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Pyridoacridines in the 215t Century

John A. Joule™ and Mercedes Alvarez* @

Abstract: This minireview summarizes the work developed
during this Century with compounds containing the pyridoacridine
scaffold in its different isomeric forms. The isolation of natural
products, syntheses, bioactivities, chelation capacity, and other
properties of compounds containing this framework are discussed.
For reasons of length, only compounds containing a maximum of
seven condensed rings have been considered, with a few exceptions.

Introduction

Interest in ‘pyridoacridines’, i.e. tetracyclic systems in which a
pyridine ring is fused to an acridine —there are fifteen isomers
— began with the isolation and structure determinations of
marine alkaloids, many biologically active, based on some of
these isomers. We earlier summarised synthetic routes to
pyridoacridines.” More recently, the following relevant
aspects have been considered: ‘ortho-Directed metallation of
n-deficient heterocycles in connection with palladium-
catalyzed biaryl cross-coupling — synthesis of marine alkaloids
of the pyridoacridine series’,s! ‘Marine pyridoacridine alkaloids
and synthetic analogues as antitumor agents’,[ ‘Biological
activities of pyridoacridines’™ ‘A mini review on
pyridoacridines: prospective lead compounds in medicinal
chemistry’,[® ‘Alkaloids from marine invertebrates as important
leads for anticancer drugs discovery and development',[”]
‘Marine pyridoacridine alkaloids: biosynthesis and biological
activities’,[® and ‘New perspectives in the chemistry of marine
pyridoacridine alkaloids’.[?}

In this review we consider all of the fifteen isomers, including
natural product chemistry and synthesis reported in the 215t
Century. Each isomer is named as a ‘pyrido[A,B-yz]acridine’
to emphasise the isomeric relationship, but where this name
is not the systematic name, the Chemical Abstracts name is
given in {brackets}. We do not cover in detail spectroscopic,
other physico-chemical, or bioactive aspects. We have
included extended examples but only up to hexacyclic
systems, with some exceptions. The patent literature is not
covered.
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1. i Pyrido[4,3,2-kl]acridine

Perhaps the obvious starting material for the construction of
pyrido-acridines is a suitably functionalised acridine. For
example, ethacridine 1 was transformed into chloro
compound 2 and this into the 2,2-dimethoxyethanamine 3,
acid-catalysed closure of which produced (Scheme 1) a
pyrido[4,3,2-kl]acridine 4.1

Electrophilic substitution of 3 with 4-nitrophenyldiazonium
fluoroborate allows later introduction of an amine function by



reduction and thence by condensation with 1,10-
phenanthroline-5,6-dione, formation of octacyclic analogue 5
of eilatin (Scheme 1) I (for structure of eilatin see Fig. 4)
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Scheme 1. Synthesis of a pyrido[4,3,2-kl]acridine from an acridine 1;
synthesis of 5, analogue of eilatin.!*"!

Alkylpyrido[4,3,2-kl]acridines 7 were prepared 112 using the
previously described synthetic procedure*3 The synthesis
starts with a cycloaddition of dimethylaminoprop-2-yne (or 5-
chloropent-1-yne) to 9-azidoacridine to give a regioisomeric
mixture of triazolylacridines 6a and 6b (or 6¢ and 6d) (Scheme
2). The disadvantage of the cycloaddition method is that
chromatographic separation of the mixture of isomeric
triazoles is always required and the yield of the most hindered
triazole is the lower. Thermolysis of 6a and 6b occurs with
elimination of nitrogen to generate a reactive biradical or
carbene species which cyclizes giving the pyridoacridines 7a
and 7b. Different behavior of the regioisomeric acridines 6c
and 6d was found in the thermolysis. Isomer 6c cyclized to 3-
(3-chloropropyl)pyridoacridine 7c. The direct thermolysis of 3-
chloropropyl derivative 6d gave the water-soluble pentacyclic
salt 8 via intramolecular cyclization of assumed
chloropropylpyridoacridine intermediate 7d.
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Scheme 2. Synthesis of 7H-pyrido[4,3,2-klJacridines 7 and the
acridinium salt 8.2

A better yield of the acridine 7b was achieved using an
alternative procedure (Scheme 3) based on the reaction of 9-
azidoacridine with chloroacetonyltriphenylphosphorane ylide
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to give the chloromethyltriazolylacridine 6e. Attempts at
thermolysis of the chloromethyl derivative 6e were
unsuccessful. However, acridine 6e reacted smoothly with
dimethylamine at 30-40 °C to give pyridoacridine 7b.[4!

'
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Scheme 3. Synthesis of triazoloacridine 6e and alternative synthesis
of 7b.[t1.14

In vitro biological evaluation of polycyclic acridines, the core
heterocyclic framework of which is structurally related to
bioactive marine natural products was performed.i?]
Potentially the most interesting compound is the
indolizino[7,6,5-kllacridinium salt 8 (see Scheme 2). The
intercalating ability at G-C DNA and inhibition of topo Il were
the most significant results. The water-soluble compound 8 is
a potent inducer of apoptosis in lung and breast cancer cell
lines.
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Scheme 4. Preparation of derivatives of pyridoacridine 9.1%
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The reactivity of 4-methoxy-pyrido[4,3,2-kl]acridines as
electron-rich aromatics allowed access to a series of 6-
functionalized derivatives (Scheme 4).11%1 The starting
compound, 9-chloro-4-methoxypyrido[4,3,2-kl]acridine 9, was
obtained as described in previous work.'®! As shown in
Scheme 4, H-D exchange in trifluoroacetic acid-d was
performed at room temperature to give deuteration



regioselectively at position 6, compound 10. Vilsmeier—Haack
reaction using phosphoryl chloride with DMF proceeded
smoothly to give the compound 11 with incorporation of one
formyl group at the same position. Functional group
interchange of the formyl group in 11 by reduction or reaction
with methoxyamine afforded the derivatives 12 and 13,
respectively. N-Alkylation of 9 using methyl iodide and sodium
hydride in DMF gave compound 14. Oxidation of 9 with ceric
ammonium nitrate (CAN) produced the pyridoacridone 15.

The reactivity of compound 15 with nucleophiles is
characteristic of an iminoquinone, thus with an excess of
primary amines and spontaneous oxidation of the initial
Michael adduct, the enones 16 were produced (Scheme 5).
Weaker nucleophiles such as aniline required Lewis acid
catalysis to give, after one day, compound 17. Coupling of
compounds 15 and 16f gave the dimeric structure 18; this
compound may act as a DNA-intercalator. Addition of B-
mercaptoethanol at room temperature followed by
spontaneous oxidation afforded compound 19. In contrast to
these conjugate additions, methoxyamine reacts to give the
oxime ether 20.
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Scheme 5. Preparation of derivatives of pyridoacridone 15.0:517

A series of glyco-conjugates derived from
chloropyridoacridine 11 (Scheme 6) were prepared to test as
potential antitumor agents.[!'”] The glycoconjugates 22 were
obtained by chemoselective reaction of the aldehyde group in
11 with the aminooxy sugars 23 forming oximes 21. Oxidation
with CAN then led to the iminoquinones 22.

The compounds 16 and 22 were tested against HT-29 cancer
cells. The glycoconjugates are not cytotoxic compared to the
amino conjugates that show cytostatic activity at micromolar
concentration.
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Scheme 6. Synthesis of glyco-conjugates 22a-d.l*"]

Studies on the biosynthesis of the fungal alkaloid necatorone
using fluorine-labeled 3-(2-carboxyphenylamino)-L-tyrosine in
feeding experiments demonstrated no incorporation of this
amino acid.® However, the synthesis of the
dideoxynecatorone derivative 29 using the protected
aminotyrosine 24 was successful (Scheme 7).
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Scheme 7. Synthesis of dideoxynecatorone derivative 29.8!

The amino acid 26 obtained by a copper(ll) acetate mediated
coupling reaction between 24 and the iodonium salt 25
underwent a cyclization in Friedel-Crafts conditions to give 27
and following basic conditions and air oxidation gave the
pyridoacridine 28. Oxidation of 28 with CAN afforded the
natural product analogue 29.

Two alternative synthetic routes were developed by the same
group for the synthesis of acridinium salts 31 and 33 (Scheme
8).19 A double N-alkylation of the quinolinoacridine 30
afforded the salt 31. The second route is based in the reaction
of N-methyl-2-methylquinolinium methyl sulfates 32 in
ethanolic piperidine to give the salts 33.
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Scheme 8. Synthesis of acridinium salts 31 and 33.%°

The proposed mechanism for the formation of salts 33 is
based on a betaine formation by reaction between the 2-
methylquinolinium salt and piperidine base (Scheme 9).
Subsequent addition of the betaine to a second equivalent of
the starting quinolinium salt would give the dihydroquinoline
intermediate I-1 which, by an electrocyclic ring opening would
proceed to the imine intermediate 1-2 from which, after
electrocyclic ring closure (— 1-3) and oxidation, compound 33
would be obtained.

Scheme 9. Proposed mechanism for the formation of salts 33.14°!

Compounds 33 (R = Me, F) are among the most potent
telomerase inhibitors yet disclosed, with ICso values < 0.5 uM.

Although of comparable potency as telomerase inhibitors,
compound 33 (R = Me) is 30-fold more growth inhibitory than
33 (R =H)in the NCI 60 cell panel. The same group described
the recognition and stabilization of the pentacyclic
methylacridinium cation RHPS4 (Fig. 1) with d(TTAGGGT)4
DNA quadruplex producing a potent telomerase inhibition.[2%
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Figure 1. Structure of RHPS4.12°

Using similar chemistry, the amine 35, obtained by N-
methylation and reduction of the nitroacridine 34, gave the
acridinium salts 36 in two steps — amine acylation of 35 and
N-methylation, as shown in Scheme 10.%
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Scheme 10. Synthesis of acridinium salts 36.2%

The introduction of bulky saturated (3-acetoxy)propyl or (E)-3-
(morpholin-4-yl)-3-oxopropenyl substituents in the 3-, 6-, or
10-positions of the pentacyclic nucleus was tested with the
aim of enhancing the affinity to G-quadruplex structures. 2223l
Suzuki—-Miyaura and Heck reactions were used for the
synthesis of the functionalized pentacyclic acridines 38 and 39
(Scheme 11). Alkylboranes, prepared by interaction of 9-
borabicyclo[3,3,1]Jnonane (9-BBN) and allyl acetate, or N-
acryloylmorpholine, were wused for two successive
cross-coupling reactions starting originally ~ from
quinolinoacridine 37 to give compounds 38 and 39.
Quaternization of 38 and 39 afforded the acridinium salts 40.
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Scheme 11. Synthesis of substituted pentacyclic acridines 38 and 39
and acridinium iodides 40.12224

Extensive studies of compound stability and metabolic
stability of pentacyclic acridinium salts in the presence of
cytochrome P450 enzymes, as well as intracellular drug
localization, suggested that the salts are selective inhibitors of
telomerase.
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44
pentacyclic core of RHPS4

Scheme 12. Synthesis of pentacyclic core of RHPS4 by an
anionic ring-closing cascade.[?
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Quantification of relative quadruplex and duplex binding
affinity constants places some of these ligands among the
most selective quadruplex DNA interactive agents reported to
date.[24.25]

A convergent synthesis of the telomerase inhibitor RHPS4
(see Fig. 1) was described by construction of the pentacyclic
framework via an anionic ring-closing cascade in which two
new rings are formed (Scheme 12).1261 The key intermediate
aminonitrile 43 was obtained by nucleophilic aromatic
substitution of the fluorine situated ortho to the cyano group in
42 by the potassium salt of 41 followed by in situ quenching of
the resulting diarylamine anion with methyl iodide. Treatment
of 43 with tert-butyllithium results in double cyclization by
exchange of bromine by lithium (— I-1), addition of the
resulting organolithium to the cyano group (— 1-2) and final
nucleophilic substitution of fluorine by the generated imine
anion to give 44.

A benzo[b]acridine 46, obtained by an intramolecular [4+2]
cycloaddition reaction of a ketenimine 45, was the synthetic
intermediate for the preparation of acridine 47 (Scheme 13).
Reduction of the nitro group of 46 gave an amine which, by
means of an intramolecular amination of the pyridine ring,
gave an hexacyclic system which was spontaneously oxidized
to 47.271
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K,CO3, CH,Cl, rt, 1h
cHO dibenzo-18-crown-6 2. Ph,C=C=0
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1% 20%

130 °C, toluene
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[

10% Pd-C
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s s O X OO
36% N/

S ———

Scheme 13. Synthesis of hexacyclic system 47 via [4+2]
cycloaddition.”

N

2. H 7H-Pyrido[3,4,5-kl]acridine
Although no natural products incorporating this skeleton have
been reported, structure 53 was prepared as an analogue of
S-(+)-dinapsoline,?8l which has anti-Parkinson activity with
significant metabolic and pharmacological advantages over
other D1 agonists.



The synthesis of 53 (Scheme 14) started with a nucleophilic
aromatic substitution of the para-nitro-activated quinolinyl
bromide 49 with a Boc-protected arylamine 48 giving 50.

Following displacement of the nitro group with fluoride (— 51),

a radical induced cyclisation provided a tetracycle, from which
the diol and the amine protections were removed leaving 52.
Reduction of 52 with sodium cyanoborohydride produced the
dinapsoline analogue 53.12°
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Scheme 14. Structure of dinapsoline and synthesis of an analogue
48.129

Z N
|

3. N Pyrido[2,3,4-kl]acridine

This pyridoacridine isomer is by far the most frequently
encountered in the naturally occurring marine alkaloids. For
this reason we have arbitrarily divided the coverage into
sections based on the number of rings present. This leads to
some overlap in that the pyrido[2,3,4-klJacridine skeleton
occurs in compounds with more than one ring size by virtue of
having other rings, benzene or pyridine, fused to it.

3.1. Tetracyclic systems

Pyridoacridine alkaloids isodiplamine, cystodytin K and
lissoclinidine were isolated from the New Zealand ascidian
Lissoclinum notti (Fig. 2).3% Their biological activities,
including antitumour and antibiotic, were assessed.

‘N
O,
QLI
N TS
H

HN\]//O
Me lissoclinidine Me

isodiplamine

cystodytin K

Figure 2. Structures of
lissoclinidine.%

isodiplamine, cystodytin K and
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The synthesis of some marine alkaloids, with tetracyclic
skeletons, was developed using, as starting material, the
substituted quinolone 54.8Y Transformation of amino into
azide and thermal cyclization afforded the tetracyclic acridone
55. Reduction of 55 to acridine 56 was achieved by
transformation into the chloroacridine and then catalytic
hydrogenolysis (Scheme 15).

(0]
NaNO,, H,50,4-H,0
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OMe L, OMe xylene, reflux
=
T 1) w - O
HoN N3
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- -
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Scheme 15. Synthesis of pyridoacridine 56.534

A biomimetic synthesis of styelsamine B was described®? by
a reaction between kynuramine dihydrobromide 57 and N-
acetyl dopamine (Scheme 16). A cascade process produced
a fast entry to styelsamine B. This compound was oxidised to
cystodytin J using silver oxide in methanol. The authors point
out that this is a formal total synthesis of diplamine because
the transformation of cystoditin J into diplamine had been
described.3l

CeCl3, Ag,0
NHz-HBr MeOH, ACOH
OH 40 0c
D —
NH,.HBr 35%
57
Ag,0, MeOH
25°C

68%

cystodytin J

HN.__O
\f

Me

Scheme 16. Synthesis of styelsamine B and cystodytin J.[3

The procedure described previously3!! for the synthesis of the
alkaloids styelsamine B and cystodytin J was followed exactly
for the preparation of analogues in which only the N-acyl
group was varied.l34

A total synthesis of styelsamine C and the formal synthesis of
norsegoline utilized as the key step a biaryl cross-coupling
reaction.3%3¢] Suzuki reaction between 4-bromoquinoline 58
and phenylboronic acid gave the 4-phenylquinoline 59 in
excellent yield (Scheme 17). Transformation of 59 into the
aldehyde 60 was accomplished in two steps, based on the
formation of an enamine by reaction of 59 with
dimethylformamide dimethyl acetal (DMFDMA) (cf. Scheme



18) followed by oxidative cleavage. The intramolecular nitrene
insertion reaction of 60 using triethyl phosphite gave the
tetracyclic compound and final demethylation furnished
styelsamine C. Oxidation of aldehyde 60 to carboxylic acid
followed by methyl ester formation gave the nitro ester 61. The
synthesis of norsegoline from 61 was previously described by
Kubo et al.E"]

| SN B(OH), Pd(PPhy) SN
5 OMe K,CO;4 EtO}—oi OMe 1. DMFDMA, 145 °C
r R toluene, 95 °C O O 2. NalO,, THF, H,0, rt
_— 5 o e (TR T T
O,N 94% 82% (two steps)
58 Me 5o Me
=N Z "N

(EtO)sP, 180 °C |

OMe
N
O 2 BBr3 CH,Cl, O O
il
65%
CHO

styelsamine C

1. KMnOy, aq. acetone, rt, 3 h
2. CH,N,, Et,0
70% (two steps)

CO,Me
norsegoline

Scheme 17. Total synthesis of styelsamine C and formal synthesis of
norsegoline.®

The functionalization of a pyridine- or quinoline-2- or 4-methyl
group using dimethylformamide diethyl (or dimethyl) acetal
(DMFDEA or DMFDMA) has been employed several times in
pyridoacridine chemistry, Scheme 18 illustrates the
mechanism using 2-methylpyridine. Briefly, dissociation of the
reagent provides an alkoxide that deprotonates the methyl
group forming a carbanion I-2 that reacts with the electrophilic
iminium ion I-1. Final loss of ethanol from I-3 gives an enamine
62 — the reaction equivalent of a 2-pyridinyl-acetaldehyde or,
by oxidative cleavage of the double bond, a source of 2-
pyridinecarbaldehyde.

