-3),
6.74 (dd, J=8.0, 0.8 Hz, 1H, H-1), 6.95 (d, J=6.95 Hz, TH, H-3'), 6.97
(br t, J=7.5Hz, 1H, H-2), 7.08 (d, / =5.2 Hz, 1H, H-11), 7.19 (dd, J=
5.2, 0.6 Hz, 1H, H-10), 7.29 (ddd, J=8.5, 6.9, 1.5 Hz, 1H, H-6'), 7.48
(ddd, /=85, 6.9, 1.5 Hz, 1H, H-7'), 7.66 (d, J=8.8 Hz, 1H, H-4'), 7.75
(d, J=8.0Hz, 1H, 5'), 8.07 (d, J=8.6 Hz, 1H, H-8'), 11.18 (br s, 1H, H-
2); C (CD,Cl, ): 8=25.5(C-8), 48.1(C-7), 62.1(C-5), 71.3(C-11b),
117.7(C-1), 117.8(C-1), 120.0(C-3'), 120.7(C-3), 121.7(C-8"), 123.0(C-
6), 123.9(C-11), 124.7(C-10), 124.8(C-4a), 127.3(C-7'), 127.9(C-2),
128.2(C-4), 128.9(C-4a’), 129.2(C-5), 129.8(C-4), 134.3(C-8a’),
134.5(C-11a), 136.7(C-8a), 142.2(C-12a), 155.5(C-2’); elemental analy-
sis calcd (%) for C,4H,,N,0S (384.50): C 74.97, H 5.24, N 7.29; Found:
C74.95,H5.26, N 7.34.
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Abstract: By direct coupling 7-azaindole and cyclic imines, such as 3,4-dihydroisoquinoline,
6,7-dihydrothieno[3,2-c]Jpyridine, 3,4-dihydro-B-carboline, and 4,5-dihydro-3H-benz[c]azepine,
new 3-substituted 7-azaindole derivatives have been synthesized. The reaction was extended
to 4-azaindoles and 6-azaindoles, as electron-rich aromatic compounds. The lowest reactivity was
observed in the case of C-3 substitution of 5-azaindole. In this case, the aza-Friedel-Crafts reaction
took place by using 10 mol % of p-toluenesulfonic acid (p-TSA) as the catalyst. The role of the
acid catalyst can be explained by the different pKa values of the azaindoles. All reactions were
performed in solvent-free conditions by using both classical heating and microwave irradiation.
In all cases, microwave heating proved to be more convenient to synthesize new C-3-substituted
azaindole derivatives.

Keywords: cyclic imines; 7-azaindole; 6-azaindole; 4-azaindole; 5-azaindole; aza-Friedel-Crafts
reaction; microwave reaction

1. Introduction

7-Azaindole is a well-known hinge-binding element in kinase inhibition [1-5]. The N atom of
the pyridine ring and the NH group of the pyrrole moiety of 7-azaindole serve as the hydrogen bond
acceptor and donor, respectively, to make bidentate hydrogen bonds with the hinge region of the kinase.
7-Azaindole has five modification sites where various substituents can be readily attached to obtain
7-azaindole derivatives with improved activity. Among them, vemurafenib [6], a B-RAF kinase (serine
—threonine kinase (STK)) inhibitor, is the first U.S. Food and Drug Administration (FDA)-approved,
7-azaindole-based kinase drug for the treatment of melanoma [7]. Vemurafenib was discovered through
lead optimization, starting from a small 7-azaindole fragment, and now it is recognized as the first
successful example of a “fragment-based” drug discovery approach [8]. Some derivatives have been
developed that target various kinds of kinases, including Janus kinase 3 (JAK3; a cytoplasmic tyrosine
kinase (TK)) [9]; colony stimulating factor 1 receptor (CSF1R; a TK receptor) [10]; aurora kinases
(STKs) [11]; and Rho-associated, coiled coil-containing protein kinase 1 (ROCK1; STK) [12].

Thanks to the close similarity of azaindoles to the indole skeleton, C-3 functionalization of these
compounds has been postulated [13,14]. Most of the methods known already for the synthesis of
3-functionalized 7-azaindole derivatives have applied multistep transformations. Particular efforts have
been made to insert another biologically active moiety, such as tetrahydroisoquinoline, into position
three. In this case, the synthesis of 1-(7-azaindol-3-yl)-1,2,3 4-tetrahydroisoquinoline involves the
coupling of 7-azaindole with N-protected tetrahydroisoquinoline under iron and copper catalysis [15,16].
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The catalyst-free direct coupling of partially-saturated cyclic amines and indole as an electron-rich
aromatic compound, via a modified aza-Friedel-Crafts reaction, has recently been published by our
research group [17,18]. The reaction has been extended by using indole-2-carboxylic acid as a substrate,
leading to the formation of y-amino acid derivatives [17].

Our aim was to perform a systematic study of the synthesis of azaindole derivatives (7-,
4-, 5-, and 6-azaindoles), applying the modified aza-Friedel-Crafts reaction using cyclic imine
substrates, such as 3,4-dihydroisoquinoline; 6,7-dihydrothieno[3,2-c]pyridine; 3,4-dihydro-{-carboline;
and 4,5-dihydro-3H-benz[c]azepine.

2. Results

In our initial experiments, 7-azaindole (compound 1) was reacted with 1.5 equivalent of
3,4-dihydroisoquinoline (compound 2), which was synthesized using a method from the literature
(Scheme 1) [18]. The reaction between compounds 1 and 2 was performed in solvent-free conditions
by classical heating (oil bath) at 60 °C (7). Based on thin-layer chromatography (TLC), the reaction over
a time of 18 h resulted in the formation of a multi-spot reaction mixture; the desired product (compound
3) was isolated by chromatography, with a yield of 31%. Since the yield was not satisfactory, the reaction
was repeated at 80 °C (if). A 10 h reaction led to the formation of compound 3, with a yield of 49%.
Despite increasing the temperature further (100 °C, (iif)), the relatively long reaction led to compound
3 only with a poor yield (28%). When the reaction was repeated under microwave irradiation by
testing three different reaction conditions (Table 1), 3-(1,2,3,4-tetrahydroisoquinolin-1-yl)-7-azaindole
(3) was isolated with a yield of 81% after 120 min at 100 °C (Table 1). It is interesting to note that for
microwave reactions, 2 equivalents of 3,4-dihydroisoquinoline was applied to provide homogeneity
for the reaction mixture.
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Scheme 1. Synthesis of 7-azaindole derivatives, starting from different cyclic imines.

Table 1. Reaction conditions for the synthesis of the azaindole compounds 3 and 7-9.

Products Reaction Time ?  Temperature®  Yield (%) Reaction Time P Temperature P Yield ? (%)
18h 60 °C (i) 31 2h 80 °C (ii) 55
3 10h 80 °C (ii) 49 4h 80 °C (ii) 63
6h 100 °C (iii) 28 2h 100 °C (iii) 81
7 10h 80 °C (ii) 56 25h 100 °C (iii) 75
8 6h 80 °C (ii) 76 2h 100 °C (iii) 89
9 20h 80 °C (ii) 63 3h 100 °C (iii) 78

2 classical heating, ® microwave irradiation.

The reaction was extended by using other cyclic imines, such as 3,4-dihydro-3-carboline
(compound 4) [19]; 6,7-dihydrothieno[3,2-c]pyridine (compound 5) [20]; and 4,5-dihydro-3H-
benz[c]azepine (compound 6) [21,22]. Reactions were performed by using both oil-bath heating
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and microwave irradiation (Scheme 1). Table 1 shows that the corresponding products—compounds 7,
8, and 9—were isolated in higher yields when microwave conditions were applied. It can be concluded
that 6,7-dihydrothieno[3,2-c]pyridine (5) was found to be the most reactive cyclic imine. Yields and the
applied reaction conditions are summarized in Table 1.

With the optimal reaction conditions in hand, we focused on extending the series of electron-rich
aromatic compounds in a modified aza-Friedel-Crafts reaction. Accordingly, 4-azaindole (compound
10) and 6-azaindole (compound 11) were also reacted with cyclic imines 2, 4, 5, and 6 (Scheme 2).
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X=N; Y=CH : 12 X
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Scheme 2. The extension of a modified aza-Friedel-Crafts reaction, starting from 4-azaindole
and 6-azaindole.

Reactions were performed under solvent-free conditions by both classical heating and using
microwave irradiation. The new azaindole derivatives, formed in reaction times indicated in Table 2,
were isolated and purified by crystallization or column chromatography (see Material and Methods).
It can be concluded that the use of microwave irradiation afforded the desired products (compounds
12-19) in higher yields and with significantly shorter reactions, compared with those using oil-bath
heating (Table 2).

Table 2. Reaction conditions for the synthesis of the azaindoles 12-19.

Products Reaction Time ?  Temperature®  Yield ? (%) Reaction Time P Temperature P Yield ® (%)
12 20h 80 °C (ii) 49 25h 100 °C (iii) 70
13 22h 80 °C (ii) 39 25h 100 °C (iii) 65
14 16 h 80 °C (ii) 52 25h 100 °C (iii) 69
15 20h 80 °C (ii) 48 25h 100 °C (iii) 62
16 7h 80 °C (ii) 63 25h 100 °C (iii) 85
17 8h 80 °C (ii) 62 25h 100 °C (i) 75
18 21h 80 °C (ii) 57 3h 100 °C (ii) 68
19 25h 80 °C (ii) 55 3h 100 °C (iii) 64

2 classical heating, b microwave irradiation.

Since the catalyst-free coupling of 7-, 6-, and 4-azaindoles resulted in the desired C-3 aminoalkylated
derivatives, we focused our attention on the aza-Friedel-Crafts reaction of 5-azaindole (compound 20).
In our first experiment, 20 was reacted with 3,4-dihydroisoquinoline (2) as representative cyclic imine
(Scheme 3). However, even when applying different reaction conditions (classical heating, microwave
irradiation) and different temperatures (80 °C (ii), 100 °C (iii), 120 °C (iv)), target compound 21 did
not form. There was no conversion at lower temperature (80 °C, 100 °C), while higher temperature
(120 °C) resulted in the formation of a multi-spot reaction mixture. Since p-toluenesulfonic acid
(p-TSA) is a frequently applied acid catalyst in the modified three-component Mannich reaction [23-25],
we decided to examine its effect on the reaction between 20 and 3,4-dihydroisoquinoline. First,
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10 mol % of p-TSA was tested by using oil-bath conditions. In this case, TLC showed the formation
of a new compound, which after isolation (30%) proved to be the desired 5-azaindole derivative
21. Since the reaction needed a relatively long reaction time (19 h) and resulted in a poor yield,
it was repeated by using microwave irradiation. In this case, 100 °C proved to be optimal,
and 3-(1,2,3,4-tetrahydroisoquinolin-1-yl)-5-azaindole (21) was isolated with a yield of 72% (Table 3).

NH
/N
AN

NH ii-iv

N7\

21

Ny N

N ii, i
NH

N7\
-
22

Scheme 3. Synthesis of compounds 21-24 from 5-azaindole.

Table 3. Reaction conditions for the synthesis of the products 21-24.

Products  Reaction Time?  Temperature?  Yield ? (%) Reaction Time P Temperature P Yield P (%)

24h 80 °C (ii) - 25h 80 °C (ii) -

- 21h 100 °C (iif) - 25h 100 °C (iii) -
8h 120 °C (iv) - 2h 120 °C (iv) -

19h¢ 80 °C (ii) 30 25h¢ 100 °C (iii) 72

22 15h¢ 80 °C (i1) 44 2h¢ 100 °C (iii) 69

23 7h€ 80 °C (ii) 62 2h¢€ 100 °C (iii) 80

24 15h¢ 80 °C (ii) 52 35h¢ 100 °C (iif) 65

2 classical heating, b microwave irradiation, ¢ p-TSA.

By applying 10 mol % of p-TSA catalyst, C-3 aminoalkylation of 5-azaindole was extended
with additional cyclic imines, such as 6,7-dihydrothieno[3,2-c]pyridine; 3,4-dihydro-p-carboline;
and 4,5-dihydro-3H-benz[c]azepine (Scheme 3). Reaction conditions and yields are summarized in
Table 3. As the data show, there is a difference between the reactivity of 7-, 6-, and 4-azaindoles
and that of 5-azaindole—that is, for C-3 aminoalkylation of 5-azaindole an acid catalyst was needed.
The lower reactivity of 5-azaindole can be accounted for by its higher pKa value (8.42), compared
with those of 6-azaindole (5.61), 4-azaindole (4.85), and 7-azaindole (3.67). The given pKa values were
calculated by using the Marvin Sketch software (version 16.12.12.0, calculation module developed
by ChemAxon) [26]. The pKa values of azaindoles depend on the resonance stabilization of their
protonated forms. The reason why the aza-Friedel-Crafts reaction of 5-azaindole occurs only under
acidic conditions is that 5-azaindole has the highest basicity in the series of 4-, 5, 6-, and 7-azaindoles.
Itis interesting to note that the fastest reactions were achieved with the electron-rich aromatic compound
7-azaindole. This is in complete agreement with its calculated pKa value (3.67), indicating that it is the
most acidic compound among the azaindoles studied.

3. Materials and Methods

3.1. General Methods

Melting points were determined on a Hinotek X-4 (Hinotek Technology Co., Ltd., Ningbo, China)
melting point apparatus. Elemental analyses were performed with a Perkin-Elmer 2400 CHNS
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elemental analyzer (Perkin-Elmer, Waltham, MA, USA) in the Institute of Pharmaceutical Chemistry,
University of Szeged. Merck Kieselgel 60F254 plates (Merck Hungary, Budapest, Hungary) were used
for the TLC. The microwave reactions were performed with a CEM Discover SP microwave reactor
(CEM, Matthwes, NC, USA).

The starting cyclic imines 3,4-dihydroisoquinoline (2) [18]; 3,4-dihydro-3-carboline (4) [19];
6,7-dihydrothieno[3,2-c]pyridine (5) [20]; and 4,5-dihydro-3H-benz[c]azepine (6) [21,22] were
synthesized according to the literature.

The 'H-and 3C-NMR spectra were recorded in CDCl3 or [Dg] DMSO solution in 5 mm tubes at
room temperature, on a Bruker Avance II spectrometer (Bruker, Karlsruhe, Germany) at 500 ('H) and
125 (13C) MHz, with the deuterium signal of the solvent as the lock and TMS as the internal standard.
All spectra (H, 1>C) were acquired and processed with the standard BRUKER software.

Procedures

For method A, the cyclic imine 34-dihydroisoquinoline (66 mg, 0.50 mmol);
6,7-dihydrothieno[3,2-c]pyridine (51 mg, 0.38 mmol); 3,4-dihydro-{3-carboline (63 mg, 0.38 mmol) or
4,5-dihydro-3H-benz[c]azepine (55 mg, 0.38 mmol); and the azaindoles (7-, 6- or 4-azaindole, (30 mg,
0.25 mmol)) were mixed in a 25 mL round bottom flask. The mixture was heated in an oil bath.
Reaction conditions are shown in Tables 1-3. In the case of 5-azaindole, 10 mol % (4.3 mg, 0.025 mmol)
of p-TSA as a catalyst was also added.

For method B, the mixture of the cyclic imine 3,4-dihydroisoquinoline (66 mg, 0.50 mmol);
6,7-dihydrothieno[3,2-c]pyridine (51 mg, 0.38 mmol); 3,4-dihydro-f-carboline (63 mg, 0.38 mmol) or
4,5-dihydro-3H-benz[c]azepine (55.3 mg, 0.38 mmol); and the electron-rich aromatic compound (7-, 6-,
4-, or 5-azaindole (30 mg, 0.25 mmol)) were placed in a 10 mL pressurized reaction vial and heated in
a microwave reactor, under the conditions given in Tables 1-3. In the case of 5-azaindole, 10 mol % of
p-TSA (4.3 mg, 0.025 mmol) as a catalyst was also added.

3.2. Synthesis of New Compounds

3.2.1. Synthesis of 3-(1,2,3,4-Tetrahydroisoquinolin-1-yl)-7-azaindole

Compound 3 (Figures S1 and 52) was crystallized from Et,O, recrystallized from i-Pr,O. It was
a white solid, with mp: 178-180 °C (Lit.: [16] mp: 172-174°C); yield: 81% (51 mg); 'H-NMR ([Dg]
DMSO): b =2.73-2.81 (1H, m), 2.91-3.00 (2H, m), 3.10-3.17 (1H, m), 5.29 (1H, s), 6.79 (1H, d, ] = 7.9 Hz),
6.87 (1H, t, ] = 7.6 Hz), 6.88-6.93 (1H, m), 6.97 (1H, t, ] = 5.2 Hz), 7.07-7.16 (2H, m), 7.24 (1H, s), 7.65 (1H,
d,] =7.7Hz), 8.14 (1H, d, ] = 5.1 Hz), and 11.40 (1H, s); > C-NMR ([Ds]DMSO): 5 = 29.7, 42.3, 54.5,
115.3,117.5, 118.9, 125.3, 125.8, 126.3, 127.6, 128.6, 129.3, 135.6, 139.2, 142.9, and 149.4. The analysis
calculated for C14H15N3 found C: 77.08; H: 6.06; and N: 16.85; found values were C: 77.10; H: 5.98,
and N: 16.88.

3.2.2. Synthesis of 3-(1,2,3,4-Tetrahydro-3-carboline-1-yl)-7-azaindole

Product 7 (Figures S3 and S4) was crystallized from Et,O and recrystallized from i-Pr,O. It was
a white solid, with mp: 219-220 °C; yield: 75% (55 mg); 'H-NMR ([D4]DMSO): & = 2.64-2.73 (1H,
m), 2.75-2.84 (1H, m), 2.93-3.01 (1H, m), 3.13-3.21 (1H, m), 5.38 (1H, s), 6.87-7.00 (3H, m), 7.15 (1H,
d,]=78Hz),730(1H,s), 742 (1H,d, ] =7.6 Hz), 7.63 (1H, d, ] = 8.4 Hz), 8.14 (1H, d, ] = 4.4 Hz),
10.38 (1H, s,), and 11.50 (1H, s, brs); 13C-NMR ([D¢]DMSO): § = 22.0, 42.1, 49.7, 107.4, 107.9, 111.6,
118.1,118.8, 121.3, 123.8, 126.6, 127.2, 135.0, 136.4, 140.3, 140.4, and 143.1. The analysis calculated for
C1sH16Ny found C: 74.98, H: 5.59, and N: 19.43; the found values were C: 74.91, H: 5.60, and N: 19.45.

3.2.3. Synthesis of 3-(4,5,6,7-Tetrahydrothieno[3,2-c]pyridin-4-yl)-7-azaindole

Product 8 (Figures S5 and S6) was crystallized from Et,O and recrystallized from i-Pr,O. It was
a white solid, with mp: 191-195 °C; yield: 89% (58 mg); 'H-NMR ([Dg]DMSO): § = 2.74-2.81 (1H, m),
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2.85-3.01 (2H, m), 3.12-3.20 (1H, m), 5.25 (1H, s), 6.49 (1H, d, | = 6.1 Hz), 6.92-6.98 (1H, m), 7.14 (1H, d,
] =5.3Hz),7.20-7.24 (1H, m), 7.71 (1H, d, ] = 9.6 Hz), 8.15 (1H, d, ] =7.2 Hz), 7.42 (1H, d, ] = 7.9 Hz),
and 11.14 (1H, s,); 13 C-NMR (CDCl;): 5 = 26.1,42.2,52.3,115.8,117.0, 119.0, 121.8, 123.8, 126.4, 128.2,
134.7, 136.6, 143.0, and 149.1 The analysis calculated for C14H13N3S was C: 65.85, H: 5.13, and N: 16.46;
found values were C: 65.83, H: 5.15, and N: 16.50.

3.2.4. Synthesis of 3-(2,3,4,5-Tetrahydro-1H-benz[c]azepin-1-yl)-7-azaindole

Product 9 (Figures S7 and S8)was crystallized from Et;O and recrystallized from i-Pr,O. It was
a white solid, with mp: 192-194 °C; yield: 78% (52 mg); 'H-NMR ([Dg]DMSO): § = 2.87-2.96 (1H, m),
2.97-3.14 (3H, m), 3.30 (2H, s), 5.40 (1H, s), 6.80 (1H, d, ] = 8.1 Hz), 6.95-7.07 (3H, m), 7.11 (1H, t, ] = 7.2
Hz),7.19 (1H,d, ] =7.4Hz),7.84 (1H,d, ] = 8.4 Hz), 8.19 (1H, d, ] = 5.5 Hz), and 11.45 (1H, s); 13C-NMR
([Dg]DMSO): 6 =29.9,35.5,49.6,59.7,115.2, 115.5, 119.1, 124.5, 126.1, 127.1, 128.0, 128.6, 130.1, 142.5,
143.0, 144.8, 149.8, The analysis calculated for C;7H;yN3 was C: 77.54, H: 6.51, and N: 15.96; found
values were C: 77.60, H: 6.52, and N: 15.98.

3.2.5. Synthesis of 3-(1,2,3,4-Tetrahydroisoquinolin-1-yl)-4-azaindole

Product 12 (Figures S9 and S10) was crystallized from Et,O and recrystallized from i-Pr,O. It was
a light beige solid, with mp: 166-168 °C; yield: 70% (44 mg); TH-NMR ([Dg]DMSO): § = 2.74-2.84 (1H,
m), 2.85-2.93 (2H, m), 3.04-3.11 (1H, m), 5.50 (1H, s), 6.94-7.02 (2H, m), 7.06-7.15 (4H, m), 7.74 (1H, d,
J =8.1Hz),832 (1H, d, ] = 4.6 Hz), and 11.12 (1H, s); 13C-NMR ([Dg]DMSO): 5 = 29.7, 41.4, 52.6, 116.8,
119.0,119.4, 125.6, 126.2, 127.8, 127.9, 129.2, 129.3, 135.6, 139.6, 142.3, and 144.9; The analysis calculated
for C1¢H15N3 was C: 77.08, H: 6.06, and N: 16.85; found values were C: 77.09, H: 5.99, and N: 16.89.