Me  OEt
N
Me OEt
H @/Me )
N+ OEt H @Me
A EtO 1 Me AN >:N\ B OEt
» - | o Ed we | _
N” “Me N~ CH, N NMe,
-2 I-3
‘ X
o
—EtOH N7 > NMe,

62

Scheme 18. Mechanism of action of DMFDEA with a 2- (or
4-)methylpyridine.

Studies of oxotetrahydroquinoline oximes 63 under conditions
typical of Beckmann reaction provided a different entry for the
synthesis of dihydropyridoacridines 64 (Scheme 19).[38
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PPA, 100 °C
31%-94% =H, OH, NO,, SMe
R?=H, MeO, Br

R3=H,ClI

64

Scheme 19. The use of typical Beckmann reaction conditions for
synthesis of dihydro-pyrido[2,3,4-kl]acridines 64.5

Intramolecular cyclization of 1-(N-acylamino)acridones 65
forming pyridoacridones 66 was achieved in basic
conditions.[®¥ Only secondary amides 65 (R = H) containing
an activating substituent (X = CN, CO:2Et) in the acyl group
cyclize with potassium hydroxide in DMF to pyridoacridones
66 (X = CN, COzEt). However, tertiary amides 65 (R = alkyl)
underwent cyclization in the same conditions even without an
activating substituent in the acyl group (Scheme 20).

o)
R. X
o Ry
KOH, DMSO
O O 80°c R = H, Bu, c-CgHyy, 3-MeCgHy
N 70%-93% X = H, CN, COEt
|
Me

65
Scheme 20. Cyclization of N-acylaminoacridones 66.%

Treatment of aminoacridone 67 with phosphorus
pentachloride in benzene and then with a malonic acid
derivative, in the presence of a base, directly gave
pyrido[2,3,4-kl]acridine derivatives 68 and 69. With ethyl
cyanoacetate as active compound acridine 68 (X = CN) and
acridin-2-one 69 (X = CN) were obtained in a ratio ~3 : 1
(Scheme 21).*% In the case of ethyl malonate, the same
conditions yielded a mixture of 68 and 69 (X = COzEt) in
approximately the same ratio. With malononitrile as reactant,
a cyclization onto the cyano group gave a product that was
assigned the cyanoacridine amidine structure 70, as the sole

product.
OEt (0]
X
X ~ "N ‘ NH
A \ 909
N )
68 Me 69 Me
X = CN, CO,Et
Q
clI'®
O NH Cl~ NHPOCI, XCH,CO,Et, EtsN

2 pPClg
benzene X
NH
N N

) ) NC
Me Me \ ‘ NH
67 CH,(CN),, Et3N O O
75% ,\“
Me 70

Scheme 21. Synthesis of pyrido[2,3,4-kl]acridines 68-70 from 1-
aminoacridone 67.4°

9-Chloro-1-nitroacridines 71 containing substituents in the
nitro-benzene ring react with malononitrile in DMSO in the
presence of potassium hydroxide yielding 9-dicyanomethyli-
denes 72 (Scheme 22).1*01 Subsequent reduction of the nitro



group was accompanied by cyclization to 4- or 6-methoxy-
substituted  1-cyano-2-iminopyrido[2,3,4-klJacridines 73,
though the alternate tautomer with an amino-pyridine unit was
not considered.

NC._ _CN
02 NO,
CH,(CN),, KOH r1 e HCL H;0
X R’ DmMso reflux
—_—
T 63%-85% N 49%-70%
H 2
R
NH 72
NC
\ NH
R1
O O R'=H, OMe
N R?=H, OMe

" R

Scheme 22. Synthesis of 1-cyano-2-iminopyrido[2,3,4-kl]acridines 73
from the acridines 71.1

The key steps in the assembly of the amino-quinone-imine 76
are the palladium-catalysed Sonogashira cross-coupling of
triflate 74 with trimethylsilylacetylene (TMSA) giving 75
(Scheme 23). Later formation of the new pyridine ring in 76
was afforded in one pot and four steps by silyl group removal,
incorporation of a diformyl protected amino group (cf. similar
use of sodium diformylamide and discussion of mechanism in
Schemes 32 and 33), oxidation and cyclization with
concomitant amino group deprotection.*1

SiMe;
OTf OMe ‘ ‘ OMe
Q NHAc TMSA, Pda(dba)y CHCg NHAG
O O Et,NH, THF, reflux O \
N/ 70% N/
OMe 75 OMe
KF, MeOH, reflux
then NaN(CHO),, DMF, reflux = ‘N
then CAN, MeCN, H,0 A NH,
then TFA, MeOH O ‘
—
9% 4 steps N
76 O

Scheme 23. Synthesis of 4-amino-6H-pyrido[2,3,4-kl]acridin-6-one
76.[41]

An alternative route (Scheme 24)*?to a tetracyclic quinone-
imine system 78 also started with a palladium-catalysed
coupling, to generate the 4-(2-aminophenyl)quinoline 77.

PiVHN N Pd(PPhg);, K,CO3

aq. EtOH, toluene
B(OH
O, OMe  efiux
80%
PivHN ~N 3M HCI ~ "N
\ oM 1,4-dioxane, reflux | o
O O ®  then CoF3 1,4-dioxane | X
760 —
MeO % N
8

Scheme 24. Synthesis of the pyridoacridone 78.12
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Amide hydrolysis then oxidation to the quinone (not isolated)
level led directly to the tetracycle 78.

The synthesis and biological evaluation of a series of
pyrido[2,3,4-kl]acridin-6-ones were developed looking for
novel therapeutics to treat tuberculosis infections. Interesting
compounds were 82 and 83 (Scheme 26), which were found
to inhibit the growth of Mycobacterium tuberculosis at
micromolar concentration, but were not cytotoxic towards
Vero and P388 cells.[*3] The common synthetic intermediate
for all the series is the dihydroacridine-1,4-dione 81. Oxidative
coupling of the benzoquinone 79 with 2-aminoacetophenone
and subsequent acid-catalyzed cyclisation led to
acridinequinone 80. The last ring of the pyridoacridone 81 was
introduced by a one-pot annulation using paraformaldehyde
and ammonium chloride in glacial acetic acid (Scheme 25).
80 °C, 10 min

o Me
S
T, 20
Me H.N 8% (two steps)
o 79
Z "N
(CH20),, NH,CI | s
AcOH, reflux, 5 min = . \©\
- .
83% SN Me

810
Scheme 25. Synthesis of pyrido[2,3,4-kl]acridone 81.1

1. CeCl3.7H,0
MeOH
2. H,SO,, AcOH,

The propensity of the tolylthio group in 81 to be substituted by
nucleophiles was used for the preparation of active
compounds 82 and 83 (Scheme 26). Amide 82 was prepared
by direct reaction of 81 with N-(2-aminoethyl)pyrazine-2-
carboxamide in basic conditions. Using the same reaction
conditions with the aminoethyl tert-butylcarbonate as
nucleophile and subsequent removal of the protecting group,
the diaminopyridoacridone salt 84 was obtained.

ey ol

NaOMe, Et3N
N,, 36%
o
1. HNT j{ ~tBu
o N CF4CO,
N NaOMe, Et;N, Ny, 53% | ®
L s 2. TFA, 100% z . N ™NH,
. TFA, 100%
7 N 84
o N
N Me o}
81 O PhNCS, EtaN,45%l
1. ethanolamine, NaOMe Z ‘N H j\ /@ TsCl, Et3N, N»
Ny, 25% / N\/\N N 45%
2. pyrazine carboxylic acid Ny | H H
BOP-CI, Et3N, 38% 86

7Ny o2
N~ LN 3
o ] Z . \/\N \@\
SN 85 Me
o)

Scheme 26. Syntheses of pyrido[2,3,4-kl]acridones 82, 83, 85, and
86.[43]

The primary amine of 84 was reacted with tosyl chloride or
phenylisothiocyanate to give derivatives 85 and 86,



respectively. Finally, using ethanolamine as reagent with 81
followed by ester formation with pyrazine carboxylic acid,
using bis(2-oxo-3-oxazolidinyl)phosphinic chloride (BOP-CI)
as coupling agent, product 83 was obtained.

3.2 Pentacyclic systems
3.2.1 Natural product isolations

Bioactive pyridoacridines have been isolated from four phyla
(Porifera, Chordata-Subphylum Tunicata, Mollusca and
Cnidaria) leading to the suggestion that they are actually
produced by associated symbionts. Now, a study of the
locality of a typical pyridoacridine alkaloid, dercitamide (=
kuanoniamine C) in bacteria-free sponge cells in the marine
sponge Oceanapia sagitaria (Sollas), strongly suggests that
the alkaloids are probably not produced by intracellular
symbiotic organisms. The study concludes that the
localisation of dercitamide in significant concentrations in
specific cells throughout the sponge means that it has
important biological and ecological functions, such as
chemical defence against predators and possibly against
pathogens.[*4

A study of the temporal variation in the production of
shermilamine B and kuanoniamine D (Fig. 3) by the purple
morph of the ascidian Cystodytes sp. showed there to be no
statistically significant seasonal variation. %

kuanoniamine A

NHCOR

N
dercitamide (= kuanoniamine C), R = Et
kuanoniamine D, R = Me
kuanoniamine E, R = i-Pr

B
l /! Nfo
kuanoniamine F, R = CH(Me)Et N S

dehydrokuanoniamine F, R = C(Me)=CHMe NHR

shermilamine B, R = Ac
shermilamine F, R = C(=0)C(Me)=CHMe
deacetylshermilamine B, R = H

Figure 3. Structures of some kuanoniamines and some

shermilamines.

Kuanoniamines A and C (Fig. 3), isolated from the marine
sponge Oceanapia sagittaria (Sollas) collected from the Gulf
of Thailand, were evaluated for their cytotoxic effect against
five human tumour cell lines and one human non-tumour cell
line. Kuanoniamine A proved to be a potent growth inhibitor of
all the human tumor cell lines as well as the nontumour cell
line. Though kuanoniamine C was found to be much less
potent than kuanoniamine A, it was found to possess a high
selectivity toward the estrogen dependent breast cancer cell
line.[*¢! Kuanoniamine E (R = i-Pr) and kuanoniamine F (R =
CH(Me)Et) (Fig. 3) were isolated from a Singaporean ascidian
along with other pyridoacridines, including ascididemine ( Fig.
4) and the ‘ring-opened’ variant 87 drawn to suggest its
structural relationship to other pyridoacridine alkaloids./*” The
Australian ascidian Polysyncraton echinatum contains 12-
deoxyascididemine, along with ascididemine and the
heptacyclic eilatin.
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\‘/N
N7 O /X
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ascididemine 87
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\‘N
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N =
H

deoxyascididemine

eilatin

Figure 4. Structures of eilatin and related

compounds.”

ascididemine,

From a Xestospongia sp. collected from the Philippines and
Palau, deoxyamphimedine was obtained,[“®! along with
neoamphimedine.*®!  Demethyldeoxyamphimedine  was
obtained from the purple chromotype of the Western
Mediterranean ascidian Cystodytes dellechiajei.’® The 5-
methoxy derivative of neoamphimedine (R = OMe) was
obtained together with neoamphimedines Y (R = H) and Z (R
= Me) accompanied by a new skeleton in alpkinidine (Fig. 5),
from Xestospongia carbonaria and Xestospongia exigua,
drawn in such a way as to suggest its possible relationship to
the other compounds from this source.®!

amphimedine (R = H)
2-bromoamphimedine (R = Br)

neoamphimedine (R = H)
5-methoxyneoamphimedine (R = OMe)

OR
neoamphimedine Y (R = H)

alpkinidine
neoamphimedine Z (R = Me)

Figure 5. Structures of amphimedine, neoamphimedine,
alpkinidine, and related substances. 8511

Examinations of various chromotypes of the western
Mediterranean ascidian Cystodytes dellechiajei all revealed
the presence of several known pyridoacridine alkaloids and
from the purple colored morph collected in Catalonia, N-
deacetylshermilamine B (R = H, Fig. 3) and from the green
colored morph collected in the Balearic Islands, variants
cystodimine A (R = H) and cystodimine B (R = OH) (Fig. 6).554
Isocystodamine (R = H), N-methylisocystodamine (R = Me)



and N-methoxymethylisocystodamine (R = CH20Me) induce
the erythroid differentiation of human leukemia K562 cells with
an ED50 value of 5 nM. They were isolated from a sponge
Biemna sp. dredged at a depth of 150 m on a sea knoll named

Oshima-Shinsone, Southern Japan. !
~ "N
l A ! OH
N
O R
)‘NH
R

arnoamine C (R = C(Me)=CHMe
arnoamine D (R = CH=C(Me),)

NH O

cystodimine A (R =H)
cystodimine B (R = OH)

Z N
|

N O

= NHR

N =
N
isocystodamine (R = H)
N-methylisocystodamine (R = Me)
N-methoxymethylisocystodamine (R = CH,OMe)
N-hydroxymethylisocystodamine (R = CH,OH)

Figure 6. Structures of cystodamines,
arnoamines. %2 5

isocystodamines and

Purification of the bioactive extract of the ascidian Cystodytes
violatinctus (Solomon Islands) led to the isolation and
identification of two known alkaloids and shermilamine F (R =
C(=0)C(Me)=CHMe, Fig. 3), dehydrokuanoniamine F (R =
C(Me)=CHMe, Fig. 3) and arnoamines C (R = C(Me)=CHMe,
Fig. 6) and D (R = CH=CMe2).’ The Indonesian marine
sponge Biemna fortis yielded a substance named labuanine A
(Fig. 7).5%1 It has activity as a neuronal differentiation inducer
against a murine neuroblastoma cell line, Neuro 2A. Two cell
differentiation inducing pyridoacridines from the same sponge
proved to be N-hydroxymethylisocystodamine (Fig. 6) and
neolabuanine A (a tautomer of labuanine, Fig. 7) and co-occur
with other pyridoacridine natural products. ¢!

Three alkaloids from the ascidian Lissoclinum cf. badium
collected off the coast of Papua New Guinea, were identified
as inhibitors of the Hdm2 E3 activity. Two of them contain the
pyrido[2,3,4-kl]acridine subunit, tetracyclic diplamine B, and
pentacyclic lissoclinidine B. The most biologically interesting
is lissoclinidine B which inhibits ubiquitylation and degradation
of p53, and selectively kills transformed cells harboring wild-
type p53 (Fig. 7).57

Petrosamine B is an inhibitor of the Helicobacter pylori
enzyme aspartyl semialdehyde dehydrogenase and was
isolated from the Australian sponge Oceanapia sp (Fig. 8).55!
The compound is isomeric (position of the bromine) with
petrosamine, also from a sponge, Petrosia sp. In analysis
of petrosamine B, these workers found no evidence for the
dicarbonyl form reported for petrosamine.

However, in another study of petrosamine, isolated from a
Thai marine sponge Petrosia sp., it was shown to exist in the
dicarbonyl form in DMSO-ds solution.[% Along with
petrosamine, a new variant, 2-bromoamphimedine, was
obtained.
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labuanine A neolabuanine A

Z N N\
g \ i J \ )
N7 SMe N s
NH, NH,

diplamine B lissoclinidine B
Figure 7. Structures of labuanine A, neolabuanine A, diplamine B and
lissoclinidine B.1%4

Petrosamine has potent anticholinesterase activity, six times
higher than that of the reference galanthamine. In a
computational docking study, using the enzyme from the
electric eel Torpedo californica (TCAChE), a major contribution
was shown to be due to interaction with the N,N-dimethyl
ammonium group of the alkaloid.®9

petrosamine

Figure 8. Structures of two petrosamines.>®

3.2.2 Syntheses

1,4-Naphthoquinone has been used to generate pentacyclic
systems and compounds with more than five rings.% Thus,
reaction with TFA-protected kynuramine, 88, leads in two
steps and in one pot to the pentacyclic quinoneimine 89
containing the pyrido[2,3,4-kl]acridine nucleus (Scheme 27).

NHCOCF; 0 CeCl3.7H,0, air 2N
EtOH, reflux ‘
¢ . ‘O then NH4OH, MeOH O ‘O
then NH4OH, MeOH
NH, 13% N
88 o 89 o)

Scheme 27. Synthesis of 4-deaza-ascididemine 89.6Y

The keto-diamine 90 reacts with cyclohexane-1,3-dione to
generate partially reduced versions 91 quantitatively.[5%
These can be oxidised to the quinone-imines 92 which react



with bromine with substitution of both hydrogens of the
quinone-imine ring (Scheme 28).

R

c. HCI, AcOH
3-0,NCgH,SO3H
b reflux
R 100% R
R=H, 92%
90 91 R = OMe, 90% 92

Scheme 28. Synthesis of quinone-imines 92.[64

A total synthesis of sebastianine A was achieved (Scheme 29)
starting with a Diels—Alder cycloaddition of 93 with 4,7-
dimethoxyindole-derived quinone 94.152 The yields in the
Diels—Alder step were very low. Cyclization in basic conditions
of regioisomer 95 gave sebastianine A.

_NM
CHCO;j)/\ e

CF4COHN

toluene
reflux

+ regioisomer

sebastianine A

Scheme 29. Synthesis of sebastianine A.[52

Another compound with a fused pyrrole ring is arnoamine A,
a synthesis of which (Scheme 30) can be traced back to the
quinoline 96.1%% Conversion of amine into diazonium salt and
reaction with a 1,3-keto-acid (the Japp—Klingemann reaction)
produced the arylhydrazone 97 which was then transformed
into pyrido-indole 98 via a Fischer indole synthesis. Rather
vigorous conditions induced intramolecular indole-N-arylation
to form 99 now requiring simple adjustments to arrive at
arnoamine A.

AN NaNO,, 36% HCI, 0 °C ‘
< OMe then MeC(=0)CH(Me) COzEt OMe
O KOH, EtOH, 0 °C O PPA, 100 °C
- . —

86% 58%

COzEt
2 M aq NaOH, EtOH
Z >N 37% KF/AI,O3 SN then copper chromite
s __0OMe 18-crown-6 (cat) | quinoline, 200 °C
DMSO, 120 °C
_

OMe
O \ then BBrg, CH,Cl,
Jen PP, et
57% N

27% 3 steps

Et0,C Et0,C

! X ! OH
N )
—/ arnoamine A

Scheme 30. Synthesis of arnoamine A.3!
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The arnoamine skeleton 104 was also produced via a different
strategy (Scheme 31) in which a preformed N-phenyl indole
100 was the starting point.[%¥ Construction of the 4-quinolone
unitin 102 via thermolysis of the Meldrum’s acid structure 101
and reaction with phosphoryl chloride gave the chloro
compound 103. Formation of the final bond relied on an
intramolecular radical substitution. Work employing this final
step also led to arnoamine B itself.[65.66]

0]

O
NH; Me %NH

OMe OMe
Meldrum’s acid
N CH(OMe). CH(OMe)s, reflux reflux Ph,0, 220 °C
— 95"/ 80%
100 ¢ COzEt 101 ¢ COzEt
Z>NH Z "N
OMe ] OMe N-BusSnH, AIBN
o POCI, reflux gl PhH, reflux
— 7
Q\N 96% Q\N 97%
102 ¢ CO,Et 103 M€ CO,Et
Z "N
™
N
104 M¢ CO,Et

Scheme 31. Synthesis of arnoamine A skeleton from an indole.® ¢

The Authors’ synthesis of ascididemine began with the
acridone 105 (Scheme 32)[71 converted as shown into
ethynyl-acridine 106. The next step was entirely novel
involving reaction with sodium diformylamide and producing
the ‘top’ pyridine ring directly 107. Transformation into a
bromo-quinone-imine 108 allowed an aza-Diels—Alder
sequence to complete the synthesis. Analogous methodology
also produced the non-natural ascididemine isomer 109. A
tentative mechanism for the key ring-forming step giving 107
is detailed in Scheme 33.

Tf,0, DMAP
2,6-lutidine
then TMSA, Pd(PPhs),
i-ProNEt, reflux NaN(CHO),
then KF, MeOH A DMF reflux
> ‘ —>
82% ~ 55%
N
3 steps
Me Me NMe;
N
7 "NH BBr; j
CH,Cl, SN =
O O then NBS | Br 10 Kbar
N DMF, 0 °C O \ MeCN, 80 °C
107 53% NG 21%
‘ 108 O
A N ! A N
| ! |
9oeHeSSS
1 — —
N Z N N
ascididemine O ; 109 o

Scheme 32. Synthesis of ascididemine and an isomer 109.7



N(CHO),
e OMe
NaN(CHO), base
DMF, reflux O X - CHO
- ‘ —
—
N
OMe
CHO
JN _~-CHO SNH
D OMe OMe
X - HCO,Me X
— —_—
909 3 )
N N N
OMe OMe 107 OMe

Scheme 33. Proposed mechanism of pyridine ring formation from
alkyne 106 with sodium diformylamide.

Another synthesis of ascididemine, based on oxidative
amination of a quinone, began with a regioselective reaction
between quinoline-5,8-dione and the aniline 110 (Scheme 34)
in the presence of air to oxidise the initial Michael addition
intermediate to 111. Cyclisation of 111 to the tetracycle 112
resulted from successive reactions with trifluoroacetic acid
anhydride and then trifluoroacetic acid.

NMez NMez
NaH, TFAA
THF
CeCly 7TH,0
MZOSH o then TFA, CHoCl,
: — =5
— 36%
H o 1M1
Me;N. .COCFg Me;N.  .COCFs
Z 0 Z 0
Ng NH,Cl, NaOAc
MnO,, CHCly ‘ EIOH, reflux__
100% = YT

O 112

= N
‘O
aSC|d|dem|ne

Scheme 34. Synthesis of ascididemine from quinoline-5,8-dione and
structure of 4-deaza-ascididemine 89.1%]

The quinoline-5,8-dione employed in Scheme 34 was also
used in the synthesis of non-natural analogues 117 (Scheme
35).9 The quinone was reacted with various ortho-
aminoacetophenones 114 to provide variation in the benzene
ring, and the products 115 closed to tetracycles 116 with
strong acid. The ‘top’ ring was constructed by functionalization
of the pyridine-4-methyl group using DMFDEA and then
reaction with ammonia (cf. Scheme 18).

For several of the products, the antitumor activity (determined
in vitro) and tolerability (determined in vivo) were superior to
those of the alkaloids of which they are analogues. Several
analogues, as well as ascididemine, bromo-leptoclinidinone,
neocalliactine  acetate, and 11-hydroxy-ascididemine
themselves, were produced via a Brgnsted acid-promoted
tandem annulation (Scheme 36 — only the intermediates for
ascididemine itself are shown).[!
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c. HySO,4
AcOH reflux
72% 98%

Me (o}
N CeCl37H,0
R@O . = MeOH, air
N NH, 2 60%-98%
114 o)

Me O
N DMFDEA
NS ‘ B s DMF, 120 °C
< then NH,CI
S N/ = AcOH, reflux
116 o 70%-88%

17 o
N(CH,CH,Cl); NH(CH,),NMe;

R = NHy, Br, NH(CH,),Cl

Scheme 35. Synthesis of ascididemine analogues 117 from
quinoline-5,8-diones 115.[59

Again here, amino-quinoline-quinones e.g. 118 were utilised
and prepared, as previously, by amination of the quinone in
the presence of an oxidising trap. Of several conditions
assessed, the best to bring about the conversion of 118 into
the final products proved to be ferric sulfate and sulfuric acid
with acetic acid at 100 °C.

o]
N NHBoc Fey(SO4)3
) CeCly.7H,0 // o H,80,4, AcOH A
_~  MeOH, 0, N tooc
il Bt =

P> 75%

o + N
E%\NHBQC H g asudldemlneo
118
NH,

Scheme 36. Synthesis of ascididemine via a tandem annulation.[’”

In the light of the bioactivity of ascididemine, several other
reports describe analogues (only those with a pyrido[2,3,4-
kllacridine unit are described here). For example, the 4-deaza-
ascididemine 89 was constructed using 119 as starting
material. Using the Minisci reaction, 4-methyl-3-
cyanoquinoline was converted into the ketone 119.
Functionalisation of the methyl group produced a 2-pyridone
unit and conversion into halide 120 allowed a radical, but low
yielding, substitution to complete the pentacycle (Scheme
37)."1

DMFDEA, DMF N n-BugSnH
then H,SO, AcOH \ AIBN

Me =
O A CN thenPOBrav O X Br PhMe
N 1% N O 5%
119 0 Y
|
X
~
N
(0]

120 (0]
89

Scheme 37. Synthesis of 4-deaza-ascididemine 89 via a radical
aromatic substitution.["

Adapting the approach further, naphthyridine ester 121 was
produced via Minisci substitution, which was cross-coupled
with various aryl- and hetarylboronic acids (only product 122
from phenylboronic acid is shown) to give materials ready for
a final strong acid-promoted closure, in this case giving 89
(Scheme 38).['4 Amongst several other structures produced
in this way were 123 and 124.
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Scheme 38. Synthesis of 4-deaza-ascididemine 89 and structures of
analogues 123 and 124.13

Reversing the sequence of bond formations, the ester 125,
and substituted variants (not shown), were made by cross-
coupling 4-bromobenzo[c][2,7]naphthyridine with aryl esters
carrying an ortho boronic acid, and the last ring made via
metallation at the N=CH with 2,2,6,6-tetramethylpiperidinyl-
magnesium chloride lithium chloride complex (TMPMgCI-LiCl),
though in only moderate yields (Scheme 39).I8! The isomers
126 and 109 of ascididemine were also made in this way.

Z "N
|
| X ‘ X
Z N Z>N i N/ N
| TMPMgCI-Li ‘ ‘
e gCI-LiCl I
O THF, 0 °C to rt B P 126 o
P2 7 i Z N
27% = i
N N ‘ ‘
125 MoOC 89 o) 1 X X
! P2 ‘ P
N N

Scheme 39. Synthesis of 4-deaza-ascididemine 89 and structures of
ascididemine isomers 126 and 109.["®!

The base-promoted closure of two rings using sodium hydride
in N,N'-dimethylpropyleneurea (DMPU) from the fluoro-nitrile
127 neatly leads directly to 4-deaza-ascididemine 89, with
formation of two rings, though the yields in this example and
substituted variants, were only moderate (Scheme 40).1'4 The
mechanism of the anionic ring closure is detailed in Scheme
12.

‘ SN NaH, DMPU Z ‘N
145 °C
O g O — O ‘O
—_—
CN 12% NG

Z "N
|
_
N
89 o)

Scheme 40. Synthesis of 4-deaza-ascididemine 89.[4
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The non-natural isomer 109 of ascididemine was also
prepared as shown in Scheme 41.I"% Firstly the dimethoxy-
methylacridine 128 was constructed and converted into the
corresponding quinone 129. Aza-Diels—Alder reaction with
acrolein N,N-dimethylhydrazone added the next pyridine ring.
Functionalisation of the methyl group by reaction with
DMFDEA (—130) and then simple treatment with aqueous
ammonia completed the task (Scheme 41).

Me  oMe Me OMe Me O
o PPA CAN
100 °C / O MeOH, CH,Cl, O \
- 5 ittt kN
N 100% SN 93% N
H
OMe 128 OMe 129 ©
p
P2 NMe
N 2
NMe Me O o
2 DMFDEA
Ac,0, 95 °C = ‘ 120 °C A A
— — — ‘ —
31% N N N N
o o]
2 130
aq. NH,Cl AN ‘ AN
reflux |
~ —
47% (2 steps) N N
0

Scheme 41. Synthesis of non-natural isomer 109 of ascididemine.["™

Somewhat further away from natural structures, the hydro-
pyrido[2,3,4-kl]acridines 133 were prepared (Scheme 42) and
shown to be cytotoxic, but no strict correlations with their DNA
binding affinity and effects on topoisomerases were
observed.l’8781 The construction was very straightforward,
having in hand the amino-ketones 132 and ketones 131,
comprising a standard Friedl&nder quinoline synthesis.

PPTS

R
N
+ O OMe n-BuOH, reflux
48%-85%
¢} HoN OMe
R1 131 132
R2

R = H, Ac, COCH,NR,
R' = e.g. H; OMe, O(CH,),NH,
R2 = H, OMe

R2

Scheme 42. Synthesis of pentacyclic pyridoacridines 133.1"")

The first total synthesis (Scheme 43)[" of neoamphimedine
proceeded with the construction of the 4-(2-
nitrophenyl)dimethoxyquinoline 134 originating from 4-
methoxy-2-nitrophenol in seven steps. Transformation of the
acetylamino group of 134 into carboxylic acid 135 and
formation of an amide with N-methylaminoacetaldehyde
dimethylacetal gave 136, which was ring closed in acidic
media. Nitro-group reduction and then reaction of the
resulting aniline with the quinone, produced by oxidation with
CAN of the dimethoxybenzene, gave the last heterocyclic ring
of neoamphimedine.
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Scheme 43. First synthesis of neoamphimedine.l™

In a somewhat shorter route to nheoamphimedine, described
as an ATP-competitive inhibitor of topoisomerase lla and
potent anticancer agent, key intermediate 136 was
constructed via a triflate cross-coupling with stannane 137
(Scheme 44).18% Hydrolysis of ester then formation of amide
bond was achieved by reaction N-methylaminoacetaldehyde
dimethyl acetal using as activating agent propylphosphonic
anhydride (T3P). Arguably, neoamphimedine is one of the
most potent antitumor agents of the pyridoacridine family.!®!

NO,

SnMej;
137

7 Tf,0, DMAP Pd(OAc), Cul NOz [N
20, C)2, LU
o) OMe 2,6-lutidine  dppe, DMF, 80 °C O O OMe
0,
MeO coMe 92% 83% MeO CO,Me
MeO _Me
N
MeO
LiOH T3P, CH,Cl,

Scheme 44. Improved steps in a synthesis of neoamphimedine. !

In a delightfully short synthesis (Scheme 45)81 of
amphimedine, kynuramine gained from tryptamine via an
improved route, was converted directly into styelsamine D.
Next, reaction with formaldehyde generated a mixture of
demethyldeoxyamphimedine and deoxyamphimedine. The
final step was the oxidation of the pyridinium salt with
ferricyanide — fortunately this occurred on the desired side of
the quaternary nitrogen giving amphimedine.

Another synthesis of demethyldeoxyamphimedine required,
impressively, only four steps starting from ethyl nicotinate and
2-iodoaniline (Scheme 46).824 Cross coupling of the 4-
metallated ethyl nicotinate 138 with 2-iodoaniline produced
the tricycle 139.
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NH, OH Ag,0, 40 °C = ‘N
OH CeCl37H,0 N OH (CH0),
o then 6 M HCI, 90 °C O O AcOH, 60 °C
- —_—
NH, 34% N 92%
(CH2),NH,
kynuramine styelsamine D

K3[Fe(CN)e]
NaOH, 0 °C

92%

=
)

“Me
N Z | deoxyamphimedine
N 52%
demethyldeoxyamphimedine
48%

Scheme 45. Syntheses of styelsamine D, demethyldeoxyamphime-
dine, deoxyamphimedine, and amphimedine. !

Conversion into bromide 140 and cross coupling with the
same metallated nicotinate produced 141 requiring only
metallation of the pyridine moiety using TMPMgCI-LIiCl, for
intramolecular nucleophilic attack on the ester and the
formation thereby of dimethyldeoxy-amphimedine.