3.2.6. Synthesis of 3-(1,2,3,4-Tetrahydroisoquinolin-1-yl)-6-azaindole

Product 13 (Figures S11 and S12) was purified by column chromatography
(Dichloro-methane(DCM)/MeOH 9:1) and crystallized from n-hexane. It was a light beige
solid, with mp: 152-154 °C; yield: 65% (41 mg); 'H-NMR ([Dg]DMSO): § = 2.72-2.79 (1H, m), 2.89-2.98
(2H, m), 3.08-3.14 (1H, m), 5.29 (1H, s), 6.76 (1H, d, ] = 8.1 Hz), 6.96 (1H, t, ] = 5.6 Hz), 7.05-7.15 (2H,
m), 7.25 (1H, d, ] = 7.5 Hz), 7.36 (1H,s), 7.94 (1H, d, ] = 6.1 Hz), 8.68 (1H, s), and 11.36 (1H, s); >*C-NMR
(ID¢]DMSO): 5 = 29.8, 42.4, 54.01, 115.0, 118.8, 125.8, 126.3, 127.5, 128.7, 129.3, 130.9, 134.3, 134.8, 135.7,
137.5, and 139.5 The analysis calculated for C14H15N3 was C: 77.08, H: 6.06, and N: 16.85; found values
were C: 77.12, H: 5.98, and N: 16.87.

3.2.7. Synthesis of 3-(1,2,3,4-Tetrahydro-[3-carboline-1-yl)-4-azaindole

Product 14 (Figures S13 and S14) was crystallized from Et,O, recrystallized from i-Pr,O. It was
a light brown solid, with mp: 157-160 °C; yield: 69% (50 mg); TH-NMR (500 MHz, ([Dg]DMSO): § =
2.86-3.06 (2H, m); 3.37-3.54 (1H, m), 6.04 (1H, s), 6.94-7.09 (2H, m), 7.14-7.29 (2H, m), 7.43-7.58 (2H,
m), 7.85 (1H, d, ] =8.6 Hz), 8.34-8.45 (1H, m), 10.81 (1H, s,), and 11.60 (1H, s, brs). 3C-NMR (CDCls): &
=22.4,42.1,49.0,107.78,111.4,117.1, 118.0, 118.9, 119.0, 121.3, 125.6, 127.2, 129.6, 135.4, 135.6, 142.6,
143.0, and 144.0. The analysis calculated for C1gH14Ny was C: 74.98, H: 5.59, and N: 19.43; found values
were C: 74.97, H: 5.62, N: 19.43.

3.2.8. Synthesis of 3-(1,2,3,4-Tetrahydro-[3-carboline-1-yl)-6-azaindole

Product 15 (Figures S15 and S16) was purified by column chromatography (DCM/MeOH 3:1) and
crystallized from n-hexane. It was a light brown solid, with mp: 217-219 °C; yield: 62% (45 mg); 'H-NMR
([Dg]DMSO): b = 2.65-2.84 (2H, m), 2.93-3.02 (1H, m), 3.11-3.19 (1H, m), 6.92-6.99 (2H, m), 5.43 (1H, s), 7.18
(1H, d, ] =7.6 Hz), 7.24(1H, d, | = 5.4 Hz), 7.38-4.44 (1H, m), 7.94 (1H, d, ] = 5.6 Hz), 8.70 (1H, s), 10.37 (1H,
s,), and 11.44 (1H, s, brs); 13C-NMR ([Dg]DMSO): § = 22.6, 42.4, 49.8, 108.4, 111.52, 114.62, 118.02, 118.60,
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120.8,127.3,128.9,131.1, 134.3, 134.9, 136.0, 136.2, and 137.7. The analysis calculated for C1gH14N4 was C:
7498, H: 5.59, and N: 19.43; found values were C: 74.96, H: 5.61, and N: 19.44.

3.2.9. Synthesis of 3-(4,5,6,7-Tetrahydrothieno[3,2-c]pyridin-4-yl)-4-azaindole

Product 16 (Figures S17 and 518) was crystallized from Et,O and recrystallized from i-Pr;O. It was
a white solid, with mp: 179182 °C; yield: 85% (55 mg); 'H-NMR ([Dg]DMSO): § = 2.73-2.82 (2H, m),
2.90-2.98 (1H, m), 3.11-3.15 (1H, m), 5.25 (1H, s), 6.50 (1H, d, ] = 4.9 Hz), 6.91 (1H, t, ] = 7.4 Hz), 7.05
(1H,t,]=7.6 Hz),7.07 (1H,s), 7.13 (1H,d, ] = 5.1 Hz), 7.34 (1H, t, ] =79 Hz), 742 (1H, d, ] = 7.9 Hz),
10.85 (1H, s), 8.19 (1H, s, brs), 11.52 (1H, 5,), and 16.78 (1H, s, brs); '*C-NMR (CDCl3): & = 25.6, 41.3,
50.6,117.1,118.0, 118.5, 121.9, 126.3, 126.7, 129.3, 134.7, 135.8, 143.0, and 144.4. The analysis calculated
for C14H13N3S was C: 65.85, H: 5.13, N: 16.46; found values were C: 65.82, H: 5.12, and N: 16.48.

3.2.10. Synthesis of 3-(4,5,6,7-Tetrahydrothieno[3,2-c]pyridin-4-yl)-6-azaindole

Product 17 (Figures 519 and S20) was purified by column chromatography (DCM/MeOH 9:1) and
crystallized from n-hexane. It was a white solid, with mp: 167-169 °C; yield: 75% (49 mg); 'H-NMR
([Dg]DMSO): & = 2.71-2.80 (1H, m), 2.82-2.99 (2H, m), 3.09-3.16 (1H, m), 5.23 (1H, s), 6.46 (1H, d,
J=51Hz),7.13 (1H, d, ] =5.6 Hz), 7.25-7.40 (2H, m), 7.98 (1H, d, ] = 5.4 Hz), 8.68 (1H, s), and 11.35
(1H, s); I3C-NMR (CDCl3): & =26.0,42.2, 51.8, 114.2, 118.3, 122.0, 126.1, 127.4, 131.3, 133.8, 134.1, 134.8,
136.4, and 138.2. The analysis calculated for C14H13N3S was C: 65.85, H: 5.13, and N: 16.46; found
values were C: 65.83, H: 5.15, and N: 16.45.

3.2.11. Synthesis of 3-(2,3,4,5-Tetrahydro-1H-benzo|[c]azepin-1-yl)-4-azaindole

Product 18 (Figures S21 and 522) was crystallized from Et,O and recrystallized from i-Pr;O. It was
a light beige solid, with mp: 162-165 °C; yield: 68% (45 mg); 'H-NMR (500 MHz, ([Dg]DMSO): & =
2.95-3.03 (1H, m), 3.18-3.29 (3H, m), 3.30-3.40 (2H, m), 6.06 (1H, s), 6.85 (1H, d, ] = 7.4 Hz), 7.06 (1H, t,
] =79Hz),7.18-7.25 (2H, m), 7.29 (1H, d, ] = 7.4 Hz), 7.60 (1H, s), 7.90 (1H, d, ] = 8.4 Hz), 8.35 (1H, d, |
= 4.6 Hz), and 11.76 (1H, s); *C-NMR (100 MHz, [D6]DMSO): § = 25.9, 34.0, 49.4, 57.5, 111.4, 117.6,
119.8,126.6, 128.7,128.8, 129.3, 129.4, 130.0, 138.0, 142.5, 142.9, and 144.1. The analysis calculated for
C17H17N3 was C: 77.54, H: 6.51, and N: 15.96; found values were C: 77.53, H: 6.53, and N: 15.99.

3.2.12. Synthesis of 3-(2,3,4,5-Tetrahydro-1H-benzo[c]azepin-1-yl)-6-azaindole

Product 19 (Figures 523 and 524) was purified by column chromatography (DCM/MeOH 9:1)
and crystallized from n-hexane. It was a light beige solid, with mp: 154-156 °C; yield: 64% (42 mg);
TH-NMR (500 MHz, ([D¢]DMSO): § = 2.91-2.29 (1H, m), 3.13-3.30 (2H, m), 5.89 (1H, s), 6.86 (1H, d,
J=79Hz),7.08 (1H, t, ] =7.4 Hz), 7.17-7.30 (3H, m), 7.48 (1H, d, ] = 5.3 Hz), 7.53 (1H,s), 8.07 (1H, d, |
= 5.3 Hz), 8.81 (1H, s), and 11.86 (1H, s); 13C-NMR (100 MHz, [Dg]DMSO): & = 33.8, 34.3, 49.0, 50.1,
50.8, 58.2, 114.6, 126.7, 126.9, 128.6, 128.9, 129.4, 129.7, 130.3, 130.5, 131.0, 134.2, 135.4, 138.2, and 142.6.
The analysis calculated for C1;H17N3 was C: 77.54, H: 6.51, and N: 15.96; found values were C: 77.56,
H: 6.50, and N: 15.94.

3.2.13. Synthesis of 3-(1,2,3,4-Tetrahydroisoquinolin-1-yl)-5-azaindole

Product 20 (Figures 525 and S26) was purified by column chromatography (DCM/MeOH 9:1)
and crystallized from n-hexane. It was a light beige solid, with mp: 118-119 °C; yield: 72% (46
mg); 'H-NMR (500 MHz, ([Dg]DMSO): § = 2.88-3.39 (4H, m), 6.35 (1H, s), 6.92 (1H, d, ] = 7.8 Hz),
7.27-7.49(3H, m), 7.80-7.92 (1H, m), 8.03 (1H, d, ] = 7.1 Hz), 8.45 (1H, d, | = 7.1 Hz), 9.14(1H, s),
and 13.25 (1H, s); 3C-NMR (100 MHz, [Dg]DMSO): & = 29.7, 42.3, 54.1,107.3, 118.8, 123.5, 125.8, 125.9,
126.4,127.6,129.3, 135.6, 139.3, 140.3, 140.5, and 143.6. The analysis calculated for C;4H 5N3; was C:
77.08, H: 6.06, and N: 16.85; found values were C: 77.02, H: 5.98, and N: 16.88.
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3.2.14. Synthesis of 3-(1,2,3,4-Tetrahydro-f-carboline-1-yl)-5-azaindole

Product 22 (Figures 527 and 528) was purified by column chromatography (DCM/MeOH 3:1)
and crystallized from n-hexane. It was a light brown solid, with mp: 187-189 °C; yield: 69% (50
mg); 'H-NMR (500 MHz, ([Dg]DMSO): § = 2.75-2.82 (1H, m), 2.84-2.91 (1H, m), 3.07-3.13 (1H, m),
3.22-3.27 (1H, m), 5.63 (1H, s), 6.97-7.03 (2H, m), 7.18 (1H, d, | = 6.6 Hz), 7.32-7.38 (2H, m), 7.47 (1H, d,
] =5.4Hz),8.11 (1H, d, ] = 4.5 Hz), 8.49 (1H, s,), 10.53 (1H, s,), and 11.50 (1H, s); 13C-NMR (100 MHz,
[Dg]DMSO): 6 =22.0,42.1,49.6,107.3,107.9, 111.6, 115.2,118.1, 118.8, 121.3, 123.8, 126.6, 127.2, 135.0,
136.4, 140.3, 140.4, and 143.1. The analysis calculated for C1gH14N4 was C: 74.98, H: 5.59, and N: 19.43;
found values were C: 74.93, H: 5.58, and N: 19.46.