I
N . >N Pd(dba),
il TMPMgCI.BF LiCl \ P(2-furyl)s
x then ZnCl, ZnCl NHz _40 °C'to rt
- .
CO,Et CO,Et 50%

138, Pd(dba)
P(2-furyl)s, THF

A\ , >
S ;
—AoCtort
N Br 78%
140

—40°Ctort

POBr,
135°C, N,
“s0%
139

ZN
TMPMgCI-LiCl ) o
THF, 0 °C
T~ .
28% N7 N
N

demethyldeoxyamphimedine
Scheme 46. Synthesis of demethyldeoxyamphimedine.®2

An elegant use of gold catalysis with chloro(triphenyl-
phosphine)gold(l) brings about ring closure (formation of two
rings) of alkynyl-anilines 142 to iminoquinone 143 (Scheme
47).183 The starting amino-quinones 142 were prepared from
the quinoline-5,8-dione and the aralkynylmethylamine under
oxidative conditions to trap initial adducts. Comparable deaza-
analogues derived from naphthalene-1,4-diones led to
pentacycles 144.

R WM |
\ i
A O pphyAuCl . o . 0
= TFA, 60 °C R'—¢ PR
NHp L NNy ;
o || 80%-85% | AR2
142 Ny 143 T 144
R"=H, Me, CI R'=H, Me, CI, Cl,
RZ=H,Cl R?=H, OH

yields 76%-93%

Scheme 47. Synthesis of compounds 142 and 144,183



A simple synthesis of subarine from a Singapore ascidian!*!
employs a cross-coupling as a key step (Scheme 48).84 The
structure is drawn in such a way as to suggest its relationship
to the pentacyclic alkaloids of the ascididemine group, but with
one ring ‘missing’ — hence its inclusion, though tricyclic, in this
Section. Oxidative cleavage of the benzene ring in 4-bromo-
1,10-phenanthroline 145 and esterification of the resulting di-
acid gave di-ester 146. Cross-coupling with N-(tert-
butoxycarbonyl)-2-(trimethyl stannyl)aniline produced 147
then converted into the alkaloid with acid.

Me,Sn

BocHN:©

‘ XN CO2Me py(pph,),
_ N 1. ag. KMnOy, reflux 1,4-dioxane
Br ) 2.MeOH, DCC,0°C Br reflux
————————————  MeO,C
% 8% 63%
145
| SN CO,Me
_ TFA
) CHuCly tt
N~
28% o
BocHN CO:2Me H CO,Me
147 subarine

Scheme 48. Synthesis of subarine.®

A second and somewhat shorter synthesis of subarine also
began with an oxidative cleavage, leading to dimethyl [2,2'-
bipyridine]-3,3'-dicarboxylate 148 (Scheme 49).591 Amide
formation with 2-iodoaniline to 149 and a final carbon—carbon
bond-forming radical step gave the alkaloid, though only in 7%

yield for the last step.!88]
[
@i Me3Al

NH» CH,Cl,
40%

B
N MeOH
N KMnO, H,SO,

—_—

MeOZC

CO,Me
n-BuzSnH, AIBN
N benzene, reflux
4»
7 7%

Scheme 49. Second synthesis of subarine. 8

subarine

3.2.3. Helicenes and triazatriangulenium salts

The highly configurationally stable [4]heterohelicenium
cations, e.g. 150, can be prepared from the triaryl carbocation
151 by reaction with an amine, e.g. n-propanamine, four of the
methoxy groups being thus displaced (Scheme 50).571 The
displacement of one pair of methoxy groups takes place at
50 °C.[#8l Interference between the remaining methoxy groups
in salts such as 150 ensures that the helicity is maintained.
The salt 150 was shown to be configurationally stable up to
200 °C. Compound 150 was resolved by forming
diastereomeric salts with  binphat. Under strongly acidic
conditions, e.g. PPA (polyphosphoric acid) or Eaton’s reagent
(phosphorous  pentoxide in  methanesulfonic  acid),
regioselective electrophilic substitution of salts such as 150,
e.g. acylations, sulfonylations, or alkylations, occurs at the
extremity of the helical cores, ortho to a methoxyl group.® A
range of nucleophiles, including aryl- and alkyllithiums, and
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hydride, react with these salts with attack at the central

positively charged carbon, to produce neutral products, as in
the examples 152 and 153 shown in Scheme 50. Derivatives
with substituents at the central carbon such 154 can also be
obtained via lithiation of the hydride reduction product 153.
The helicene salts were shown to bind to DNA, probably by
intercalation.[®°

BFY

150 \NaBHA

55%

EtOH, rt
99%

a o MeQ _n-Pr MeQ _n-Pr
o ' MeO n-BuLi, Et;,0 MeO”
ojo d e —78t00° C
/F"<o Electrophile
o ; - .
OO ° o N 71%-89% b
183 n-pr n-Pr 154
binphat ' & El = n-PINHC(=S)
Ac, CgHq3

Scheme 50. Synthesis and
cations.®"

reactions of [4]heterohelicenium

The use of hydrazine instead of a primary amine in reaction
with carbocations 155 allows the synthesis of neutral products,
with a fully aromatic acridine unit, but still chiral, quinacridines
157.°1 As illustrated in Scheme 51, the products 155 of
disubstitution with one primary amine unit, react with
hydrazine giving intermediates believed to have structures
156 and then cleavage of the N-NH2 bond brings about
aromatization of the central pyridine ring (arrows on 156 are
suggested). Quinacridines 157 are pink and when protonated
(on the acridine nitrogen), the resulting cation is green.

NP H NNHy H,0
DMF, 90 °C, dark — HoNNHNH,
78%-97%

S]

R =Me, n-CgH14
Ph, PhCH,

157

Scheme 51. Synthesis of chiral 5H-quino[2,3,4-kl]acridines 157.1°1

Under more extreme conditions, the triaryl carbenium ions 151
can be made to react with three equivalents of primary amines
to produce cations called ‘triazatriangulenium’ ions (Fig. 9),
e.g. the dark blue 158 (n-PrNHz, NMP, 110 °C, 77%).°2



| | |
158 n-Pr BFY 159 Ar BFY 160 R BFY
Ar = Ph 36%  R=CH,),0H 41%
= 4-MeOCgH, 24% = (CHp),Me 40%
=4-BrCgH,  22% = (CHy)sMe 44%

= (CHp);Me 44%

Figure 9. Typical triazatriangulenium cations 158-160.1

Even more extreme conditions are required to introduce three
arylamines, thus 151 tris(2,6-dimethoxyphenyl) methylium ion
(DMP3C*) was heated in excess of various anilines, in the
presence of sodium hydride, in a solvent-free reaction at
210 °C producing 159.1% Triazatriangulenium cations 160
with longer R groups, prepared with amines at 180 °C, can be
used as phase-transfer catalysts.[®4

Aryl- and ethynyllithiums add easily to the central, positively
charged carbon of triazatriangulenes, giving neutral
products.[® This process can be reversed photochemically. ¢!
Analogous systems, with one oxygen and two nitrogens as the
bridging heteroatoms, can also be prepared, for example
starting from salt 155. Thus ‘diazaoxatrianguleniums’ 162
were made via demethylation of a methyl ether in a salt 161
then intramolecular displacement of the remaining methoxyl
by the so-formed phenolic oxygen, as shown in Scheme 52.17]
Electrophilic substitution of diazaoxatriangulenes such as 162,
for example nitration and Vilsmeier formylation, occurs on the
benzene ring with two nitrogens attached, and ortho to a
nitrogen.l® A study of the interaction of trianguleniums as
optical probes for G-quadruplexes, showed 163 to be a unique
fluorescence probe.l®® Interaction with a G-quadruplex from
the promoter region of the c-myc oncogene revealed that they
interact at 1:2 binding stoichiometry. Calculations showed that
binding occurs mainly through n—n stacking between the
polyaromatic core of the ligand and guanine residues of the
outer G-quartets.[10

R
MeNH,, MeCN

EtOH, 70°C  MeO%

I
162 Me BFy
R = e.g. (CH)sCOMe R = (CH,),N(CH,CH,),0

Scheme 52. Synthesis of diazaoxatrianguleniums.®”
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3.3. Hexacyclic systems

Several hexacyclic alkaloids containing the pyrido[2,3,4-
klJacridine motif have been isolated during the 215t Century.
Cycloshermilamine D was isolated from the marine tunicate
Cystodytes violatinctus.['9 Segoline C possessing the benzo
1,6-diazaphenanthroline ring system was isolated from the
Indian Ocean tunicate Eudistoma bituminis together with the
known segoline A previously isolated from the Red Sea
tunicate Eudistoma sp. (Fig. 10).1202

MeyN

cycloshermilamine D segoline C

sebastianine B

sebastianine A nordehydrocyclodercitin
Figure 10. Structures of cycloshermilamine D, segolines A, C,
sebastianines A, B and nordehydrocyclodercitin, 20104

Sebastianine A (cf. Scheme 29 for synthesis) and
sebastianine B were new alkaloids from the ascidian
Cystodytes dellechiajei collected in Brazil.[103]
Nordehydrocyclodercitin, from the ascidian Aplidium
cratiferum was collected at Arab Reef, Great Barrier Reef,
Australia.[t04

Hexacyclic acridine dye 169 possessing remarkable
fluorescence properties and absorbing in the green area of the
spectrum was synthesized from bromoacridone 164 (Scheme
53).[195 1 A palladium-catalysed Buchwald—Hartwig coupling
between 164 and monoprotected ortho-phenylenediamine
165 produced 166. Successive closure of the benzimidazole
ring in refluxing acetic acid and quaternisation in refluxing
methyl iodide gave the benzimidazolium-acridone 167.
Treatment of N-methylacridone 167 with a mixture of thionyl
chloride and a few drops of anhydrous DMF gave the unstable
9-chloroacridinium chloride 168 that was converted in situ into
the desired hexacyclic acridinium salt by addition of
triethylamine which produced a 2-methylene-benzimidazole
allowing attack on the acridine C-9 position. Dye 169 was
finally isolated as a hexafluorophosphate salt by anion
interchange after treatment with sodium hexafluorophosphate.
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Scheme 53. Synthesis of acridine dye 169.1%

Imidazoquinolinoacridones 171 were obtained with good
yields by a three-component reaction of 2-halo aromatic
aldehydes, benzimidazol-6-amine 170 and cyclohexane-1,3-
diones, catalyzed by copper(l) iodide and L-proline (Scheme
54).1%1 The same domino reaction was applied for the
syntheses of pyrazolo and triazolo derivatives 172 and 173
using as starting material a indazole-6-amine or a
benzotriazole-6-amine, respectively. [107.108]

R3 R3
B »
= =
Q X HNT Cul, L-proline, Cs,CO3 0 N
+ CHO + N 1,4-dioxane, 85 °C X N
1
R! 74%-89% R |
R2 6] HoN R? N
170 171
R', R?=H, Me
R3 = CI, (MeO),
NO,, CF3, OCH,0
X =Br, Cl,F

172 173
72%-89% 81%-89%

Scheme 54. Syntheses of imidazoquinolinoacridones 171 and
structures of hexacyclic acridones 172 and 173.[106-106]

Reaction of 1,4-naphthoquinone with keto-diamine 174, in the
presence of an oxidizing agent, forms firstly 175, which can be
ring closed with ammonia, as a base, to the hexacyclic 176
(Scheme 55). In studies of electrophilic substitution, it was
found that nitration occurs ortho to the methoxyl groups in 176
(R = OMe).l64
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R

O )

NH
2 CeCls-7H,0, alr NHz
‘O EtOH, refiux NHAOH MeOH
NH R=H, R-H 54% R=H, R=H,93%
2 R = OMe, 48% R = OMe, 95%
174

E )
900
/
R N
176 (o}

Scheme 55. Synthesis of benzo[b]quino[4,3,2-mn]acridin-10-ones
176.161

3.4. Heptacyclic systems

A total synthesis of the heptacyclic pyridoacridine alkaloid
eilatin and its isomer isoeilatin was performed starting from
pyridoacridones 78 or 181 respectively.’%  The
pyridoacridone 78 was obtained (Scheme 56) by
condensation of acridone 177 with DMFDEA (cf. Scheme 18)
followed by ring closure with hydroxylamine hydrochloride to
give the N-oxide 178. Rearrangement of N-oxide 178 using
acetic anhydride gave an acetoxy derivative, which was
hydrolyzed to alcohol 179. Subsequent oxidation of 179 gave
the pyridoacridone 78.

DMFDEA, 120 °C ® O@
Me O 20 min then Z >N~ 1.Ac,0,50°C,2h
NH,OH.HCI, < M 2.10% aq. NaOH
\ AcOH, 120 °C MeOH, 80 °C, 2 h
= —_— Pz —_—
N 41% N 55% (two steps)
177 178
Z "N Z>N
S | OH MnO,, toluene S | o
reflux, 4 h O ‘
—_—
NT 66% NG
179 78

Scheme 56. Synthesis of 4H-pyrido[2,3,4-kl]acridin-4-one 78.11%°!

Oxidative amination of 78 with 2-aminoacetophenone using
cerium(lll) chloride catalyst followed by cyclization gave the
hexacyclic pyridoacridone 180 which was transformed into
eilatin by an annulation reaction using another DMFDEA
procedure (Scheme 55).

The same oxidative amination on pyridoacridone 181,
cyclization and annulation afforded isoeilatin 182 (Scheme 57).

There has been substantial interest in metal complexes of
eilatin; structure 183 [Ru(bpy)zeilatin] shows which nitrogens
are used when the alkaloid acts as a mondentate ligand
(Scheme 58).11191 However, the alkaloid can also act in a
bidentate fashion, as in the complex 184.14 Eilatin Ru(ll)
complexes display anti-HIV activity and enantiomeric diversity
in the binding of RNA.[*12
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o] 2.10% H,S0,, AcOH

90 °C, 20 min
3. DMFDEA, 120 °C
20 min, then NH4CI
AcOH, 120 °C
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Scheme 57. Syntheses of eilatin and isoeilatin 182,191

The cationic  [Fe(eilatin)s]>*  effectively  recognize
(tris(tetrachlorobenzenediolato)phos-phate(V) (TRISPHAT)
even in polar media such as 90% acetone—CHClIs.[113]

[Ru(dmbpy),Cl,]

HO(CH,),0H, 140 °C
[Ru(dmbpy),eilatin}?* ————————»
95% 67%

[Ru(dmbpy)2Clz]

... ag.MeOH, 90 °C
eilatin

Scheme 58. Structure of ruthenium complexes of eilatin in mono- and
bidentate modes.[*10: 114

N\’I
Pyrido[2,3-a]acridine

{benzolj][1,7] phenan-throline}

There seem to be no natural products that include the
pyrido[2,3-a]acridine nucleus however, there are synthetic
examples. Benzylic carbanions react with nitroarenes under
mild conditions in the presence of DBU and
trialkylchlorosilanes to form tetra- and pentacyclic azaarenes.
This process was used to construct the cyano-pyrido[2,3-
aJacridine 185 as indicated in Scheme 59.[114
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CN N7
DBU, Me,SiCl
DMF, rt, days | =
71%

Scheme 59. Synthesis of a cyano-pyrido[2,3-a]acridine 185.1:14

The proposed mechanism for the synthesis of pyridoacridine
185 is shown in Scheme 60. Addition of benzylic carbanion to
the nitroquinoline gives I-1 which was transformed via I-2 into
I-3 ready for an electrocyclization and aromatization to afford
the tetracyclic compound 185.

CN N7 ‘ DBU
AN Me;SiCl
— >
@ ‘
N/

@O/\@

’
CN N oN N N N/‘
AN A
—_—
-Me SiOH N/ O N O

Me3S|O OSIM93

| |
1-2 1-3 OSiMej; -4 OSiMe,

DBU
- Me3SiOH

185

Scheme 60. Proposed mechanism for the reaction of benzylic
carbanions with nitroarenes.

A three-component process involving an aromatic aldehyde,
dimedone and 7-aminoquinoline produces hexahydropyrido
[2,3-a]acridinones 186 (Scheme 61).[115]

N/‘

‘g
A EtOH, reflux Q A NT
(@) H + —_—
Me * 87%-96% ‘
o HoN Me

Ar=Ph, 4-CICgH,  Me
4-MeCgHj, 3-BrCgH, 186
2,3-(Me0),CgH3

2,3-Cl,CgH3

<
)
=z

Scheme 61. Synthesis of hexahydropyrido[2,3-aJacridinones 186.1%%

Condensation of the quinolin-4-one 187 with 2-
chloroquinoline-3-carbaldehyde 188 gave an alkene 189
which could be ring closed to 190 with base (Scheme 62).[116]

The synthesis of the heptacyclic ‘triazatrinaphthylene’ 192
(TrisK), a three-fold symmetry planar conjugated system with
two-dimensional self-assembly properties, is an extension of
the approach described for the synthesis of 220 (Scheme 76)
and 288 (Scheme 95). In the present context, product 191
obtained by Buchwald-Hartwig cross-coupling between 1,3,5-
tribromobenzene and 2-amino-5-methylbenzoic acid, triply
cyclised with phosphoryl chloride leading to 192 via a
heptacyclic triketone, reduced to a hexahydro-heptacycle
then aromatized with iron(lll) chloride (Scheme 63).1117]
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Scheme 62. Synthesis of substituted dibenzo[b,j][1,7]phenanthrolin-
14-ones 190.1191

The structure actually contains three pyrido[2,3-a]acridine and
three pyrido[2,3-clacridine moieties. Exactly comparable
triazatrinaphthylenes were prepared starting from 2-amino-5-
alkoxy(C3H70; C10H210; C12H250; C1s6H330)benzoic acid.[*18!

The compounds with propyloxy substituents, and its precursor
still with three chlorine atoms (193, Scheme 64) were shown
to form highly organized nanoporous honeycomb networks
when adsorbed at the n-tetradecane/HOPG (highly oriented
pyrolytic graphite) interface.[119

Me

CO HHN
M 2 CO,H
€ 2 pocl, reflux Me
then LiAlH4, THF, reflux
N NH  then FeCls, ag. NHg
R i M
HO,C
191 3% for 3 steps

Me

Scheme 63. Synthesis of a diquino[2,3-a:2',3'-c]acridine 192.17

Displacements of the chlorines in 193 with amino-substituents
(e.g. NH(CH2)2NMe2) produced substances that recognize G-
Quadruplex DNA.[120121 The displacement of chlorines with
other amines gave substances 194 that react (Scheme 64)
with boron trifluoride or triphenylborane forming novel
chromophores 195.[122

BF3-OEt,
PhMe, 90 °C

or

BPh;
toluene, 120 °C

.

Cl R'NH,, reflux
-2

=CgHi3
or CyoHos

R2=F orPh

Scheme 64. Synthesis of triamino-diquino[2,3-a:2',3'-c]acridine boron
adducts 195.%2
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A variant on these ring closures, that provides fully aromatic
products directly, depends on the use of ortho-
arylaminophenyl Schiff bases.['?8] Thus, in a general study,
one example had 196 being converted into 197 (R = H).
Perhaps even simpler, the diketone 198 was ring closed to
197 (R = Me) under acidic conditions (Scheme 65).[124

Me Me
HN
H,SO, (cat.)
AcOH, reflux
ZnCIz THF, 80 °C R = Me
O HN

98"/ ‘ 70%
K(j R N7

Me 198

197

Scheme 65. Two approaches to dibenzo[b,j][1,7]phenanthrolines
197.124

6,7-Dihydrodibenzolb jl[1,7]phenanthrolines 202,  which
contain both a pyrido[2,3-c]acridine unit and a pyrido[2,3-
alacridine moiety, can be assembled using an efficient two-
step procedure, summarized in Scheme 66.['251 An aldol
condensation between the tetrahydroacridone 199 and an
ortho-nitro-araldehyde 200 giving an alcohol 201 is followed
simply by conditions to reduce the nitro group to amine (iron
and acetic acid), cyclisation and loss of water in the acidic
conditions, in situ, completing the sequence. A selection from
the twenty-five examples given in the paper is shown in the
Scheme 66. Aromatisation of the remaining partially saturated
ring was achieved with selenium dioxide in hot 1,4-dioxane.

NO, EtsN OH NO,
HZO R! ~
‘ O ;
, 201

R

Fe powder R2
AcOH, 70 °C

76%-86% R® N

R'=H, F; R = H, MeO
R%=H, F; R* = H, MeO, Br

Scheme 66. Synthesis of substituted dihydro-dibenzo[b,j][1,7]
phenanthrolines 202.12%

The pentacyclic compounds 203 were prepared as shown in
Scheme 67. The Iluminescence spectra in solution and
polycrystalline state were studied.[*2¢!

CN
O CHa(CN), O g
KOH, ROH x
reflux O \ Ar
~
N

e
NG 56%-75%
Ar = 4-CICgH4, 2-furyl, 3,4-(OCH,0)CgH5 203

R = Me, Et

Scheme 67. Synthesis of dihydro-naphtho[2,1-j] [1,7]phenanthrolines
203.01281
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5. Pyrido[3,4-a]acridine

{benzo[J][Z 7] phenanthroline}

No natural products containing this tetracyclic system have
been reported and there are no simple synthetic examples.

6. Pyrido[4,3-a]acridine

{benzolj][3,7] phenanthroline}

There has been no synthetic work to produce this isomer, and
no natural substances incorporating this skeleton have been
reported.

7. Pyrido[3,2-a]acridine

{benzo[b][4,7] phenanthroline}

Here again there are no natural substances that include this
skeleton, however there are synthetic examples. The reaction
of 6-aminoquinoline 204 with cyclohexane-1,3-diones and
formaldehyde produces partially reduced pyrido[3,2-
ajacridinones 205 (R? = H, Scheme 68).1127] Inclusion of an
araldehyde in the reaction mixture, instead of the
formaldehyde, produces corresponding products 205 (R?= Ar;
10 examples, 65-81%).1128]

o] 77| (CHZ0),, EOH o R 7N
N reflux N
1 + - . = 1
R 0 HN R'=R?=H,67% R |
2!

R! R'=Me, R%= H, 71% R'
204 e 1% 505

Iz

Scheme 68. A simple synthesis of hexahydropyrido[3,2-a ]Jacridino-
nes 205.01%7]

Benzylic carbanions react with nitroarenes under mild
conditions in the presence of DBU and trialkylchlorosilanes to
form tetra- and pentacyclic azaarenes. This reaction was used
to make a range of fused systems from 6-nitroquinoline
including cyano- 206 and methoxycarbonyl- 207 pyrido[3,2-
aJacridines (Scheme 69).1'4 For a discussion of the
mechanism see Scheme 60.

eO 0
N7 [l o8 ‘
U, Me;SiCl \
©)+ N MecN, t, days ;
O,N 64% i

Scheme 69. The use of benzylic anions and 6-nitroquinoline to
prepare pyrido[3,2-a]acridines and naphtho[1,2-b][4,7]phenanthro-
lines. 114

Reaction of 5-amino-1,10-phenanthroline 208 with
formaldehyde and acid produced the tetrapyrido[3,2-a:2',3'"-
c:3",2"-h:2",3"-jJacridine 209 subsequently designated ‘tpac’
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(Scheme 70).1*2° The use of microwave heating reduced the
synthesis reaction time from a week to 60 minutes — 70%
yield.[130 The extended polycyclic bis-phenanthroline ligand
led to the use of tpac in the formation of several metal
complexes, in a monodentate or bidentate fashion (see
below). Note: the structure of tpac comprises two pyrido[3,2-
alacridine units and also two pyrido[2,3-c]acridine units.

‘ X
N~ HCHO (0.5 equiv)
6 M HCI, 70 °C
N“Y" "NH; 85%
‘ =
208

Scheme 70. Synthesis of tpac 209.12°

The synthesis is interpreted as beginning with electrophilic
substitution ortho to the amino group of 5-amino-1,10-
phenanthroline 208 leading to alcohol I-1, loss of water from
which (— I-2) and attack by a second equivalent of starting
amine then producing I-3. Final acid-catalysed cyclising
elimination of ammonia gives tpac 209 (Scheme 71).

208
‘ X | X
N~ CH20H+ H* N~
—_—
N NH, —H20 N
‘ = ! =
11 1-2

Scheme 71. Postulated mechanism of the synthesis of tpac from 5-
amino-1,10-phenanthroline

Analogous mono-dentate ligands 211, the prototype being
benzo[b]pyrido[3,2-f][1,7]phenanthroline (bpp) itself 211 (R*=
R? = H), were prepared using 2-amino benzyl alcohols 210
with 5-aminophenanthroline 208, as shown in Scheme 72.[131

R’ 2
R2 CH,OH N
=0, N 6 MHC, 65 °C
—_—
R? NH, HN - ‘N 93%-98%
1
R S R'=H,F
210 208 R2=F, H

Scheme 72. Synthesis of benzo[b]pyrido[3,2-f][1,7]phenanthrolines
217.1881

Typical of the type of structure for complexes that have
incorporated such ligands is 212, Ru(phen)z(bpp) (Scheme
73).[131 Examples of the utility of complexes incorporating the
ligands described above are the following: the complex
Cu(tpac)2Cl was shown to cleave supercoiled pUC18 plasmid
DNA in an oxidative manner by photoactivation with visible
light;[*32 the rigid dinuclear [(tap)2Ru(tpac)Ru(tap)2]** complex
(tap = 1,4,5,8-tetraazaphenanthrene) efficiently
photodamages oligodeoxyribonucleotides containing
guanine.’33 A review covers ‘Ruthenium(ll) complexes
bearing fused polycyclic ligands: from fundamental aspects to



potential applications’ and includes complexes involving
ligands in this section, and others.[134

The complex [Ru(bpp)(bpy)2]?*, underwent 2e~ and 2H*
reduction, generating [Ru(bppHH)(bpy)2 1?*, in response to
visible light irradiation in solution in aqueous acetonitrile with
triethylamine.[331 The pyridine ring of the acridine unit was
regioselectively reduced to the 1,4-dihydro level.

Ru(phen),Cl, aq. EtOH
80 °C, dark, Ar

Scheme 73. Formation of a ruthenium complex 212 of bpp.[t34

A complex containing a tpac unit was made by synthesis using
a preformed ruthenium complex. Thus, [(tap)2Ru(5-amino-
1,10-phenanthroline] gave [(tap)2Ru(tpac)]?* by reaction with
5-amino-1,10-phenanthroline and formaldehyde promoted by
6 M hydrochloric acid at 90 °C (compare with the method in
Scheme 70).[136]

An entirely different type of complex 2161371 was prepared
from primary amine 214 by reaction with platinum source 215.
Scheme 74 shows how 2-methyldibenzo[b,j][4,7]
phenanthroline 2131361 was converted into 216 in five steps.
The complex 216 interacts with quadruplex DNA via a dual
“noncovalent/covalent binding mode”.

1. BocHN(CH3),0(CH3),NH,
CI(CH,),Cl, 40 °C
2. NaBH(OAc)3, CI(CH,),Cl, 40 °C
3. HCI, MeOH, then Cs,CO5
aq MeCN

Me  seo, CHO

naphthalene
‘ 200 °C
Z _—

| 7%
Y N
_

213

33% over 3 steps

CHZNH CH3),0(CH3),0(CH,),NH,

|’ CI
\ 215
DMF, 40 °C
CH,NH(CH,),0(CH2),0(CH,):NH L

HN NH

216

Scheme 74. Formation of a platinum complex 216.17

Several polycyclic aza-aromatic compounds were produced
via cyclization reactions of ortho-arylaminophenyl Schiff
bases e.g. 217, promoted by zinc chloride, one example
producing the quinacridine 2181*23 (quinacridines are
pyridoacridines with an extra fused benzene ring) as is shown
in Scheme 75. Coordination of each imine nitrogen to zinc
chloride activates the system for two intramolecular
electrophilic cyclizations, with subsequent elimination of two
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equivalents of 2,6-dimethylaniline.

ZnCl, |
THF, 80 °C O \ N
—_—
— 2CgHgNH, “

0,
Me ‘\© 217 50% 218

Scheme 75. Conversion of ortho-arylaminophenyl Schiff base 217
into a quinacridine 218.1%

Quinacridines can also be assembled in a stepwise fashion.
Thus, Buchwald-Hartwig cross-coupling of iodoaniline 219
and methyl anthranilate produced a diester, double ring
closure with phosphoryl chloride after ester hydrolysis then
giving the dichloro-pentacycle 220; the halogen could be
removed but at the expense of reduction of one of the rings,
affording 221, but this is easily aromatized to give 2-
methyldibenzo [b,j][4,7]phenanthroline (Scheme 76).1138]

com MeOZCQ
,Me
CoMe PAOACL PEBL); o coMe [
@[ 052003 toluene, reflux \Q /©/
NH, 74% N

H
LiAH,

i
THF, reflux Me O \ NH
o
221

Scheme 76. The assembly of a dihydro-quinacridine 221 from methyl
anthranilate.*%

aq NaOH, Me,CO
then POCIy

96%

Making the same two bonds to reach quinacridine 223 can be
achieved easily using dialdehyde 222 and indium triflate,
albeit at high temperature (Scheme 77).139

OHC- ;
CHO

0
e¥en

In(OTH);3 (5 mol%) \
CI(CHz);Cl, 150 °C

XN
O /‘
76% N

223
Scheme 77. A synthesis of dibenzolb,j][4,7]phenanthroline 223,13

The cyclisation substrate 225 was prepared by benzyne
insertion into para-phenylenediamine-bis(trifluoroacetamide)
224. Double ring closure to 226 was secured with hot
trifluoroacetic acid.**! An exactly comparable double ring
closure but with methyl instead of trifluoromethyl, was brought
about with catalytic sulfuric acid in refluxing acetic acid.!*24
Product 226 can also be accessed via reaction of ortho-
aminophenyl trifluoromethyl ketone with cyclohexane-1,4-
dione giving 227, easily dehydrogenated (Scheme 78). The
formation of 227 can be seen as a double Friedlander reaction.



KF, 18-crown-6

@S'M% THF, 50 °C
oTf l

d/@ CF3CO,H, reflux

H 224 \f% (2 steps)

p-chloranil

MeO(CH,),0H,
reflux, 76% / N

Q 6 M HCI
EtOH, reflux

0
@CFa ) ﬁ Y
—_
NH, O 82%

Scheme 78. Two syntheses of dibenzol[b,j][4,7]phenanthroline
226_[140-141]

The condensing cyclisations of N,N'-diphenyl-para-
phenylenediamine 228 with carboxylic acids or dicarboxylic
acids, produces helical species, by virtue of the steric
interference between the R! groups or constraint from the
introduced ring; structures 229 and 230 are examples
(Scheme 79).[140. 141]

y
2,0

R'CO,H or
R2,C(CH,CO,H),
ZnCl,, microwave

heating
- >

R'= Me, Et, C11Hyp3
R?=H, Me

Scheme 79. Syntheses of helical dibenzo[b,j][4,7]phenanthrolines
229 and 230.141

8. Pyrido[2,3—b]acridine

There is very little published work on simple (tetracyclic)
examples of this ring structure. The patent literature contains
many examples of elaborated versions with extra benzene/
pyridine ring(s) fused, but these are not discussed here.

Alkaloids such as deoxyascididemine and eilatin (Fig. 4) from
the Australian ascidian Polysyncraton echinatum, contain
both pyrido[2,3-b]acridine and pyrido[2,3,4-kl]acridine nuclei
and all the other examples of this situation are considered
under the latter heading.'*? Quinones 231143 and 2321244
were amongst several re-prepared to assess antituberculosis
activity (Fig. 11).114%]

Me O Me,N(CH,), O OMe OH O
o ‘ AN X ‘ NS
—
N/ Z N & Me
o
231 232 benhamycin

Figure 11. Structures of benhamycin and related compounds. 2421461

WILEY-VCH

0. Pyr|d0[34 b]acridine

There has been no synthetic work on this isomer, but there is
an ‘intensely yellow’ alkaloid, isolated from a terrestrial
Streptomyces sp., which incorporates the skeleton and was
named benhamycin (Fig. 11).4¢1 The compound has an
additional fused benzene ring in the pentacyclic structure
which was established by spectroscopic analysis, including
extensive 'H and 3C NMR measurements.

10. Q SN pyrido[4,3-blacridine

There has been little synthetic work on this isomer, and no
natural substances incorporating this skeleton have been
reported.

The quinone 235 was constructed from the isoquinoline-
quinone 233471 thus, reaction with 2-aminoacetophenone in
the presence of cerium trichloride produced 234 and this was
ring closed to 235 in acid. A fifth ring was added utilizing the
reactivity of the methyl group, located as it is at C-4 of the
pyridine unit, and in the process producing a product 236
(Scheme 80) which now also has a pyrido[2,3,4-kl]acridine
moiety and is an analogue of ascididemine.