3.2.15. Synthesis of 3-(4,5,6,7-Tetrahydrothieno[3,2-c]pyridin-4-yl)-5-azaindole

Product 23 (Figures 529 and S30) was purified by column chromatography (DCM/MeOH 9:1)
and crystallized from n-hexane. It was a light beige solid, with mp: 113-115 °C; yield: 80% (52 mg);
TH-NMR ([D¢]DMSO): § = 2.80-3.23 (4H, m), 5.26 (1H, s), 6.48 (1H, d, ] = 5.1 Hz), 6.98-7.40 (3H, m),
8.08 (1H, d, ] = 5.5 Hz), 8.16 (1H, s), and 11.24 (1H, s); 3C-NMR ([D4]DMSO): & = 25.8, 42.4, 52.0,
107.3,117.7,122.4,123.6, 125.3, 126.7, 134.4, 137.9, 140.3, 140.4, and 143.3. The analysis calculated for
C14H3N3S was C: 65.85, H: 5.13, and N: 16.46; found values were C: 65.84, H: 5.14, and N: 16.49.

3.2.16. Synthesis of 3-(2,3,4,5-Tetrahydro-1H-benzo|[c]azepin-1-yl)-5-azaindole

Product 24 (Figures S31 and S32) was purified by column chromatography (DCM/MeOH 9:1)
and crystallized from n-hexane. It was a light beige solid, with mp: 142-145 °C; yield: 65% (43 mg);
'H-NMR ([Dg¢]DMSO): § = 2.82-3.09 (6H, m), 5.40 (1H, s), 6.81 (1H, d, ] = 6.7 Hz), 6.93-7.02 (1H, m),
7.07-7.14 (3H, m), 7.19 (1H, d, ] = 7.3 Hz), 7.35 (1H, d, ] = 7.3 Hz), 8.12 (1H, d, ] = 5.7 Hz), 8.72 (1H,
s), 11.27 (1H, brs); 3*C-NMR (CDCl;): & = 30.2, 35.8, 53.4, 106.8, 117.8, 123.6, 124.3, 126.1, 127.2, 127.7,
129.3, 130.0, 140.3, 140.7, 142.2, 143.2, and 144.0. The analysis calculated for C17H;yN3 was C: 77.54, H:
6.51, and N: 15.96; found values were C: 77.57, H: 6.52, and N: 15.94.

4. Conclusions

To conclude, the modified aza-Friedel-Crafts reaction was applied for the C-3
substitution of azaindoles. The reactions were achieved by using 3,4-dihydroisoquinoline;
6,7-dihydrothieno[3,2-c]pyridine; 3,4-dihydro--carboline; and 4,5-dihydro-3H-benz[c]azepine as imine
substrates. The reactions of 4-azaindole and 6-azaindole with similar reactivity led to the formation
of new 3-isoquinolyl-, 3-thieno[3,2-c]pyridyl-, 3-B-carbolinyl-, and 3-benz[c]azepinyl-azaindole
derivatives. Starting from 5-azaindole, the modified aza-Friedel-Crafts reaction could only be
performed by using 10 mol % of p-TSA as a catalyst. Systematic correlation was found between the
reactivity of azaindoles and their pKa values. This latter observation allows us to explain why the
direct coupling of 5-azaindole works only under acidic conditions. Namely, 5-azaindole (pKa = 8.42)
has the highest basicity in the series of 4-, 5-, 6-, and 7-azaindoles. It is important to note that all
reactions could be accelerated by using microwave irradiation.

Supplementary Materials: Supplementary materials are available online.
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Abstract: Synthesis of new phenanthr[9,10-¢][1,3]oxazines was achieved by direct coupling of 9-
phenanthrol with cyclic imines in the modified aza-Friedel-Crafts reaction followed by the ring
closure of the bifunctional aminophenanthrols with formaldehyde. Aminophenanthrol type
Mannich bases were synthesized and transformed to phenanthr[9,10-¢][1,3]oxazines via [4+2]
cycloaddition. Detailed NMR structural analyses of the new polyheterocycles as well as
conformational studies including DFT modelling were performed. The relative stability of 0-QMs
was calculated, the geometries obtained compared with the experimentally determined NMR
structures and, hereby, the regioselectivity of the reactions has been assigned.

Keywords: Modified Mannich reaction - Cyclic imines - [4+2] cycloaddition - NMR spectroscopy -
Conformational analysis - DFT calculations.

1. Introduction

9-Phenanthrol is one of the most attractive structural units present in a large number of
biologically active compounds. It is the identified inhibitor of the transient receptor potential
melastatin (TRPM) 4 channels, a Ca?" activated non-selective cation channel whose mechanism of
action remains to be determined [1-4]. Subsequent studies proved that it modulates smooth muscle
contraction in bladder and cerebral arteries, affects spontaneous activity in neurons and in the heart,
and reduces the lipopolysaccharide-induced cell death [5-7].

The Mannich reaction is one of the most important C-C bond forming reaction in organic
synthesis [8-10]. This synthetic pathway is widely used in the formation of secondary and tertiary
amine derivatives and it is a key step in the syntheses of numerous bioactive molecules and complex
natural products [11,12]. In one of the special variations of the modified Mannich reaction (mMR), 1-
and 2 naphthol were applied as electron-rich aromatic compounds [13,14]. Mechanistically, the
modified aza-Friedel-Crafts reaction can be interpreted as a special mMR where electron-rich
aromatic compounds such as 1- and 2-naphthol and their N-containing analogues were reacted with
a wide range of cyclic imines to furnish aminonaphthols [15,18] aminoquinolinols [16] or
aminoisoquinolinols [16,19]. Accordingly, our first aim was to examine the reactivity of 9-

phenanthrol with different cyclic imines in the modified aza-Friedel-Crafts reaction.

Molecules 2020, 25, x; doi: FOR PEER REVIEW www.mdpi.com/journal/molecules



42
43
44
45
46
47
48
49
50
51
52

53

54

55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

Molecules 2020, 25, x FOR PEER REVIEW 2 of 19

Recent publications pointed out that ortho-quinone methides (0-QMs) can also be generated from
the Mannich bases after thermal elimination of the amine [20]. This reactive moiety can be stabilized
by reacting with different dienophiles [14,22] or can participate in a [4+2] cycloaddition with cyclic
imines to form new heterocycles [18,23,24]. Very recently the transformations of functionalized 1-
aminobenzyl-2-naphthols via [4+2] cycloaddition has been examined. It was found that the regio- and
diastereoselectivity of the cycloaddition depends on the functional group on the phenyl substituent
[25]. Based on this, our aim was to synthesize aminobenzylphenanthrols or functionalized
aminobenzylphenanthrols and to study their reactivity with cyclic imines as novel precursor
Mannich bases in [4+2] cycloaddition. Finally, both structure and conformational behavior of the
novel polyheterocycles was planned to be studied by NMR spectroscopy and accompanying

theoretical quantum chemical (QC) calculations.
2. Results

2.1. Synthesis

To examine the extension possibility of 9-phenanthrol (1) in the modified aza-Friedel-Crafts
reaction, 1 was reacted with 1.5 equiv of 3,4-dihydroisoquinoline (2) [26] (Scheme 1) under neat
conditions at 80 °C. After a reaction time of 120 min, the desired product 3 was isolated only with a
yield of 10%. By increasing the temperature to 100 °C the yield of 3 was slightly increased to 19%.
Under these conditions the yield was not yet satisfactory and the appearance of side products was
found, thus, acetonitrile was tried as solvent. Now, at the reflux temperature of acetonitrile (90 °C) 3
was isolated in a yield of 49%. The product was readily separated out from the solvent; therefore,
acetonitrile proved to be an optimal solvent. To further improve the yield, the reaction was repeated
under microwave conditions. In this case the reaction was driven at 100 °C and after a short reaction
time (10 min.) 3 was isolated in a yield of 67%, that could be improved to 82% by increasing the
reaction time to 20 min (Table 1). It should be noted that the optimal workup procedure remained
the filtration of the formed product from the cooled down reaction mixture. Subsequently, with the
satisfactory optimal reaction conditions in hand, the extension possibility of the reaction was tested
by using various cyclic imines, including 6,7-dihydrothieno[3,2-c]pyridine (4) [27] or 3,4-dihydro-4#
carboline (6) [28]. The reactions afforded the new 1-(9-phenanthrol-10-yl)-thieonopyridine (5) and 1-
(9-phenanthrol-10-yl)-B-carboline (7) in a yield of 92% and 76%, respectively (Table 1).
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Scheme 1 Synthesis and ring closures of the bifunctional compounds 3, 5 and 7

The ring closures of aminophenanthrols 3, 5 and 7 were performed with 35% aqueous
formaldehyde in CHCls at room temperature. The reactions proved to be complete after relatively
short reaction times and phenanthrooxazines 8-10 were isolated in excellent yields by simple

crystallization from n-hexane.

Table 1. Reaction conditions for the synthesis of aminophenanthrols 3, 5 and 7

Products Type of Solvent Reaction Temperature Yield (%)

heating Time

Oil bath - 120 min 80 °C 10

Oil bath - 60 min 100 °C 19

3 Oil bath Acetonitrile 60 min 90 °C 49

MW Acetonitrile 10 min 100 °C 67

MW Acetonitrile 20 min 100 °C 82

5 MW Acetonitrile 20 min 100 °C 72

MW Acetonitrile 35 min 100 °C 92

. MW Acetonitrile 20 min 100 °C 63

MW Acetonitrile 40 min 100 °C 76

To test aminophenanthrols in cycloaddition reaction, first the synthesis of the precursor 13 was
achieved. Accordingly, 9-phenanthrol (1) was reacted with morpholine in the presence of
benzaldehyde. The reaction was carried out under solvent-free conditions at 80 °C. After 4 hours
reaction time the desired 10-morpholinobenzyl-9-phenanthrol (13) was isolated by crystallization
with n-hexane (Scheme 2).
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Scheme 2. Synthesis of 10-morpholinobenzyl-9-phenanthrol (13)

First, the aminophenanthrol 13 was reacted with 3,4-dihydroisoquinoline 2 as dienophile. The
reaction was performed in 1,4-dioxane under microwave irradiation and three different temperatures
(60 °C, 80 °C and 100 °C) were tested. In our first experiment the reaction was performed at 60 °C,
after a relatively short reaction time, the desired product (14) was isolated only in a low yield (47%).
Since the yield was not satisfactory the reaction was repeated at 80 °C and 100 °C. As Table 2 shows,
80 °C and 15 min. reaction time was found to be the optimal reaction condition. The series of
dienophiles was extended by using 6,7-dihydrothieno[3,2-c]pyridine (4) and 3,4-dihydro-f-carboline
(6) respectively. The optimal conditions together with the yields are listed in Table 2. Since during
the reaction two new stereogenic centres are generated, two epimeric structures (a and b) can be
obtained. The reaction was monitored by TLC, and the compositions of the crude reaction mixtures
were verified by 'H-NMR analysis. All the reactions were found to be diastereoselective, and the
relative configuration of H-9a:H-17 (14); H-9a:H-16 (15); H-9a:H-18 (16) proved to be trans, based on
the detailed NMR analysis (vide infra).

AT
N_
OH S
POUNNOY
4

RN A
1 ,4 Dioxane O 1,4 Dioxane :
M.W. 13 M.W.

86% 94%

1,4 Dioxane

Scheme 3. Synthesis of phenanthr[9,10-¢]oxazine derivatives (14 - 16)
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Table 2. Reaction conditions for the synthesis of phenanthr[9,10-eJoxazine derivatives (14 - 16)

Product Reaction Time Temgz)a ture Yield (%)
60 47

14 15 min 80 86

100 29

60 52

15 15 min 80 94

100 37

60 21

16 15 min 80 76

100 32

Next, we wanted to investigate how 0-QMs generated from functionalized aminophenanthrol
derivatives can influence on the [4+2] cycloaddition reaction. Accordingly, 9-phenanthrol and
salicylic aldehyde were reacted in the presence of morpholine. The reaction was carried out under
neat conditions at 80 °C. The characteristic spot that formed according to the TLC was isolated. The
NMR spectra of the formed compound confirmed the structure of 19; the formation of the
dibenzo[a,c]xanthen (19) side-product can be explained by the water elimination from the diole 18.
In this latter modified Mannich reaction the availability of the nucleophile (morpholine) was
postulated, therefore it was replaced by pyrrolidine. The starting materials were heated at 80 °C
under neat conditions. After a reaction time of 4 h the perused phenanthrol derivative 21 was isolated

in a yield of 76% (Scheme 4).

OK/N O OK/N O OHG O‘O LH) OHNO

o OH — OH
- -~ —
QL ™ O = o™ | e o e OO
9 76%
& e S
19 17 21

Scheme 4. Synthesis of the products 19 and 21

To test the scope and limitations of the [4+2] cycloaddition, the precursor 21 was first reacted
with 3,4-dihydro-f-carboline as dienophile. The reaction was performed in 1,4-dioxane at three
different temperatures (60 °C, 80 °C and 100 °C) under microwave irradiation (Table 3). Since after
the thermal decomposition of the starting material 21 two types of 0-QMs (22a and 22b) can be formed

that can lead to the formation of two regioisomers and two diastereomers (Scheme 5), the composition
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144 of the crude reaction mixture was verified by 1H-NMR analysis. Different reaction conditions were
145  applied as depicted in Table 3. In all cases the reaction was found to be regio- and diastereoselective.
146  The detailed NMR analysis (vide infra) confirmed that the formed/isolated product of 22 is a

147  phenanthroxazine and the relative configuration of H-9a:H-18 (24a) is trans.

148
149
150
151 OH
5 O NO 1,4 Dioxane
w0
\
g :
153 21
154
155 Scheme 5. [4+2] cycloaddition between 21 and 3,4-dihydro-/-carboline
156 Table 3. Optimizing of the reaction conditions for the synthesis of products 24b, 26b and 28b
157
Temperature
Products Reaction Time cC Yield (%)
158 )
60 48
23a,b .
159 24ab 15 min 80 85
100 33
160 60 28
25a,b
b 15 min 80 78
26a,
161 100 19
60 51
162 27a,b
15 min 80 93
28a,b
163 100 38
164 The reaction was then extended by using 3,4-dihydroisoquinoline (2) and 6,7-dihydrothieno[3,2-

165  c]pyridine (4) as cyclic imines (Scheme 6). Also in these cases, the regio- and diastereoselectivity of
166  thereaction was proved: the detailed NMR analysis (vide infra) adequately supported that the isolated
167 products are the trans phenanthroxazines (26a, 28a, Scheme 6). The optimal reaction conditions

168  together with the yields are summarized in Table 3.

169
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2 OH 4
1,4 Dioxane O‘ 1,4 Dioxane
M.w, M.w,

78% 2 O 93%

25a; 25b°

3 . OH 14 135 13

26a; 26b

Scheme 6. Reaction of functionalyzed aminophenanthrol 21 with cyclic imines
2.2. Structural and conformational analysis.

The complete 'H and BC NMR study of both the diastereomeric phenanthr[9,10-e]Joxazine
derivatives 14 - 16, and the regioisomeric/diastereotopic phenanthroxazine derivatives 24a, 26a, and
28a showed the identical stereoisomerism (only one set of NMR spectra obtained); the NMR analyses
of the p-carboline derivative 16 and the thiophene compound 28a were exemplarily utilized. The
same stereoisomeric results were obtained for 14, 15, 24a, and 26a, respectively. For the corresponding
structure elucidation, in addition to the NMR spectra (chemical shift, coupling constants, NOE's) also

the quantum chemical calculations are examined.
Detailed NMR analysis of the new phenanthr[9,10-eJoxazine 16.

The determination of the relative configuration of 14 — 16 is based mainly on NOE interactions
and their comparison with the corresponding calculated QC structures (exemplary, the f-carboline
derivative 16 was examined; see Figure 1). Only one of the two possible diastereomers fits the
experimental results: the position of the two methine hydrogens H-9a and H-18 was always found to
be trans. The complete spatial information, exemplarily found in 16, is collected in Table 4; the NOE’s

found are compared with the calculated distances from QM calculations.

Table 4. Experimental NOE’s and calculated distances in 16.

positions 1/18 9a/18 18/16(Y-  9a/l6(P-  9a/16(y- 9a/10 14/15(¢-  14/15(y-
eq) eq) ax) ax) eq)
measured  strong = medium strong weak weak medium weak medium
NOE
Calculated 2.2 3.6 2.2 4.1 3.8 2.8 4.3 2.9

distances d
[A] 2.2(cis) 2.7(cis) 2.7(cis) 3.8(cis) 2.7(cis) 3.0(cis) 3.4(cis) 2.9(cis)
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NOE- 2.2 3.4 2.3 4.4 4.3 2.8 35 3.0
estimated

distances d

[A]

1-eq (smaller signal at higher field); {-ax (the corresponding broadened signal at lower field).

WA
bo

¢

16a trans (0.00 kcal/mol) 16b cis (3.34 kcal/mol)

Figure 1. The most stable structures of the diastereotopic heterocycle 16

Detailed NMR analysis of the new phenanthr([9,10-eJoxazine 27a,b-28a,b.

In analogy to previous investigations [25] and to the results of the structural analyses of 14 — 16
(vide supra) the reaction products starting from 21 yielded in all cases the trans-isomers 24a, 26a, and
28a. Their NMR spectra are akin to the corresponding spectra of the compounds without an OH
group at position 2’ (14 — 16) and to the compounds having a naphthalene moiety instead of
phenanthrene [25].

To get the preferred stereoisomers of 28a,b the trans/cis diastereomers of the regioisomers were
calculated by the DFT method. Both the most stable structures and the corresponding energy
differences are given in Figure 2; hereby, 28a could be confirmed to be the most stable structure.
Energy differences around 1 kcal/mol to the next coming structure are rather unequivocal.
Consequently, this structure of the trans-isomer 28a will be adjusted with the available experimental
NMR [o(*H)/ppm, 5(2C)/ppm, *Jur/Hz)] and spatial NMR information (qualitative NOE’s).

27a trans (3.98 kcal/mol) 27b cis (1.85kcal/mol)
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S

28a trans (0.00 kcal/mol) 28Db cis (4.33 kcal/mol)

Figure 2. The most stable structures of the regioisomeric heterocycle 27a,b and 28a,b including their trans (a) and

cis (b) diastereomeric possibilities.

First, all 'H and 3C NMR chemical shifts for 28a could be unequivocally assigned. Hereby, the
two singlets of the protons H-16 and H-9a, and the AX spin system of thiophene protons H-10 and
H-11 can serve as useful starting points. The latter is the only spin system of aromatic protons with
two doublets and the characteristic ortho-coupling constant of ca. 5.2 Hz. The high-field doublet (at
7.09 ppm) was assigned to the H-10 proton due to the substantial NOE to the tertiary proton H-9a.
On the other hand, no NOE between H-10 and the second tertiary proton (H-16) could be measured:
The trans position of these two protons and, hereby, the trans stereochemistry of 28a can be proved.
Further, the HMBC connectivity of same proton singlet (H-16) established the access to both the 'H
and 1B3C assignments of the present aromatic moieties [(i) to H-6", C-1’, and C-2" of the phenolic, and
(ii) to H-16a and H-8b of the phenanthryl parts of the molecule], and to the piperidyl moiety via C-
14. The trans stereochemistry of 28a could be proved additionally by strong NOEs of H-16 to one of
the H-14 protons and to the aromatic proton H-6" and to one of the H-14 protons whereby H-12a did
not show any NOE to protons of the piperidyl ring.

The excellent agreement between the proton, proton distances, as calculated, and the existence
of strong NOEs in 28a can serve as further excellent proof of the present regio- and
diastereoselectivity. Identical H/3C NMR studies of the isoquinoline (25a,b-26a,b) and the #
carboline analogues (23a,b-24a,b) came to the same result: also these compounds prefer the same

regioisomerism in trans-configuration 24a and 26a, respectively.

3. Materials and Methods

3.1. General Methods

Melting points were determined on a Hinotek X-4 melting point apparatus. Elemental analyses
were performed with a Perkin-Elmer 2400 CHNS elemental analyser. Merck Kieselgel 60F254 plates
were used for TLC. The microwave reactions were performed with a CEM Discover SP microwave
reactor.
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The used starting cyclic imines 3,4-dihydroisoquinoline (2) [26], 6,7-dihydrothieno[3,2-
c]pyridine (4) [27] and 4,9-dihydro-$-carboline (6) [28] were synthesized according to the process
known from the literature.

Quantum chemical calculations were performed using the Gaussian 09 program package [29]
and carried out on LINUX clusters. The various different conformations and configurations of the
studied compounds were optimized [30]. The B3LYP density functional method was selected for all
calculations. The method is based on Becke’s three-parameter hybrid functionals [31] and the
correlation functional of Lee, Yang and Parr [32]. All optimizations were carried out without any
restriction at this B3LYP/6-311G(d,p) level of theory [33-35].

The 'H and 3C NMR spectra were recorded in CDCls, CD2Clz, or [D6]DMSO solution in 5 mm
tubes at room temperature on a Bruker Avance NEO spectrometer at 400.18 (*H) MHz, or on a Bruker
Avance spectrometer at 500.17 (*H) and 125.77 (3C) MHz, or on a Bruker Avance III spectrometer at
600.13 (*H) and 150.61 (13C) MHz, with the deuterium signal of the solvent as the lock and TMS as
internal standard. All spectra ('H, 3C, gs-H, H COSY, edited HSQC, gs-HMBC and NOESY) were
acquired and processed with the standard BRUKER software.