CeCl3 c. Hy,SO,4
EtOH rt N AcOH reflux
H,oN 51% 53%
O 234
Me
1. DMFDEA, DMF, N, 120 °C
‘ X ‘ Xy 2. NH4CI, MeOH, reflux
P N = N
N 23%
235 o 236 o)

Scheme 80. Construction of a pyrido[4,3-b]acridine-5,12-dione 235
and its conversion into 9H-quino[4,3,2-de][1,8]phenanthrolin-9-one
236. [147]

11. Pyrido[3,2-b]acridine

There are no relevant examples of compounds containing this
structure and there are no natural products either.

12. E\/\ ’ Pyrido[2,3-c]acridine

{benzo[b][1,7-phenanthroline}

Note: the chemistry of tpac 209 (Scheme 70) which includes
both two pyrido[2,3-c]acridine and two pyrido[3,2-a]acridine
units, is dealt with in the pyrido[3,2-a]acridines, Section 7.

In work to prepare analogues of the pyranoacridone alkaloid
acronycine, fromAcronychia baueri Schott (Rutaceae), which
has antitumor properties, the tetracyclic acridone 238 was
assembled, the key step being the intramolecular aroylation



(237—238) (Scheme 81).[1481 Using 1-bromonaphthalene-2-
carboxylic acid instead of 2-bromobenzoic acid led to
benzologue 239.1149

Cu(OAc), H,0 COLH 6. H,S0,
CozH fﬂtaNcgcc))Qc fl @ 1w,
+ NHZ ez refiux 67%
)
237

‘%‘%o‘%

acronycine
Scheme 81. Synthesis of an analogue 238 of acronycine.[8!

Amine 240010 was converted into the synthetically useful
aldehyde 242 as shown in Scheme 82.1*51 The formation of
241 illustrates the regioselectivity of electrophilic attack on the
aminopyrido[2,3-c]acridine.

TsCl, py 0 °C
O \ then Mel, K,CO3, DMF /@\/}
then H,SO4 rt Me.
H,N N/ Z N en24u4> € ” N
G 2% (HCHO),
240
g7\ MeSO3H, 1t
L0
N —
e NL N _ ‘N
X
O
DDQ 241
MeOH, rt
‘ aq 2 M HCI, rt ‘
N T e z
N 2 steps Me N

Scheme 82. Introduction of an aldehyde function at C-11 of a
pyrido[2,3-c]acridine 242,151

A range of diamine ligands, e.g. 244, based on meta-
quinacridine were prepared and evaluated for their G-
quadruplex binding properties.['52 The Scheme 83 shows how
methyl substituents were oxidized to aldehyde (55% for
oxidation of 243) and then reacted with various amines (n-
PrNHz, Me2N(CHz)2NHz, imidazol-3-yl(CH2)2NH2, indol-3-
yl(CH2)2NHz, etc.) followed by sodium borohydride reduction;
structure 244, for example, one of thirteen prepared, was
formed in 28% vyield for the last two steps. Comparable
diamines were attached to two aminoglycosides, one such
exhibiting strong binding to the P6.1 element of human
telomerase RNA.[15

MeQN(CHQ)z\N

SeO, H

naphthalene, reflux
then MeaN(CH3)oNH, 244
then NaBHy, rt

—_— & =

N/(CHz)zNMez
H

Scheme  83. Oxidation  of
dibenzo[b,j][1,7]phenanthroline.l*?

methyl groups on a
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13. A Pyrido[3,4-c]acridine

{benzo[b][1,8] phenanthroline}

Note, that natural products related to amphimedine (Fig. 5),
for example petrosamine B (Fig. 8) incorporate both
pyrido[3,4-clacridine and pyrido[2,3,4-klJacridine units; they
are dealt with in Section 3 on pyrido[2,3,4-kl]acridines.

Simple examples of pyrido[3,4-c]acridines were prepared, as
potential amebicides,>4 as potential antitumor agents,*>% as
antileukemia agents, 5% earlier than the period under review,
but are usefully summarized briefly here. Each piece of work
utilized essentially the same synthetic strategy, shown in
Scheme 84. Compound 246 was obtained by Ullmannn
reaction of 2-iodobenzioc acid and 5-aminoisoquinoline to the
acid 245, ring closure with hot concentrated sulfuric acid and
then conversion of the resulting ketone into 246 with
phosphoryl chloride. The chlorine in 246 was displaced with
various amines to produce the compounds of medicinal

interest.
CO,H

Co2 Cu, K,CO3 @
PhN02 reflux
T N

O‘
pZ
N =

N

c. H,SO4
then POCl3
reflux

39%

246

Scheme 84. Synthesis of a chloro-pyrido[3,4-c]acridine 246.1*5%

In the 21st Century, the ring system has been produced
incidentally in studies of helical substances in the context of
supramolecular chemistry and catalysis — various [5]heli-
viologen isomers were produced by quaternisations.[157-159
The construction of precursors 247 for photochemical
cyclisations was achieved with a Hiyama—Heck coupling of a
3-bromoquinoline and vinyltriethoxysilane. Two isomers 248
and 249 were formed in the photo-cyclisation and aerial
oxidation (Scheme 85). The one with the embedded
pyrido[3,4-clacridine nucleus 248 underwent mono N-
alkylation at the accessible nitrogen giving salt 250, but
required the presence of DBU to prevent protonation of the
‘cove’ nitrogen, possibly by adventitious fluoroboric acid.

N
R\@TB: ﬁs'(OEt)s aq. NaOH, 140 °C R\©\/j/\ N R
— — -
N R=H,91% N 247
R = Me, 65%
J hv, EtOAc, air
R
MezOBF, R
CH,Cl,, DBU N R
R =H, 90% \
R=Me, 66% 248 R 249
R=H, 10% R=H, 66%
R = Me, 59% R = Me, 12%

Scheme 85. Construction of a dibenzo[b,k][1,8]phenanthroline 248
and its quaternisation.*>%
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14. " Pyrido[4,3-c]acridine
{benzo[b][1,9] phenanthroline}

There has been no synthetic work to produce this isomer and
no natural substances incorporating this skeleton have been
reported.

15. N Pyrido[3,2-c]acridine
{benzo[b][1,10] phenanthroline}
4-Aminoacridine-3-carbaldehyde 252 has been the starting

point for the preparation of several pyrido[3,2-c]acridines and
is itself prepared from 3-methylacridine, as shown in Scheme

86.116% Regioselective nitration and reaction with DMFDMA (cf.

Scheme 18) produces 251. Next, periodate cleavage of the
enamine double bond and reduction of the nitro gave 252.
Friedlander synthesis using 252 with aryl methyl ketones
produces 2-aryl products 253 in high yields. Reaction of 252
with triacetylmethane gives a mixture of 2-methylpyrido[3,2-
clacridine (254, R = Me) and pyrido[3,2-c]acridine (254, R =
H) itself.[164
f. HNO3, c. H,8O, DMFDMA NalO,

O \ 0°C DMF, 150 °C O \ aq. EtOH, it
N Me 86% 89% e
251 NO, L

NMe,
Fe, HCI
aq. EtOH ArCOMe, KOH
\ EtOAC \ EtOH, reflux
—_ -
7
N CHO 0% 60% N CHO 82%-92%
NH,
Ar = 2-Py, Ph, 2-Quin )
i CH(OAc); 2-Naph r
A
o
NTYT) R=Me(52%)
Ny R = H (30%)

254
Scheme 86. Synthesis of pyrido[3,2-c]acridines 253 and 254,161 161

Extending the method further to benzo[b]cycloalkanones and
3,4-dihydro-1(2H)-anthracenone, produced structures 255
and 256, respectively (Fig. 12);62 aromatisation of 256 was
achieved with Pd/C at 200 °C.

Figure 12. Structures of pyrido[3,2-c]acridines 255-258.[162 163, 165]
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Extrapolation to pyrido[b]cycloalkanones similarly provided
products 257 and full aromatization of the product with R =
(CH2)2 was achieved with Pd/C in nitrobenzene at 200 °C.[163]
A study of the reactions of ligands 257 with ruthenium(lll)
chloride trinydrate produced complexes of the form [Ru(L)2]?*
in favourable cases.['®¥ Reaction of two equivalents of the
amino-aldehyde 253 with cycloheptane- and cyclooctane-1,2-
diones produced structures 258.116% The use of simpler 1,2-
diones gave complex mixtures from which some pyrido[3,2-
clacridine could be isolated.

Diacetyl benzenes were also subjected to the Friedléander
sequence with amino-aldehyde 252. This produced intriguing
ligands 259-261 (Fig. 13), from ortho-, meta- and para-
diacetylbenzene, respectively.[16¢]

Figure 13. Products 259-261 from Friedlander reactions of
diacetylbenzenes and 4-aminoacridine-3-carbaldehyde 252,116

As a final example of the use of the Friedléander reaction using
252, 2-acetyl-9,9'-spirobifluorene 262 was converted into 263
in 74% yield (Scheme 87).[167] Reaction with 2,2'-diacetyl-9,9'-
spirobifluorene proceeded by analogy, at both side-chains, in
99% yield.[68]

KOH
EtOH, reflux
—_—

74%

Scheme 87. Product 263 from Friedlander reaction of a spiroketone
262 with 4-aminoacridine-3-carbaldehyde 2521167

8-Aminoquinoline-7-carbaldehyde 264 has also been used in
Friedlander reactions to enter this series of pyridoacridines
(Scheme 88). In the simplest case, with cyclohexanone, the
tetrahydro-derivative 265 is formed.[6% With 1-tetralone, 266
is formed and with 9,10-dihydrobenzo[a]pyren-7(8H)-one,
structure 267 results.'’% Cyclohexane-1,2-dione produces
268 incorporating two equivalents of 264 [15¢] and reaction with
5,6,7,8-tetrahydroquinolin-8-one gives 269,17 precursor to
dipyridoacridine 270.



O N | E?OI—I: KOH
NS
90%| EtOH
266 reflux /
82% reflux_~piperidine, EtOH, reflux, 52%

piperidine KOH, EtOH

OHC
‘ A EtOH, reflux reflux
_ ~———H,N T
N = ‘ 7% N 92%
N 264
265 PdIC, 17

0°C
PhNO, ﬁo%

Scheme 88. The use of 8-aminoquinoline-7-carbaldehyde 264 and

various six-membered ketones to prepare polycyclic ligands 265-
270.[169, 170, 173]

The amino-aldehyde 264 was combined with the bis-tetralone
271 to prepare the chiral helicene-like 272 and iron and
ytterbium complexes therefrom (Scheme 89).1171

Scheme 89. Chiral product 272 from Friedlander reactions of a bis-
tetralone 271 with 8-aminoquinoline-7-carbaldehyde 264.™

2-Amino-3-methoxybenzaldehyde is a third ortho-amino-
aldehyde that has been used to construct pyrido[2,3-
clacridines. Thus, with 5,6,7,8-tetrahydroquinolin-8-one 273
compound 274 was produced, with the idea that
dehydrogenation and demethylation would produce a strong
ligand in the tradition of 8-hydroxyquinoline (Scheme 90).
Unfortunately, during attempted ether cleavage with hydrogen
bromide, some dehydrogenation occurred producing an
inseparable mixture.172

CHO
X
+ —_— _
NH, (0] = ‘ N = |
MeO Ny MeO N
273 274

Scheme 90. Friedlander reaction of 5,6,7,8-tetrahydroquinolin-8-one
273 with 2-amino-3-methoxybenzaldehyde.*"

Dipyrido[4,3-b;5,6-b]acridinel*”® (dpa) 270, often referred as
‘dipyridoacridine’, can be considered a tridentate homologue
of 1,10-phenanthroline. The ‘preorganised’ donor nitrogens
make for strong coordination to larger cations such as Ca?
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(structure 275) and La3*.l74 A furan-substituted tetrahydro-
dpa 277 was made by reacting iminium salt 276 with two
equivalents of tetrahydroquinolone 273 (Scheme 91).117]

275
a
o7y NH4OAc, CHCl3
/ _—

NO P + O \ 49%

OT T

276 273 277
Scheme 91. Quino[8,7-b][1,10]phenanthrolines complex large
cations.lt™®!

A classical pyridine ring synthesis (279—280) provided
unsymmetrically substituted tetrahydro-dpas such as 280,
illustrated in the Scheme 92 with 5,6,7,8-tetrahydroquinolin-8-
one itself and a 2-substituted-5,6,7,8-tetrahydroquinolin-8-one
278.0791

CgHa-4-BnO
X Yo
X | N
4-BnOC4H,CHO =N 270

‘ KOH, MeOH 0 =z ‘ NH4OAc, AcOH
oY e .
Ny 83% Ny 54%

CgHy-4-BnO

o) =

CeHa-4-CN CeHg-4-CN
278 279 280 CgHq-4-CN
Scheme 92. Synthesis of  tetrahydro-quino[8,7-b][1,10]

phenanthroline 280.17!

An entirely different route to the core system is illustrated in
Scheme 93 which shows one example from six detailed.[*78
Wittig reaction between the 2-bromoquinoline triphenylphos-
phonium salt 281 and 2-bromopyridine-3-carbaldehyde
produced the cis alkene 282 which was cyclized to 283 by
means of copper in hot DMF (Scheme 93).

@ . 5O
PPh; Br KOBU
N OHC. N THF nt N TN
* ‘ pZ —u> pZ Br ‘ Pz
NZ > Br Br” N 94% N gy N “Me
281 282

/Cu, DMF, reflux

N 40%
408
N

N NS
283

Me

Scheme 93. An alternative route for the construction of a pyrido[3,2-
clacridine 283.1781

A route in which one of the pyridine rings of 285 was formed
at a late stage started from 9-methylacridine (Scheme 94). 4-
Nitration, reduction and then the amine was transformed into
the cyclization precursor 284 by reaction with Meldrum’s acid
and trimethoxymethane. Thermolysis of 284 produced the



tetracyclic system 285 — an example of a standard route to 4-

quinolones.'’71 A comparable ring construction was even

possible after prior construction of an extra five-membered

lactam, giving product 286, the work being relevant to the
diphenyl ether

plakinidine alkaloids.[178]
reﬂux
o \
O Me

Scheme 94. Synthesis of a pyrido[3,2-c]acridone 285.177

A copper-catalysed amination and a Friedel-Crafts cyclisation
figured in the preparation of acid 287 and its conversion into
the pyridoacridone 288 (Scheme 95).1481 An analogous
sequence using 1-bromonaphthalene-2-carboxylic acid,
instead of 2-bromobenzoic, led to 289.124%

Cu(OAc),, KOAc

Et3;N, aqg Me,CHOH c. HySO,4

COH reflox 100 °C

* T sw% 67%
Br  H,N | ’ ‘ °

Na
o} o)
sesWiSaes)
N ! N
288 ! 289

Scheme 95. Conversion of 8-aminoquinoline into a pyrido[3,2-
clacridone 288.11481

Moving to other methods for the construction of quinacridines
(an extra benzene ring) the ortho-phenylene diamine
derivative 290 was made by Buchwald-Hartwig double
amination of an ortho-dibromobenzene with methyl
anthranilate and the two pyridone rings in 291 made by a
double Friedel-Crafts process (Scheme 96).[38] Reduction of
the pyridones with sodium and then oxidation gave a fully
aromatic quinacridine.

Me Pd(OAc), P(t-Bu)s
Cs,C0;, toluene COZ'V'e MeSO3H

CO,Me
@: R reflux heat
NH, Br T COzMe Tow

Br
(0] Me

LI

N

H HN
291 O

Scheme 96. Double acylative cyclisation to
dibenzo[b,j][1,10]phenanthroline-dione 291.1%

produce a
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In studies of rhodium-catalysed reactions of pyridine N-oxides,
a couple of examples produced extended pyrido[2,3-
clacridines, as in structure 293 from 292 (Scheme 97).[179]

Ph  [Cp*RhCly],, PivOH
| Cu(OAGc),, CI(CHy),Cl, 120 °C

69%

Scheme 97. Reaction of 2,2'-diquinoline N-oxide 292 with an
acetylene.ll’

The quinone-triflate 294 was aminated by a Buchwald-Hartwig
cross-coupling with 8-aminoquinoline and the product 295
closed to the heptacyclic compound 296 under strongly acidic
conditions (Scheme 98).118%

Pd(dbay),, dppf

©) O HoN NaOt-Bu, LiCl
_ =

n-Bu ‘ * 57%
[¢]

I oTf

294

70% H,S0,4
n-Bu 130 °C

50%

Scheme 98. A one-off
phenanthrolinone 296.118%

route

to a 9H-anthra[1,9-bc][1,10]

The extended ligand 298 (Scheme 99), synthesised as shown
in Scheme 99 starting from 297, was used to produce a bis-
Pt(ll) dimer 299 with an extended n-face contact area, which
acts as a receptor with high affinity toward iodinated aromatic
compounds.[81

Pd(PPha),, K,CO3
1,4-dioxane
then Pd/C, PhNOZ
Meﬁ/ 55%

r —4+ 4BF,~
AgBF,, (cod)Ptl
|

Me,CO, rt, 86%

Scheme 99. The construction of a polycyclic system 298 and its
platinum complex 299.1184

Naphtho[2,1-b][1,10]phenanthrolines 303, termed NAPSs,
were synthesized as shown in Scheme 100. In particular,
NAP-3 (Ar = 4-bromophenyl) was shown to be a dual
colorimetric and ratiometric fluorescent probe for selective and



‘direct’ visualization of labile iron(lll) pools in the multicellular
organism, Caenorhabditis elegans.'82 The 2-pyrone 300 was
prepared by a standard route then reacted with ketone 301
forming 302, aromatization of which gave the NAPs 303.