3.2. Procedures

General procedure for the synthesis of hydroxyphenanthryl-isoquinoline, -
thienopyridine and -f-carboline (3, 5 and 7)

The mixture of the cyclic imine (3,4-dihydroisoquinoline (2), 6,7-dihydrothieno[3,2-c]pyridine (4) or
4,9-dihydro-f-carboline (6) 0.51 mmol) and 9-phenanthrol (1: 100 mg, 0.51 mmol) in acetonitrile (5
mL) was placed in a 10 mL pressurized reaction vial and heated under microwave conditions at 100
°C. After the reaction completed the mixture was cooled down and the formed crystals was filtered
and washed with could acetonitrile (2x 5 mL).

3.2.1. 1-(9-Hydroxyphenanthr-10-yl)-1,2,3,4-tetrahydroisoquinoline (3)

Reaction time: 20 min; Recrystallized from iPr20 (5 mL); R=0.38 (n-hexane/ EtOAc, 2:1); 135 mg (82%);
withe crystals; Mp. 147-149 °C; 'H NMR (DMSO-ds, 500 MHz): 5 8.80 (1H, d, | = 8.3 Hz, H-4 or H-
5), 8.80 (1H, d, ] = 8.3 Hz, H-4 or H-5), 8.23 (1H, d, ] = 8.3 Hz, H-8), 8.17 (1H, d, ] =8.2 Hz, H-1), 7.67
(1H, m, H-6), 7.66 (1H, m, H-2), 7.60 (1H, t, ] =7.5Hz, H-7),7.52 (1H,t, J=7.7 Hz, H-3), 7.18 (1H, d,
J=7.5Hz H-5),7.09 (1H, t, ] =7.4 Hz, H-6"), 6.86 (1H,t, ]=7.4 Hz, H-7), 6.58 (1H, d, J=7.9 Hz, H-
8), 6.10 (1H, s, H-1"), 3.44 (1H, m, H-3'), 3.20 (2H, m, H-3’, H-4"), 2.90 (1H, d, | = 14.1 Hz, H-4");
elemental analysis calcd (%) for C2sHioNO (323.41): C 84.89, H 5.89, N 4.30; found: C 84.82, H 5.90, N
4.26.

3.2.2. 4-(9-Hydroxyphenanthr-10-yl)-4,5,6,7-tetrahydrothienol3,2-cJpyridine (5).

Reaction time: 35 min; Recrystallized from iPr-O (4 mL); R=0.38 (n-hexane/ EtOAc, 2:1); 155 mg (92%);
Light biege crystals; Mp. 191-188 °C; tH NMR (DMSO-ds, 500 MHz): 5 14.33 (1H, d, ] =7.7 Hz, H-4 or
H-5), 8.78 (1H, d, ] =7.9 Hz, H-4 or H-5), 8.19 (1H, d, | =8.7 Hz, H-1), 8.17 (1H, dd, | = 8.2, 1.2 Hz, H-
8), 7.66 (1H, m, H-6), 7.65 (1H, m, H-2), 7.60 (1H, t, ] = 7.5 Hz, H-7), 7.51 (1H, t, | = 7.7 Hz, H-3), 7.06
(1H, d, J=5.2 Hz, H-¢"), 6.16 (1H, d, ] =5.2 Hz, H-7"), 6.01 (1H, s, H-1"), 4.74 (1H, br s, H-2"), 3.53 (1H,
m, H-3), 3:13 (2H, m, H-3', H-4"), 2.94 (1H, m, H-4'); elemental analysis calcd (%) for Ca:HizNOS
(331.43): C76.10, H 5.17, N 4.23; found: C 76.25, H 5.17, N 4.13.

3.2.3. 1-(9-Hydroxyphenanthr-10-yl)-1,2,3,4-tetrahydro-p-carboline (7)
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Reaction time: 40 min; Recrystallized from iPrO (6 mL); R=0.38 (n-hexane/ EtOAc, 2:1); 146 mg (76%);
brown crystals; Mp. 205-207 °C; tH NMR (DMSO-de, 500 MHz): § 9.76 (1H, s, 9-OH), 8.83 (1H, d, ] =
8.2 Hz, H-4 or H-5), 8.81 (1H, d, ] = 8.2 Hz, H-4 or H-5), 8.29 (1H, d, ] =8.3 Hz, H-8), 8.17 (1H, dd, | =
8.1, 0.9 Hz, H-1), 7.68 (2H, m, H-6, H-7), 7.59 (1H, t, ] =7.6 Hz, H-2), 7.55 (1H, t, | = 7.5 Hz, H-3), 7.44
(1H, m, H-5"); 7.15 (1H; m; H-8"), 6.95 (2H, m, H-6', H-7"), 6.24 (1H, s, H-1"), 3.55 (1H, dd, ] =11.5, 5.1
Hz, H-3"), 3.18 (1H, ddd, | = 11.6, 11.6, 5.1 Hz, H-3"), 3.02 (1H, m, H-4"); 2:87 (1H, dd, | = 15.4 Hz, H-
4); elemental analysis caled (%) for C2sH20N20 (364.45): C 82.39, H 5.53, N 7.69; found: C 82.25, H 5.49,
N 7.72.

General procedure for the synthesis of phenanthr[9,10-e][1,3]Joxazinoisoquinoline,-
thienopyridine and -B-carboline (8-10)

Aminophenanthrols (3, 5 and 7; 0.25 mmol) was dissolved in 10 mL CHCIs, aqueous solution of
formaldehyde (20 mg, 0.66 mmol, 35%) was then added and the mixture was stirred at room
temperature. The mixture was next extracted with 10 mL distillated water. The organic phase was
collected, and then dried on Na25Os. The solvent was evaporated off and the residue was crystallized
from n-hexane (10 mL).

3.2.4. Phenanthr[9,10-e][1,3]oxazino[4,3-alisoquinoline (8)

Reaction time: 25 min; Recrystallized from n-hexane: iPr20O (4:1, 5 mL); R=0.38 (n-hexane/ EtOAc, 2:1);
73 mg (87%); Purple crystals. Mp: 139-141 °C 'H NMR (CD:CL, 500 MHz): 6 8.71 (2H, m, H-4, H-5),
8.28 (1H,d, J=8.1 Hz, H-8), 7.73 (1H, m, H-1), 7.70 (1H, m, H-6), 7.63 (1H, t, J=7.5 Hz, H-7), 7.54 (2H,
m, H-2, H-3),7.24 (1H, d, J=7.3 Hz, H-14),7.20 (1H, t, ] =7.3 Hz, H-15), 6.97 (1H, t, ] = 7.4 Hz, H-16),
6.85 (1H,d, J=7.7 Hz, H-17), 5.54 (1H, s, H-17b), 4.76 (1H, d, J=7.0 Hz, H-10), 4.68 (1H,d, J=6.9 Hz,
H-10), 3.87 (1H, m H-12), 2.99 (3H, m, H-12, H-13); elemental analysis calcd (%) for C22H1sNO (337.42):
C 85.43, H 5.68, N 4.15; found: C 85.35, H 5.56, N 4.20.

3.2.5. Phenanthr[9,10-e][1,3]oxazino[4,3-althieno[3,2-c]pyridine (9)

Reaction time: 20 min; Recrystallized from n-hexane: iPr20O (4:1, 4 mL); R=0.38 (n-hexane/ EtOAc, 2:1);
80 mg (94%); Yelow crystals. Mp: 186-188 °C *H NMR (CD:CL, 500 MHz): § 8.70 (1H, d, J=8.1 Hz, H-
4),8.69 (1H,d, ] =8.2 Hz, H-5), 8.26 (1H,d, ] =8.1 Hz, H-8),7.99 (1H,d, ] =8.1 Hz, H-1), 7.69 (1H,t,
J=7.5Hz, H-6), 7.63 (2H, m, H-2, H-7), 7.58 (1H, t, | =7.7 Hz, H-3), 6.95 (1H, d, ] = 5.2 Hz, H-15), 6.66
(1H, d, ] =5.2 Hz, H-16), 5.67 (1H, s, H-16b), 4.96 (1H,d, ] = 6.9 Hz, H-10), 4.93 (1H, d, ] = 6.9 Hz, H-
10), 3.75 (1H, ddd, ] =14.2, 12.2, 6.0 Hz, H-12), 3.66 (1H, dd, | = 14.3, 6.8 Hz, H-12), 3.03 (1H, m, H-
13),2.87 (1H, dd, ] =17.1, 5.7 Hz, H-13); elemental analysis calcd (%) for C22HzNOS (343.44): C 76.94,
H 4.99, N 4.08; found: C 76.86, H 5.02, N 4.13.

3.2.6. Phenanthr[9,10-¢e][1,3Joxazino[4,3-a]-F-carboline (10)

Reaction time: 30 min; Recrystallized from n-hexane: iPr20O (4:1, 5 mL); R=0.38 (n-hexane/ EtOAc, 2:1);
74 mg (79%); Dark pink crystals. Mp: 183-185 °C 'H NMR (CD:CL, 500 MHz): 6 8.78 (1H,d, J=8.2
Hz, H-4),8.71 (1H,d, ] =8.3 Hz, H-5), 8.28 (1H, dd, ] =8.2, 0.7 Hz, H-8), 8.15 (1H, d, J=8.1 Hz, H-1),
7.85 (1H, brs, H-18), 7.76 (1H,t, J=7.5Hz H-2),7.71 (1H, t, ]=7.6 Hz, H-6), 7.66 (1H, t, ] =7.5 Hz, H-
3),7.64 (1H,t, J=7.6 Hz, H-7), 7.51 (1H, m, H-14), 7.11 (1H, m, H-17), 7.06 (2H, m, H-15, H-16), 5.92
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(1H, s, H-18b), 5.01 (1H,d, ] =7.1 Hz, H-10), 495 (1H,d, | = 7.1 Hz, H-10), 3.77 (1H,ddd, | = 14.2,
12.0, 5.7 Hz, H-12), 3.71 (1H, dd, ] = 14.3, 6.3 Hz, H-12), 2.99 (1H, dddd, ] =16.2, 11.9, 6.7, 2.4 Hz, H-
13), 2.83 (1H, dd, ] =16.3, 5.1 Hz, H-13); elemental analysis calcd (%) for C2sH20N20 (376.46): C 82.95,
H 5.36, N 7.44; found: C 83.03, H 5.45, N 7.32.

3.2.7. 10-[(Phenyl)-morpholin-4-yl-methyl]-9-phenanthrol (13)

9-Phenanthrol (1.0 g, 5.13 mmol), benzaldehyde (0.54 g, 5.13 mmol) and morpholine (0.45 g, 5.13
mmol) were stirred and heated at 80 °C under neat conditions for 4 h.. The residue was crystallized
with n-hexane (14 mL) and recrystallized from iPr2O (9 mL) R=0.38 (n-hexane/ EtOAc, 2:1); 1.38g
(73%); Light biege crystals; m.p. 107-109 °C; 'H NMR (DMSO-ds, 500 MHz): § 14.37 (1H, s, 9-OH),
8.75(1H, d, J=7.6 Hz, H-5), 8.71 (1H, d, ] = 7.8 Hz, H-4), 8.39 (1H, m, H-8), 8.07 (1H, d, ] =8.3 Hz, H-
1), 7.69 (4H, m, H-6, H-7, H-2), 7.51 (1H, t, ] = 7.7 Hz, H-2), 7.42 (1H, t, | = 7.5 Hz, H-3), 7.31 2H, t, | =
7.5 Hz, H-3); 7.23 (1H, t, ] =7.3 Hz, H-4'), 5.45 (1H, s, H-11), 3.72 (4H, m, H-3"), 3.72 (1H, m, , H-2");
elemental analysis calcd (%) for C2sH23NO2 (369.46): C 81.27, H 6.28, N 3.79; found: C 81.31, H6.12, N
3.71.