SMe N

SMe KOH piperidine
cN CN
Me . CN DMSO, it A MeOH, 80°C (>
A /&o MeS 200 — == |
r COo,Me A0 S0 A0 S0
300
o  HcHo
MeOH B
+ o,
HoN ‘ 80 °C oy
N 0 ‘ NaH
X 301 Ny DMF, t
(Nj pba

1,4-dioxane
reflux

Scheme 100. Synthesis of naphtho[2,1-b][1,10]phenanthrolines
303.0%2

Of the heteroleptic copper complexes made from various
ligands, that with 5,8-diphenyl-6,7-dihydrodibenzo [b,j][1,10]
phenanthroline 304 was the best photosensitizer in a
photocatalytic Cu-Fe water reduction system.['83l Compound
304 was made from cyclohexane-1,2-dione and two
equivalents of 2-aminobenzophenone (Scheme 101).

CAN, EtOH, reflux

Ph
(o) then Pd/C, PhNO,
* *H,N _—
NH, O
o 07 “Ph

Scheme 101. Synthesis of quino[8,7-b][1,10]phenanthroline 304.1183

The conversion of pyridine (or quinoline) 2- or 4-methyl groups
into enamines (cf. Scheme 18) can also be used, by
subsequent oxidation, as a means for conversion into
aldehyde groups. Thus, pentacycle 305 was reacted with
Bredereck's reagent (tert-butoxybis(dimethylamino)methane)
giving 306, then oxidized to dialdehyde 307 (Scheme 102).184
This work also showed preferential reaction of a pyridine 4-
methyl in the presence of a 2-methyl.

Me Me
o MeO(CH,),0H -BUOCH(NMe,),
+ reflux Me DMF, 80 °C
NH, O 84%

Scheme 102. Conversion of quinoline methyl into aldehyde. 8

WILEY-VCH

Acknowledgments

We thank the funding of DGICYT- Spain (CTQ2015-67870- P)
and Generalitat de Catalunya (SGR 2014-137).

Keywords: Heterocycles ¢ Acridine ¢ Pyridine « Quinolines
Natural Products

References:

[t T. F. Molinski, Chem. Rev. 1993, 93, 1825-1838.

2 M Alvarez, J. A. Joule, Heterocycles 1992, 34, 2385-2405.

Bl A. Godard, P. Rocca, F. Guillier, G. Duvey, F. Nivoliers, . Marsais, G.
Quéguiner, Can. J. Chem. 2001, 79, 1754-1761.

“ E. Delfourne, J. Bastide, Med. Res. Rev. 2003, 23, 234-52.

5] K. M. Marshall, L. R. Barrows, Nat. Prod. Rep. 2004, 21, 731-751.

0 V. Sharma, P. C. Sharma, V. Kumar, J. Adv. Res. 2015, 6, 3-71.

7 C. Imperatore, A. Aiello, F. D'Aniello, M. Senese, M. Menna, Molecules
2014, 19, 20391-20423.

(8] S. R. M. Ibrahim, G. A. Mohamed, Chem. Biodiversity 2016, 13, 37-47.

1] A. Plodek, F. Bracher Mar. Drugs, 2016 14, 26-50.

[10] L. Bouffier, R. Dinica, J. Debray, P. Dumy, M. Demeunynck, Biol. Med.
Chem. Lett. 2009, 19, 4836-4838.

1, Stanslas, D. J. Hagan, M. J. Ellis, C. Turner, J. Carmichael, W. Ward,
T.R. Hammonds, M. F. G. Stevens, J. Med. Chem. 2000, 43, 1563-1572.

121 M. J. Ellis, M. F. G. Stevens, J. Chem. Res. (S) 2003, 75-77.

3 D, J. Hagan, D. Chan, C. H. Schwalbe, M. F. G. tevens, J. Chem. Soc.,
Perkin Trans. 1 1998, 915-923.

(141 M. J. Ellis, M. F. G. Stevens, J. Chem. Soc., Perkin Trans. 1 2001, 3174~
3179.

@Sl |, Bouffier, M. Demeunynck, A. Milet, P. Dumy, J. Org. Chem. 2004,
69, 8144-8147.

8l N. Fixler, M. Demeunynck, J. Lhomme, Synth. Commun. 1997, 27,
2311-2324.

71 L. Bouffier, B. Baldeyrou, M.-P. Hildebrand, A. Lansiaux, M.-H. David-
Cordonnier, D. Carrez, A. Croisy, O. Renaudet, P. Dumy, M.
Demeunynck, Bioorg. Med. Chem. 2006, 14, 7520-7530.

28 ], Carstens, M. R. Heinrich, W. Steglich, Tetrahedron Lett. 2013, 54,
5445-5447.

9 R, A. Heald, C. Modi, J. C. Cookson, |. Hutchinson, C. A. Laughton, S.
M. Gowan, L. R. Kelland, M. F. G. Stevens, J. Med. Chem. 2002, 45,
590-597.

20 E, Gavathiotis, R. A. Heald, M. F. G. Stevens, M. S. Searle, Angew.
Chem. Int. Ed. 2001, 40, 4749-4751.

21|, Hutchinson, A. J. McCarroll, R. A. Heald, M. F. G. Stevens, Org.
Biomol. Chem. 2004, 2, 220-228.

2 R.A.Heald, M. F. G. Stevens, Org. Biomol. Chem. 2003, 1, 3337-3389.

231 3. C. Cookson, R. A. Heald, M. F. G. Stevens, J. Med. Chem. 2005, 48,
7198-7207.

241 |, Hutchinson, M. F. G. Stevens, Org. Biomol. Chem. 2007, 5, 114-120.

51 M.-K. Cheng, C. Modi, J. C. Cookson, I. Hutchinson, R. A. Heald, A. J.
McCarroll, S. Missailidis, F. Tanious, W. D. Wilson, J.-L. Mergny, C. A.
Laughton, M. F. G. Stevens, J. Med. Chem. 2008, 51, 963-975.

261 ], L. Kristensen, Tetrahedron Lett. 2008, 49, 2351-2354.

71 M. Alajarin, A. Vidal, M.-M. Ortin, F. Tovar Synthesis 2002, 2393-2398.

8 D. Ghosh, S. E. Snyder, V. J. Watts, R. B. Mailman, D. E. Nichols, J.
Med. Chem. 1996, 39, 549-555.

9 S.-Y. Sit, K. Xie, S. Jacutin-Porte, K. M. Boy, J. Seanz, M. T. Taber, A.
G. Gulwadi, C. D. Korpinen, K. D. Burris, T. F. Molski, E. Ryan, C. Xu, T.
Verdoorn, G. Johnson, D. E. Nichols, R. B. Mailman, Bioorg. Med.
Chem. 2004, 12, 715-734.

B9 D.R. Appleton, A. N. Pearce, G. Lambert, R. C. Babcock, B. R. Copp,
Tetrahedron 2002, 58, 9779-9783.

B T, Ozturk, A. McKillop, Can. J. Chem. 2000, 78, 1158-1164.

B2 D, Skyler, C. H. Heathcock, Org. Lett. 2001, 3, 4323-4324.

B3] M. Ciufolini, Y. Shen, Tetrahedron Lett. 1995, 36, 4709-4712.

B4 H.K.H. Fong, B. R. Copp, Mar. Drugs 2013, 11, 274-299.

[35] S. Nakahara, A. Kubo, Heterocycles 2003, 60, 2017-2018.

B8 S, Nakahara, A. Kubo, Heterocycles 2005, 65, 1925-929.

1371 Y. Nitahara, H. Onikura, A. Kubo, Nat. Prod. Lett. 1993, 2, 159-162.

[38] S. V. Tolkunov, A. I. Khyzhan, V. I. Dulenko, Chem. Heterocycl. Comp.
2003, 39, 1627-1632.

[39] M. V. Gorelik, S. P. Titova, E. V. Gordievskaya, Russ. Chem. Bull. Int.
Ed. 2006, 55, 1487-1491.



[40]

[41]

[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]
[73]
[74]
[75]
[76]

[771

[78]

M. V. Gorelik, S. P. Titova, E. V. Gordievskaya, Russ. Chem. Bull. Int.
Ed. 2006, 55, 1664-1669.

M. Alvarez, L. Feliu, W. Ajana, J. A. Joule, Tetrahedron 2000, 56, 3703-
3708.

E. Pascual-Alfonso, C. Avendafio, J. Carlos Menéndez, Tetrahedron
Lett. 2003, 44, 6003-6005.

D. R. Appleton, A. N. Pearce, B. R. Copp, Tetrahedron 2010, 66, 4977-
4986.

C. E. Salomon, T. Deerinck, M. H. Ellisman, D. J. Faulkner, Mar. Biol.
2001, 139, 313-319.
S. Lopez-Legentil, N. Bontemps-Subielos, X. Turon, B. Banaigs, J.
Chem. Ecol. 2006, 32, 2079-2084.
A. Kijjoa, R. Wattanadilok, N. Campos, M. S. J. Nascimento, M. Pinto,
W. Herz, Mar. Drugs 2007, 5, 6-22.
Nilar, P. J. Sidebottom, B. K. Carté, M. S. Butler, J. Nat. Prod. 2002, 65,
1198-1200.
D. Tasdemir, K. M. Marshall, G. C. Mangalindan, G. P. Concepcién, L.
R. Barrows, M. K. Harper, C. M. Ireland, J. Org. Chem. 2001, 66, 3246-
3248.
F. S. de Guzman, B. Carté, N. Troupe, D. J. Faulkner, M. K. Harper, G.
P. Concepcién, G. C. Mangalindan, S. S. Matsumoto, L. R. Barrows, C.
M. Ireland, J. Org. Chem. 1999, 64, 1400-1402.
D. Bry, B. Banaigs, C. Long, N. Bontemps, Tetrahedron Lett. 2011, 52,
3041-3044.
Z. Thale, T. Johnson, K. Tenney, P. J. Wenzel, E. Lobkovsky, J. Clardy,
J. Media, H. Pietraszkiewicz, F. A. Valeriote, P. Crews, J. Org. Chem.
2002, 67, 9384-9391.
N. Bontemps, D. Bry, S. Lépez-Legentil, A. Simon-Levert, C. Long, B.
Banaigs, J. Nat Prod. 2010, 73, 1044-1048.
R. Ueoka, Y. Ise, S. Okada, S. Matsunaga, Tetrahedron 2011, 67, 6679-
6681.
N. Bontemps, F. Gattacceca, C. Long, O. P. Thomas, B. Banaigs, J.
Nat. Prod. 2013, 76, 1801-1805.
S. Aoki, H. Wei, K. Matsui, R. Rachmat, M. Kobayashi, Bioorg. Med.
Chem. 2003, 11, 1969-1973.
D. A. P. Moran, K. Takada, Y. Ise, N. Bontemps, R. A. Davis, K.
Furihata, S. Okada, S. Matsunaga, Tetrahedron 2015, 71, 5013-5018.
J. A. Clement, J. Kitagaki, Y. Yang, C. J. Saucedo, B. R. O’Keefe, A. M.
Weissman, T. C. McKee, J. B. McMahon, Biorg. Med. Chem. 2008, 16,
10022-10028.

A. R. Carroll, A. Ngo, R. J. Quinn, J. Redburn, J. N. A. Hooper, J. Nat.
Prod. 2005, 68, 804-806.

T. F. Molinski, E. Fahy, D. J. Faulkner, G. D. Van Duyne, J. Clardy, J.
Org. Chem. 1988, 53, 1341-1343.

. S. Nukoolkarn, S. Saen-oon, T. Rungrotmongkol, S. Hannongbua, K.
Ingkaninan, K. Suwanborirux, Bioorg. Med. Chem. 2008, 16, 6560-
6567.

A. Koller, A. Rudi, M. G. Gravalos, Y. Kashman, Molecules 2001, 6,
300-322.

L. Legentil, J. Bastide, E. Delfourne, Tetrahedron Lett. 2003, 44, 2473-
2475.

E. Delfourne, C. Roubin, J. Bastide, J. Org.Chem. 2000, 65, 5476-5479.
O. S. Radchenko, N. N. Balaneva, V. A. Denisenko, V. L. Novikov,
Tetrahedron Lett. 2006, 47, 7819-7822.

S. Nakahara, A. Kubo, Y. Mikami, H. Mitani, Heterocycles 2007, 71,
1801-1806.

S. Nakahara, A. Kubo, Y. Mikami, H. Mitani, Heterocycles 2010, 81,
145-148.

M. Alvarez, L. Feliu, W. Ajana, J. A. Joule, J. L. Fernandez-Puentes,
Eur. J. Org. Chem. 2000, 849-855.

J. M. Cuerva, D. J. Cardenas, A. M. Echavarren, J. Chem. Soc., Perkin
Trans. 1 2002, 1360-1365.

E. Delfourne, F. Darro, P. Portefaix, C. Galaup, S. Bayssade, A.
Bouteillé, L. Le Corre, J. Bastide, F. Collignon, B. Lesur, A. Frydman, R.
Kiss, J. Med. Chem. 2002, 45, 3765-3771.

H. Yin, N. Shan, S. Wang, Z.-J. Yao, J. Org. Chem. 2014, 79, 9748-
9753.

S. Raeder, F. Bracher, Arch. Pharm. Chem. Life Sci. 2012, 345, 822-
826.

A. Plodek, S. Raeder, F. Bracher, Tetrahedron 2013, 69, 9857-9864.
A. Plodek, M. Koénig, F. Bracher, Eur. J. Org. Chem. 2015, 1302-1308.
I. N. Petersen, J. L. Kristensen, Synthesis 2014, 14, 1469-1474.

E. Delfourne, R. Kiss, L. Le Corre, J. Merza, J. Bastide, A. Frydman, F.
Darro, Bioorg. Med. Chem. 2003, 11, 4351-4356.

S. Chackal, M. Facompré, R. Houssin, J.-F.Goossens, N. Pommery, J.-
P. Hénichart, C. Bail, Bioorg. Med. Chem. Lett. 2003, 13, 943-946.

S. Chackal, R. Houssin, J.-P. Hénichart, J. Org. Chem. 2002, 67, 3502-
3505.

S. Chackal, R. Houssin, N. Pommery, J.-P. Hénichart, J. Enzym. Inhib.
Med. Chem. 2003, 18, 95-99.

(791

[80]

[81]

[82]

(83]

[84]

[85]

[86]
871

[88]

[89]

[90]

o1

(92
[93]

[194]
[95]

[06]
(7

(98]

[09]

[200]

[101]

[102]

[103]

[104]

[105]

[106]
[107]

[108]
[109]

[110]

[111]
[112)

[113]

[114]
[115]

[116]
[117]

[118]

[119]

[120]

[121]

[122)

WILEY-VCH

D. V. LaBarbera, T. S. Bugni, C. M. Ireland, J. Org. Chem. 2007, 72,
8501-8505.

L. Li, A. D. Abraham, Q. Zhou, H. Ali, J. V. O’Brien, B. D. Hamill, J. J.
Arcaroli, W. A. Messersmith, D. V. LaBarbera, Mar. Drugs 2014, 12,
4833-4850.

I. M. Khalil, D. Barker, B. R. Copp, J. Org. Chem. 2016, 81, 282-289.
B. Melzer, A. Plodek, F. Bracher, J. Org. Chem. 2014, 79, 7239-7242.
H. Yin, F. Kong, S. Wang, Z.-J. Yao, Tetrahedron Lett. 2012, 53, 7078-
7082.