General procedure for the synthesis of phenanthr[9,10-e][1,3]oxazines (14, 15, and 16)

A mixture of the appropriate aminophenanthrol 13 (60 mg 0.16 mmol) and 0.13 mmol from the cyclic
imine (3,4-dihydroisoquinoline (2), 6,7-dihydrothieno[3,2-c]pyridine (4) or 4,9-dihydro-g-carboline
(6) in 1,4-dioxane (5 mL) was placed in a 10 mL pressurized reaction vial and heated under
microwave conditions at 80 °C for 20 min. The solvent was removed under reduced pressure and the
residue was isolated by crystallization with MeOH (5 mL).

3.2.8. 9aR* 175*-15-(Phenyl)-phenanthr[9,10-eJoxazino[2,3-alisoquinoline (14)

Recrystallized from n-hexane: iPr20 (2:1, 4 mL); R=0.38 (n-hexane/ EtOAc, 2:1); 56 mg (86%); Light
yellow crystals. Mp: 209-211 °C *H NMR (CD:CL, 500 MHz): §8.72 (1H,d, | = 8.3 Hz, H-5), 8.69
(1H,d, J=8.4Hz, H-4),8.28 (1H, dd, ] =8.2, 0.9 Hz, H-8), 7.70 (1H, ddd, | =8.3, 7.0, 1.3 Hz, H-6), 7.61
(1H,ddd, ] =8.1, 7.0, 1.1 Hz, H-7), 7.51-7.41 (6H, m, H-1, H-2, H-3, H-13, H-2"); 7:37-7:24 (6H, m, H-
10, H-11, H-12, H-3’, H-4'), 5.83 (1H, s, H-9a), 5.49 (1H, s, H-17), 3.40 (1H, m, H-15-y-ax), 3.31 (1H, m,
H-14-y- ax), 3.18 (1H, dd, ] = 10.4, 5.7 Hz, H-15-}-eq), 2.89 (1H, dd, | = 16.0, 2.8 Hz, H-14--eq);13C
NMR (CD:Cl,, 125 MHz): 6 148.1 (C-8b), 142.9 (C-1'), 135.7 (C-13a), 133.5 (C-9b), 131.8 (C-4a or 4b),
131.3 (C-4a or 4b), 129.8 (C-2'), 129.3 (C-10 or 12 or 13), 129.2 (C-10 or 12 or 13), 129.1 (C-10 or 12 or
13), 128.6 (C-3"), 127.8 (C-4"), 127.5 (C-6), 127.3 (C-2), 126.9 (C-7), 126.5 (C-8a), 126.4 (C-11), 125.9 (C-
17b), 124.3 (C-3), 123.7 (C-1), 123.2 (C-4), 122.9 (C-5), 122.8 (C-8), 107.8 (C-17a), 82.9 (C-9a), 63.3 (C-
17), 45.9 (C-15), 29.8 (C-14); elemental analysis calcd (%) for CaoH2sNO (413.52): C 87.14, H5.61, N 3.39;
found: C 87.09, H 5.45, N 3.32.

3.2.9. 9aR* 165*-16-(Phenyl)-phenanthr[9,10-eJoxazino[2,3-a]thieno[3,2-clpyridine (15)
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Recrystallized from n-hexane: iPr20 (2:1, 4 mL); R=0.38 (n-hexane/ EtOAc, 2:1); 63 mg (94%); white
crystals. Mp: 216-218 °C 'H NMR (CD:CL;, 500 MHz): § 8.71 (1H, d, ] = 8.3 Hz, H-5), 8.67 (1H,d, | =
8.5 Hz, H-4),8.29 (1H,dd, J=8.1,0.9 Hz, H-8), 7.70 (1H, ddd, J=8.3,7.0, 1.3 Hz, H-6), 7.62 (1H, ddd,
J=8.1,7.0,1.1 Hz, H-7), 7.47 (2H, m, H-1, H-3), 7.42 (1H, m, H-2), 7.37 (2H, m, H-2’), 7.29 (2H, m, H-
3),7.25(1H, m, H-4’), 7.21 (1H,d, ] =5.2 Hz, H-11), 7.11 (1H,d, ] =5.2 Hz, H-10), 5.83 (1H, s, H-9a),
5.51 (1H, s, H-16), 3.42 (1H, m, H-14--ax), 3.24 (2H, m, H-14-y-eq, H-13-{}-ax), 2.94 (1H, m, H-13--
eq);*C NMR (CD:CL, 125 MHz): § 147.9 (C-8b), 142.9 (C-1"), 138.7 (C-12a), 133.8 (C-9b), 131.7 (C-4a),
131.3 (C-4b), 129.8 (C-2), 128.6 (C-3"), 127.9 (C-4"), 127.6 (C-6), 127.3 (C-2), 126.9 (C-7), 126.5 (C-8a),
126.3 (C-10), 125.8 (C-16b), 124.3 (C-3), 123.8 (C-1), 123.6 (C-11), 123.2 (C-4), 122.8 (C-5. 8), 107.8 (C-
16a), 79.6 (C-9a), 62.9 (C-16), 46.7 (C-14), 26.5 (C-13); elemental analysis calcd (%) for CsH21NOS
(419.54): C 80.16, H 5.05, N 3.34; found: C 83.10, H 5.15, N 3.32.

3.2.10. 9aR* 185*-19-(Phenyl)-phenanthr[9,10-eJoxazino[2,3-a]-f-carboline (16).

Recrystallized from n-hexane: iPr20 (2:1, 4 mL); R=0.38 (n-hexane/ EtOAc, 2:1); 55 mg (76%); Light
yellow crystals. Mp: 180-182 °C 'H NMR (CD2Clz, 500 MHz): & 8.72 (1H, | = 8.3 Hz, H-5), 8.68 (1H, d, |
=7.9 Hz, H-4), 8.31 (1H, br s, H-10), 8.30 (1H, d, ] = 8.3 Hz, H-8), 7.70 (1H, ddd, | = 8.3, 7.0, 1.3 Hz, H-
6), 7.61 (1H, m, H-7), 7.58 (1H, d, | = 8.1 Hz, H-14), 7.51 (1H, m, H-1), 7.49 (1H, m, H-3), 7.45 (1H, m,
H-2), 7.42 (1H, m, H-11), 7.41 (2H, m, H-2"), 7.30 (2H, m, H-3"), 7.27 (1H, m, H-4"), 7.23 (1H,ddd, ] =
8.2, 7.1, 1.1 Hz, H-12), 7.14 (1H, t, ] = 7.5 Hz, H-13), 5.98 (1H, s, H-9a), 5.58 (1H, s, H-18), 3.46 (1H, m,
H-16-y-ax), 3.32 (1H, dd, ] =10.9, 5.5 Hz, H-16--eq), 3.13 (1H, ddd, ] = 15.5, 11.8, 5.9 Hz, H-15-{-ax),
2.89 (1H, ddd, ] = 154, 4.2, 1.3 Hz, H-15-y-eq); 3C NMR (CD:CL, 125 MHz): § 47,6 (C-8b), 142,8 (C-
1", 136,9 (C-10a), 131,7 (C-4a), 131,3 (C-4b), 130,9 (C-9b), 129,8 (C-2"), 128,7 (C-3"), 128,0 (C-4"), 127,6
(C-6), 127,4 (C-2), 126,9 (C-7), 126,6 (C-8a or 14a), 126,5 (C-8a or 14a), 125,8 (C-18b), 124,4 (C-3), 123,6
(C-1), 123,3 (C-4), 123,1 (C-12), 122,8 (C-5), 122,7 (C-8), 120,0 (C-13), 119,4 (C-14), 111,8 (C-11), 111,5
(C-14b), 108,2 (C-18a), 78,7 (C-9a), 62,8 (C-18), 47,3 (C-16), 22,6 (C-15); elemental analysis caled (%) for
Ca2H26N20 (454.57): C 84.55, H5.77, N 6.16; found: C 84.49, H 5.67, N 6.21.

3.2.11. 14-Morpholin-4-yl-dibenzo[a,c]xanthene (19).

9-Phenanthrol (100. mg, 0.51 mmol), salicylic aldehyde (62 mg, 0.51 mmol) and morpholine (44 mg,
0.51 mmol) were stirred and heated at 80 °C under neat conditions for 4 h.. The residue was
crystallized with n-hexane (15 mL) and recrystallized from iPr-O (10 mL) R=0.38 (n-hexane/ EtOAc,
2:1); 127 mg (68%); Browne crystals; Mp. 176-178 °C; :H NMR (CDCls, 500 MHz): 5 8.68 (2H, m, H4,
H-5), 8.58 (1H, m, H-1), 8.22 (1H, d, | = 7.5 Hz, H-8), 7.71 (1H, m, H-2), 7.66 (2H, m, H-3, H-7), 7.60
(1H, m, H-6), 7.40 (3H, m, H-11, H-12, H-14), 7.23 (1H, m, H-13), 5.52 (1H, s, H-15), 3.52 (4H, m, H-2"),
2.52 (2H, m H-3"), 2.40 (2H, m H-3"); 3C NMR (CDCls, 125 MHz) 4 153.0 (C-10a), 147.2 (C-9), 131.3 (C-
4a or C-4b), 131.2 (C-4a or C-4b), 130.0 (C-14), 128.8 (C-12), 128.3 (C-15b), 127.7 (C-2 or C-3 or C-7),
127.2 (C-2 or C-3 or C-7), 127.0 (C-2 or C-3 or C-7), 125.2 (C-6), 124.6 (C-8a), 124.5 (C-8), 123.2 (C-13),
123.0 (C-1 or C-4 or C-5), 122.8 (C-1 or C-4 or C-5), 122.7 (C-1 or C-4 or C-5), 117.6 (C-14a), 116.5 (C-
11), 110.5 (C-15a), 67.5 (C-3'), 57.7 (C-15), 48.7 (C-2');. elemental analysis calcd (%) for CzsHaNO2
(367.45): C 81.72, H 5.76, N 3.81; found: C 81.34, H 5.65, N 3.77.
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3.2.12. 10-[(2-Hydroxyphenyl)-pyrrolidin-1-yl-methyl]-9- phenanthrol (21).