L. Bijeire, L. Legentil, J. Bastide, F. Darro, C. Rochart, E. Delfourne,
Eur. J. Org. Chem. 2004, 1891-1893.

T. Ben Hadda, N. Sam, H. Le Bozec, P. H. Dixneuf, Inorg. Chem.
Commun. 1999, 2, 460-462.

M. Lotter, F. Bracher, Sci. Pharm. 2009, 77, 1-7.

C. Herse, D. Bas, F. C. Krebs, T. Burgi, J. Weber, T. Wesolowski, B. W.
Laursen, J. Lacour, Angew. Chem. Int. Ed. 2003, 42, 3162-3166.

J. Guin, C. Besnard, P. Pattison, J. Lacour, Chem. Sci. 2011, 2, 425-
428.

R. Duwald, S. Pascal, J. Bosson, S. Grass, C. Besnard, T. Bergi, J.
Lacour, Chem. Eur. J. 2017, 23, 13596-13601.

O. Kel, A. Firstenberg, N. Mehanna, C. Nicolas, B. Laleu, M.
Hammarson, B. Albinsson, J. Lacour, E. Vauthey, Chem. Eur. J. 2013,
19, 7173-7180.

A. Wallabregue, P. Sherin, J. Guin, C. Besnard, E. Vauthey, J. Lacour,
Eur. J. Org. Chem. 2014, 6431-6438.

B. W. Laursen, F. C. Krebs, Chem. Eur. J. 2001, 1773-1783.

P. Hammershgj, T. J. S@rensen, B.-H. Han, B. W. Laursen, J. Org.
Chem. 2012, 77, 5606-5612.

C. Nicolas, J. Lacour, Org. Lett. 2006 8, 4343-4346.

J. Kubitschke, C. Nather, R. Herges, Eur. J. Org. Chem. 2010, 5041-
5044,

S. Yokoyama, T. Hirose, K. Matsuda, Chem. Lett. 2015, 44, 76-78.

I. Bora, S. A. Bogh, M. Rosenberg, M. Santella, T. J. Sgrensen, B. W.
Laursen, Org. Biomol. Chem. 2016, 14, 1091-1101.

I. H. Delgado, S. Pascal, C. Besnard, S. Voci, L. Bouffier, N. Sojic, J.
Lacour, Chem. Eur. J. 2018, 24, 10186-10195.

A. Shivalingam, A. Vys niauskas, T. Albrecht, A. J. P. White, M. K.
Kuimova, R. Vilar, Chem. Eur. J. 2016, 22, 4129-4139.

A. Kotar, B. Wang, A. Shivalingam, J. Gonzalez-Garcia, R. Vilar, J.
Plavec, Angew. Chem. Int. Ed. 2016, 55, 12508-12511.

G. Koren-Goldshlager, M. Aknin, Y. Kashman, J. Nat. Prod. 2000, 63,
830-831.

I. Viracaoundin, R. Faure, E. M. Gaydoub, M. Aknin, Tetrahedron Lett.
2001, 42, 2669-2671.

Y. R. Torres, T. S. Bugni, R. G. S. Berlinck, C. M. Ireland, A.
Magalhaes, A. G. Ferreira, R. Moreira da Rocha, J. Org. Chem. 2002,
67, 5429-5432.

M. S. Agrawal, B. F. Bowden, Nat. Prod. Res. 2007, 21, 782-786.

T. Mahmood, Y. Wu, D. Loriot, M. Kuimova, S. Ladame, Chem. Eur. J.
2012, 18, 12349-12356.

C. Li, W.-T. Zhang, X.-S. Wang, Tetrahedron 2014, 70, 8919-8924.
W.-T. Zhang, D.-S. Chen, C. Li, X.-S. Wang, Synthesis 2015, 47, 562—
568.

R.-Z. Jin, Y.-L. Li, X.-S. Wang J. Heterocycl. Chem. 2017, 54, 986-992.
A. Plodek, F. Bracher Tetrahedron Lett. 2015, 56, 1445-1447.

D.Gut, A. Rudi, J. Kopilov, I. Goldberg, M. Kol, J. Am. Chem. Soc.
2002, 124, 5449-5456.

D. Gut, I. Goldberg, M. Kol, Inorg. Chem. 2003, 42, 3483-3491.

N. W. Luedtke, J. S. Hwang, E. C. Glazer, D. Gut, M. Kol, Y. Tor,
ChemBioChem 2002, 3, 766-771.

S. D. Bergman, R. Frantz, D. Gut, M. Kol, J. Lacour, Chem. Commun.
2006, 850-852.

M. Nowacki, K. Wojciechowski, ChemistrySelect 2016, 1, 4886-4890.
Y. Wang, J. Xu, M.-M. Zhang, X.-S. Wang, J. Heterocycl. Chem. 2017,
54, 248-254.

S. Thamarai, P. S. Mohan, Indian J. Chem. 2000, 39B, 703-705.

N. Saettel, N. Katsonis, A. Marchenko, M.-P. Teulade-Fichou, D.
Fichou, J. Mater. Chem. 2005, 15, 3175-3180.

H. Bertrand, R. Guillot, M.-P. Teulade-Fichou, D. Fichou, Chem. Eur. J.
2013, 19, 14654-14664.

H.Bertrand, F. Silly, M.-P. Teulade-Fichou, L. Tortech, D. Fichou,
Chem. Commun. 2011, 47, 10091-10093.

M.-P. Teulade-Fichou, C. Hounsou, L. Guittat, J.-L. Mergny, P. Alberti,
C. Carrasco, C. Bailly, J.-M. Lehn, W. D. Wilson, Nucleos. Nucleot.
Nucl. 2003, 22, 1483-1485.

H. Bertrand, A. Granzhan, D. Monchaud, N. Saettel, R. Guillot, S.
Clifford, A. Guédin, J.-L. Mergny, M.-P. Teulade-Fichou, Chem. Eur. J.
2011, 17, 4529-4539.

F. Qiu, F. Zhang, R. Tang, Y. Fu, X. Wang, S. Han, X. Zhuang, X.
Feng, Org. Lett. 2016, 18, 1398-1401.



[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132)

[133]

[134]

[135]

[136]

[137]

[138]
[139]

[140]

[141]

[142)

[143]
[144]

[145]

[146]
[147]

[148]

[149]

[150]
[151]

[152]

Q. Su, P. Li, M. He, Q. Wu, L. Ye, Y. Mu, Org. Lett. 2014, 16, 18-21.

N. M. Brikci-Nigassa, G. Bentabed-Ababsa, W. Erb, F. Chevallier, L.
Picot, L. Vitek, A. Fleury, V.Thiéry, M. Souab, T. Robert, S. Ruchaud, S.
Bach, T. Roisnel, F. Mongin, Tetrahedron 2018, 74, 1785-1801.

R. R. Rajawinslin, S. S. Ichake, V. Kavala, S. D. Gawande, Y.-H.
Huang, C.-W. Kuo, C.-F. Yao, RSC Adv. 2015, 5, 52141-52153.

A. P. Kadutskii, N. G. Kozlov, S. L. Bondarev, Russ. J. Org. Chem.
2006, 42, 1383-1387.

A. P. Kadutskii, N. G. Kozlov, Russ. J. Org. Chem. 2006, 42, 1388-
1391.

N. G. Kozlov, A. B. Tereshko, K. N. Gusak, Russ. J. Org. Chem. 2006,
42, 266-272.

M. Demeunynck, C. Moucheron, A. Kirsch-De Mesmaeker, Tetrahedron
Lett. 2002, 43, 261-264.

K. Servaty, C. Moucheron, A.Kirsch-De Mesmaeker, Dalton Trans.
2011, 40, 11704-11711.

Q. Deraedt, L. Marcélis, T. Auvray, G. S. Hanan, F. Loiseau, B. Elias,
Eur. J. Inorg. Chem. 2016, 3649-3658.

M. Gonzalez-Alvarez, M.-S. Arias, M.-J.Fernandez, L. Gude, A.
Lorente, G. Alzuet, J.Borras, Bioorg. Med. Chem. Lett. 2008, 18, 3286-
3290.

S. Rickling, L. Ghisdavu, F. Pierard, P. Gerbaux, M. Surin, P. Murat, E.
Defrancq, C. Moucheron, A. Kirsch-De Mesmaeker, Chem. Eur. J.
2010, 16, 3951-3961.

L. Troian-Gautier, C. Moucheron, Molecules 2014, 19, 5028-5087.

K. Kobayashi, H. Ohtsu, K. Nozaki, S. Kitagawa, K. Tanaka, Inorg.
Chem. 2016, 55, 2076-2084.

B. Elias, L. Herman, C. Moucheron, A.Kirsch-De Mesmaeker, Inorg.
Chem. 2007, 46, 4979-4988.

H. Bertrand. S. Bombard. D. Monchaud. M.-P. Teulade-Fichou, J. Biol.
Inorg. Chem. 2007, 12, 1003-1014.

R Lartia, H. Bertrand, M.-P. Teulade-Fichou, Synlett 2006, 610-614.
Y. Kuninobu, T. Tatsuzaki, T. Matsuki, K. Takai, J. Org. Chem. 2011,
76, 7005-7009.

S. Yamada, S. lwama, K. Kinoshita, T. Yamazaki, T. Kubota, T. Yajima,
Tetrahedron 2014, 70, 6749-6756.

M. Watanabe, H. Suzuki, Y. Tanaka, T. Ishida, T. Oshikawa, A. Tori-i, J.

Org. Chem. 2004, 69, 7794-7801.

Y. Feng, R. A. Davis, M. L. Sykes, V. M. Avery, A. R. Carroll, D. Camp,
R. J. Quinn, Tetrahedron Lett, 2010, 51, 2477-2479.

F. Bracher, Heterocycles, 1989, 29, 2093-2095.

B. S. Lindsay, H. C., Christiansen, B. R. Copp, Tetrahedron 2000, 56,
497-505.

B. R. Copp, H. C. Christiansen, B. S. Lindsay, S. G. Franzblau, Bioorg.
Med. Chem. Lett. 2005, 15, 4097-4099.

M. Shaaban, M. S. Abdel-Aziz, Nat. Prod. Res. 2007, 21, 1205-1211.
C. Brahic, F. Darro, M. Belloir, J. Bastide, R. Kiss, E. Delfourne, Biorg.
Med. Chem. 2002, 10, 2845-2853.

J.-B. Bongui, A. Elmori, E. Seguin, F. Tillequin, B. Pfeiffer, P. Renard A.
Pierré, G. Atassi, Chem. Pharm. Bull, 2001, 49, 1077-1080.

J.-B. Bongui, A. Elmori, D. Cahard, F. Tillequin, B. Pfeiffer, A. Pierré, E.
Seguin, Chem. Pharm. Bull. 2005, 53, 1540-1546.

A. Wardani, J. Lhomme, Tetrahedron Lett. 1993, 34, 6411-6414.

F. Charmantray, M. Demeunynck, A. Wardani, J. Lhomme, Synth.
Commun. 2001, 31, 2001-2009.

C. Hounsou, L. Guittat, D. Monchaud, M. Jourdan, N. Saettel, J.-L.

[153]

[154]
155

[156]

[157)

[158]

[159]

[160]
[161]

[162)
[163]
[164]
[165]
[166]
[167]
[168]
[169]
[170]
171
[172)
[173]

[174]

[175]
[176]

177

[178]

1179

[180]

[181]

[182]

[183]

[184]

WILEY-VCH

Mergny, M.-P. Teulade-Fichou, ChemMedChem 2007, 2, 655-666.

M. Kaiser, M. Sainlos, J.-M. Lehn, S. Bombard, M.-P. Teulade-Fichou,
ChemBioChem 2006, 7, 321-329.

E. F. Elslager, F. H. Tendick, J. Med. Pharm. Chem. 1962, 5, 546-558.
E. Sdnchez, C. del Campo, C. Awndab, E. Llama, Heterocycles 1990,
31, 2003-2010.

E. Llama, C. del Campo, M. Capo, M. Anadon, J. Pharm. Sci. 1993, 82,
262-265.

X. Zhang, E. L. Clennan, N. Arulsamy, R. Weber, J. Weber, J. Org.
Chem. 2016, 81, 5474-5486.

E. L. Clennan, X. Zhang, T. Petek, Phosphorus Sulfur Silicon Relat.
Elem. 2017, 192, 222-226.

X. Zhang, E. L. Clennan, T. Petek, J. Weber, Tetrahedron 2017, 73,
508-518.

J. K. Son, J. K. Son, Y. Jahng, Heterocycles 2002, 57, 1109-1115.

A. F. M. M. Rahman, Y. Kwon, Y. Jahng, Heterocycles 2005, 65, 2777-
2782.

A. F. M. M. Rahman, Y. Jahng, Heterocycles 2007, 71, 2003-2010.

A. F. M. M. Rahman, Y. Jahng, Heterocycles 2008, 75, 2507-2512.

Y. Jahng, Y. H. Hong, A. F. M. M. Rahman, J. Coord. Chem. 2010, 63,
1774-1784.

A. F. M. M. Rahman, Y. Jahng, Heterocycles 2008, 75, 871-877.

A. F. M. M. Rahman, Y. Jahng, Heteroatom Chem. 2007, 18, 650-656.
A. F. M. M. Rahman, Y. Jahng, Heterocycles 2009, 78, 1573-1580.

Y. Jahng, A. F. M. Rahman, Bull. Chem. Soc. Jpn. 2010, 83, 672-677.

E. C. Riesgo, Y.-Z. Hu, R. P. Thummel, Inorg. Chem. 2003, 42, 6648-

6654.

C. Bonnefous, A. Chouai, R. P. Thummel, Inorg. Chem. 2001, 40,
5851-5859.

S. Speed, F. Pointillart, J.-C. Mulatier, L. Guy, S. Golhen, O. Cador, B.
Le Guennic, F.Riobé, O. Maury, L.Ouahab, Eur. J. Inorg. Chem. 2017,
2100-2111.

M. El Ojaimi, R. P. Thummel, Inorg. Chem. 2011, 50, 10966-10973.
C.-Y. Hung, T.-L. Wang, Y. Jang, W. Y. Kim, R. H. Schmehl, R. P.
Thummel, Inorg. Chem. 1996, 35, 5953-5956.

J. M. Hamilton, J. R. Whitehead, N. J. Williams, M. El Ojaimi, R. P.
Thummel, R. D. Hancock, Inorg, Chem. 2011, 50, 3785-3790.

T. R. Kelly, R. L. Lebedev, J. Org. Chem. 2002, 67, 2197-2205.

G. Chelucci, D. Addis, S. Baldino, Tetrahedron Lett. 2007, 48, 3359-
3362.

Y. Kitahara, T. Mizuno, A. Kubo, Tetrahedron 2004, 60, 4283-4288.

Y. Kitahara, T. Mizuno, A. Kubo, Tetrahedron 2004, 60, 4283-4288.

X. Xu, H. Zhao, J. Xu, C. Chen, Y. Pan, Z. Luo, Z. Zhang, H. Li, L. Xu,
Org. Lett. 2018, 20, 3843-3847.

P. Sarkar, |.-R. Jeon, F. Durola, H. Bock, New J. Chem. 2012, 36, 570-
574.

R. Trokowski, S. Akine, T. Nabeshima, Chem. Eur. J. 2011, 17, 14420-
14428.

A. Goel, S. Umar, P.Nag,a A. Sharma, L. Kumar, Shamsuzzama, Z.
Hossain, J. R. Gayen, A. Nazir, Chem. Commun. 2015, 51, 5001-5004.
S.-P. Luo, N.-Y. Chen, Y.-Y. Sun, L.-M. Xia, Z.-C. Wu, H. Junge, M.
Beller, Q.-A. Wu, Dyes Pigments 2016, 134 580-585.

L. Viau, K. Sénéchal, O. Maury, J.-P. Guégan, P. Dupau, L. Toupet, H.
Le Bozec, Synthesis 2003, 577-583.



WILEY-VCH

Layout 1:
Key Topic Pyridoacridines*
The pyridoacridines constitute a N\/ | @ \ John A. Joule and Mercedes Alvarez*
characteristic motif of a large family of O ‘] NN
heterocyclic  compounds isolated H SN Page No. — Page No.
mainly from marine sources. The new N
isolations, syntheses and biological \> Title Pyridoacridines in the 215 Century
evaluations performed during the 215 S

Century have been reviewed @ \ 2
" EL)'N _ kuanoniamine
I
N N

*Pyridoacridines, an important scaffold of bioactive Natural Products