9-Phenanthrol (500 mg, 2.56 mmol), salicylic aldehyde (312 mg, 2.56 mmol) and pyrrolidine (182 mg,
2.56 mmol) were stirred and heated at 80 °C under neat conditions for 4 h. The residue was
crystallized with n-hexane (16 mL) and recrystallized from /Pr-O (11 mL) R=0.38 (n-hexane/ EtOAc,
2:1); 718 mg (76%); Light beige crystals; Mp. 172-174 °C; tH NMR (DMSO-ds, 500 MHz): & 15.32 (1H,
brs, OH), 10.12 (1H, br s, OH), 8.74 (1H, d, ] = 8.4 Hz, H-5), 8.68 (1H, d, ] = 8.1 Hz, H-4), 8.38 (1H, d, ]
= 8.5 Hz, H-8), 7.94 (1H, d, | = 8.3 Hz, H-1), 7.67 (2H, m, H-6, H-7), 7.45 (1H, t, ] = 7.5 Hz, H-2), 7.38
(2H, m, H-3, H-¢"), 7.04 (1H, t, ] =7.4 Hz, H-4"), 6.91 (1H, d, ] =8.1 Hz, H-3"), 6.66 (1H, t, ] = 7.4 Hz, H-
5", 5.82 (1H, s, H-11), 3.16 (2H, m, H-2"), 2.66 (2H, m, H-3"), 2.49 (2H, m, H-3"), 2.40 (2H, m, H-2");
13C NMR (DMSO-ds, 125 MHz): § 154.3 (C-2"), 151.9 (C-9), 131.3 (C-4a), 130.3 (C-4b), 128.7 (2C, C-4,
C-6), 126.9 (C-8a), 126.9 (2C, C-2, C-6), 126.2 (C-7), 124.9 (C-10a), 123.0 (C-4), 122.9 (C-3), 122.6 (C-8),
122.4 (C-5), 121.5 (C-1), 119.7 (C-5"), 115.5 (C-3'), 112.4 (C-10), 61.1 (C-11), 54.1 (C-2"), 49.6 (C-3");
elemental analysis calcd (%) for C2sH23NO2 (369.46): C 81.27, H 6.28, N 3.79; found: C 81.31, H 6.15, N
3.76.

General procedure for the synthesis of phenanthr[9,10-e][1,3]oxazines (24, 26, and 28)

The mixture of aminophenanthrol 21 (50 mg 0.13 mmol) and 0.13 mmol from the correspondent cyclic
imine (3,4-dihydroisoquinoline (2), 6,7-dihydrothieno[3,2-c]pyridine (4) or 4,9-dihydro-f-carboline
(6) was dissolved in 1,4-dioxane (5 mL) and placed in a 10 mL pressurized reaction vial. The mixture
was heated at 80 °C for 15 min under microwave conditions. The solvent was removed in vacuo, and
the residue was isolated by crystallization with MeOH (5 mL).

3.2.13. 9aR*185%-19-(2-Hydroxyphenyl)-phenanthr[9,10-eJoxazino[2,3-a J-f—carboline (24).

Recrystallized from iPr20 (7 mL); R=0.38 (n-hexane/ EtOAc, 2:1); 47 mg (78%). brown crystals; Mp:
163-165 °C 'H NMR (CDCls, 500 MHz): 6 8.69 (2H, br s, H-4 and H-5), 8.21 (2H, br s, H-8 and H-10),
7.69 (1H, t, | =7.1 Hz, H-6), 7.57 7.54 (5H, m, H-1, H-2, H-3, H-7, and H-14), 7.41 (1H, d, ] =7.8 Hz, H-
11), 7.16 (2H, m, H-13 and H-4"), 6.95 (1H, d, ] = 7.7 Hz, H-3), 6.64 (2H, br s, H-5 and H-6'), 6.12 (1H,
s, H-9a), 5.82 (1H, s, H-18), 3.44 (1H, m, H-16--ax), 3.31 (1H, m, H-16-{-eq), 3.21 (1H, m, H-15--ax),
2.97 (1H, dd, ] = 15.7, 3.1 Hz, H-15-(-eq); *C NMR (CDCls, 125 MHz): & 156.8 (C-2), 146.6 (C-8b),
136.8 (C-10a), 131.5 (C-4a or 4b), 131.4 (C-4a or 4b), 131.0 (C-6'), 129.9 (C-9b), 129.8 (C-4"), 127.8 (C-6
or C-2), 127.7 (C-6 or C-2), 126.8 (C-7), 126.4 (C-14a or C-8a), 126.3 (C-14a or C-8a), 125.5 (C-18b), 125.2
(C-1'), 124.7 (C-3), 123.4 (C-12), 123.2 (C-1. 5), 122.7 (C-8 or C-4), 122.6 (C-8 or C-4), 120.3 (C-13), 120.1
(C-5'), 119.4 (C-14), 117.7 (C-3), 111.7 (C-11), 110.9 (C-14b), 106.0 (C-18a), 77.7 (C-9a), 60.7 (C-18), 45.4
(C-16), 22.4 (C-15);. elemental analysis calcd (%) for Cs2H21N202(468.56): C 82.03, H5.16, N 5.98; found:
C82.12, H5.09, N 5.82.

3.2.14. 9aR* 17 5*-15-(2-Hydroxyphenyl)-phenanthr[9,10-eloxazino[2,3-alisoquinoline (26)

Recrystallized from iPr20 (5 mL); R=0.38 (-n-hexane/ EtOAc, 2:1); 47 mg (85%). Light biege crystals;
Mp: 194-196 °C 'H NMR (CDCls, 500 MHz): 6 9.67 (1H, br s, 2’—OH), 8.68 (2H, m, H-4 and H-6), 8.22
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(1H, d, ] =8.2 Hz, H-8), 7.68 (1H, d, | = 7.6 Hz, H-6), 7.53 (4H, m, H-1, H-2, H-3, and H-7), 7.41 (1H, d,
] =7.5Hz, H-10), 7.37 (1H, t, ] =7.6 Hz, H-12), 7.31 (1H, t, ] = 7.4 Hz, H-11), 7.24 (1H, m, H-13), 7.19
(1H, m, H-4"), 6.95 (1H, d, ] = 8.1 Hz, H-3'), 6.66 (2H, m, H-5" and H-6"), 5.96 (1H, s, H-9a), 5.73, (1H,
s, H-17), 3.37 (1H, m, H-15-{-ax), 3.32 (1H, m, H-14-}-ax), 3.18 (1H, m, H-15-}-eq), 2.95 (1H, m, H-
14-y-eq); 3C NMR (CDCls, 125 MHz): § (C-147.1 (C-8b), 134.3 (C-13a), 132.7 (C-9b), 131.6 (C-4a or C-
4b), 131.4 (C-4a or C-4b), 131.2 (C-6'), 129.7 (C-4"), 129.5 (C-12), 129.3 (C-10), 129.0 (C-13), 127.7 (C-6),
127.6 (C-2), 126.8 (C-7), 126.7 (C-11), 126.4 (C-8a), 125.7 (C-17b), 125.4 (C-1"), 124.5 (C-3), 123.3 (C-1),
123.2 (C-4 or C-5), 122.9 (C-8), 122.6 (C-4 or C-5), 120.1 (C-5"), 117.6 (C-3'), 105.6 (C-17a), 81.9 (C-9a),
61.1 (C-17), 44.0 (C-15), 29.4 (C-14); elemental analysis calcd (%) for CsH2sNO2 (429.52): C 83.89, H
5.40, N 3.26; found: C 83.78, H 5.35, N 3.29.

3.2.15. 9aR* 165*-16-(2-Hydroxyphenyl)-phenanthr[9,10-eloxazino[2,3-althieno[3,2-cJpyridine (28).

Recrystallized from iPr20 (4 mL); R=0.38 (n-hexane/ EtOAc, 2:1); 52 mg (93%). Light biege crystals;
Mp: 181-183 °C 'TH NMR (CDCls, 500 MHz): § 9.65 (1H, br s, 2’-OH), 8.69 (2H, m, H-4, H-5), 8.25 (1H,
d, J=8.1Hz, H-8), 7.69 (1H, t, ] = 7.5 Hz, H-6), 7.60 (1H, m, H-7), 7.55 (1H, m, H-1), 7.53 (1H, m, H-3),
7.50 (1H, m, H-2), 7.22 (1H, d, ] = 5.3 Hz, H-11), 7.19 (1H, m, H-4"); 7:09 (1H, d, ] = 5:1 Hz, H-10), 6:96
(1H, d, ] = 8:0 Hz, H-3), 6.65 (1H, m, H-5), 6.63 (1H, m, H-6"), 5.98 (1H, s, H-9a), 5.77 (1H, s, H-16),
3.40 (1H, m, H-14-y-ax), 3.30 (1H, m, H-13-}-ax), 3.25 (1H, m, H-14-{-eq), 3.01 (1H, m, H-13-y-eq);
13C NMR (CDCl, 125 MHz): § 156.6 (C- 2'), 146.9 (C- 8b), 137.4 (C- 12a), 133.2 (C- 9b), 131.6 (C- 4a or
C-4b), 131.4 (C- 4a or C-4b), 131.1 (C- 6'), 129.7 (C- 4), 127.7 (C- 6), 127.6 (C- 2), 126.8 (C- 7), 126.4 (C-
8a), 126.2 (C- 10), 125.6 (C- 16b or C-1'), 125.3 (C- 16b or C-1'), 124.6 (C- 3), 124.2 (C- 11), 123.2 (C- 5),
123.2 (C- 10), 122.8 (C- 4 or C-8), 122.6 (C- 4 or C-8), 120.1 (C- 5'), 117.6 (C- 3'), 105.5 (C- 16a), 78.7 (C-
9a), 60.7 (C- 16), 44.8 (C- 14), 26.2 (C- 13);,. elemental analysis calcd (%) for CasH21NO:S (435.54): C
77.22, H4.86, N 3.22; found: C 77.12, H 4.75, N 3.31.

4. Conclusions

9-Phenanthrol, a unique electron-rich aromatic compound, was tested along the modified aza-Friedel-
Crafts reaction. The application of 3,4-dihydroisoquinoline, 6,7-dihydrothieno[3,2-c]pyridine or 3,4-
dihydro-f-carboline as cyclic imines led to the formation of the corresponding bifunctional
phenanthrol derivatives that were furthermore transformed to the new phenanthr[9,10-
e][1,3]oxazines (8-10). Further, 9-phenanthrol was aminoalkylated by using morpholine in the
presence of benzaldehyde: The functionalized aminophenanthrol (21) could only be achieved by
using salicylic aldehyde in the presence of pyrrolidine. Morpholine in this latter modified Mannich
reaction led to the formation of 14-morpholinyl-dibenzo[a,c]xanthene (19). Phenanthrol-based
bifunctional Mannich products were further tested in [4+2] cycloaddition by using 3,4-
dihydroisoquinoline, 6,7-dihydrothieno[3,2-c]pyridine or 3,4-dihydro-f-carboline as dienophiles.
The regio- and diastereoselectivity of the reactions were proved by NMR spectroscopy and supported
by DFT calculations: all reaction products were found in trans-configuration (14-16, 24a, 26a and 28a).
Applying functionalized aminophenanthrol precursor in [4+2] cycloaddition, the reactions
regioselectively led to the formation of new phenanthr[9,10-¢][1,3]Joxazines (24a, 26a and 28a) in good
yields.

Supplementary Materials: Supplementary materials are available online.
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