S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



European Journal of Medicinal Chemistry 89 (2015) 743—816

European Journal of Medicinal Chemistry

journal homepage: http://www.elsevier.com/locate/ejmech

Contents lists available at ScienceDirect

Mini-review

Mannich bases in medicinal chemistry and drug design

Gheorghe Roman

@ CrossMark

Petru Poni Institute of Macromolecular Chemistry, Department of Inorganic Polymers, 41A Aleea Gr. Ghica Voda, lasi 700487, Romania

ARTICLE INFO

ABSTRACT

Article history:

Received 11 September 2014
Received in revised form

22 October 2014

Accepted 23 October 2014
Available online 30 October 2014

Keywords:

Aminomethylation

Biological activity

Drug design

Mannich bases
Structure—activity relationships

The biological activity of Mannich bases, a structurally heterogeneous class of chemical compounds that
are generated from various substrates through the introduction of an aminomethyl function by means of
the Mannich reaction, is surveyed, with emphasis on the relationship between structure and biological
activity. The review covers extensively the literature reports that have disclosed Mannich bases as
anticancer and cytotoxic agents, or compounds with potential antibacterial and antifungal activity in the
last decade. The most relevant studies on the activity of Mannich bases as antimycobacterial agents,
antimalarials, or antiviral candidates have been included as well. The review contains also a thorough
coverage of anticonvulsant, anti-inflammatory, analgesic and antioxidant activities of Mannich bases. In
addition, several minor biological activities of Mannich bases, such as their ability to regulate blood
pressure or inhibit platelet aggregation, their antiparasitic and anti-ulcer effects, as well as their use as
agents for the treatment of mental disorders have been presented. The review gives in the end a brief
overview of the potential of Mannich bases as inhibitors of various enzymes or ligands for several

receptors.

© 2014 Elsevier Masson SAS. All rights reserved.

1. Introduction

The classical Mannich reaction, a three-component condensa-
tion between structurally diverse substrates (X—H) containing at
least one active hydrogen atom, an aldehyde component (generally
R!-CHO) and an amine reagent leads to a class of compounds
generally known as Mannich bases 1 (Scheme 1). Because Mannich
bases may be regarded as derivatives of the substrate obtained
through substitution by an aminoalkyl moiety, Mannich reactions
are also known as aminoalkylation reactions. In the particular
instance when formaldehyde is employed as aldehyde component,
the substrate is converted into the corresponding Mannich base
through an aminomethylation process. Although primary amines
and even ammonia (in the form of an ammonium salt) may be
employed as amine reagents in aminomethylations or amino-
alkylations, secondary aliphatic amines (R;NH) are the most
commonly encountered as amine reagents in the Mannich reaction.
As formaldehyde is used to a great extent as aldehyde component
in the Mannich reaction, the structural diversity of Mannich bases
stems primarily from the miscellaneous types of the substrates that
can be subjected to aminomethylation, and secondarily from the
variety of amine reagents that can be potentially employed in the
Mannich reaction. Regardless of their structural diversity, the
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substrates should all have an activating functional group as a crucial
structural feature that is required to render the substrate active in
the Mannich reaction. The carbonyl function in ketones, the
phenolic hydroxyl in phenols, the terminal carbon—carbon triple
bond in alkynes, the heteroatom in heterocycles, or electron-
withdrawing groups that substitute the carbon atom o to the
carboxylate group in esters of aliphatic carboxylic acids are com-
mon examples of pairs of activating groups and corresponding
substrates, but the list is far from being exhaustive. A general
classification of the most common types of Mannich bases with
respect of the substrates from which they derive and the nature of
the atom substituted by the aminomethyl function is given in Fig. 1.
Under normal reaction conditions, substitution of a substrate with a
single aminomethyl function results in mono-Mannich bases, but
two aminomethyl groups may also be grafted onto a substrate
containing more than one active hydrogen atom, leading to double
Mannich bases such as 2—5 derived from dialkyl ketones, alkyl aryl
ketones, 4-substituted phenols and pyrrole, respectively (Fig. 2).
Also, the aminomethylation of substrate X—H with amine reagents
other than secondary amines (such as ammonia, having three
reactive hydrogen atoms at nitrogen, or primary amines R—NHpy,
having two reactive hydrogen atoms at nitrogen) may lead to tris-
Mannich bases 6 and bis-Mannich bases 7, respectively (Fig. 2). In
addition, the capability of some polyfunctional substrates to ami-
nomethylate chemoselectively at a single potential reaction site
under the appropriate reaction condition, or aminomethylate
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Scheme 1. General representation of the Mannich reaction.

indiscriminately at multiple reaction sites, or even undergo ami-
nomethylation simultaneously with ring closure, contributes
considerably to the structural variety of the resulting Mannich
bases. Two excellent, albeit rather old reviews provide more details
on the synthesis and reactions of Mannich bases to the interested
reader [1,2].

Mannich bases have found numerous practical applications in
the treatment of natural macromolecular materials such as leather,
paper and textiles, the production of synthetic polymers, as addi-
tives used by the petroleum industry, as products used in water
treatment, analytical reagents, cosmetics, dyes, etc. [3]. Nonethe-
less, the most important application of the Mannich reaction lies in
the field of medicinal chemistry, and this claim is supported by the
substantial number of papers published on this topic every year.
First of all, Mannich bases could present interesting biological ac-
tivities, many of these having yet to be discovered through a dili-
gent screening process. Second, aminomethylation of drugs could
be used to improve their delivery into the human body. Amino-
methylation may increase the hydrophilic properties of drugs
through the introduction of a polar function in their structure, the
long-known rolicycline being one of the most common examples
[4]. The solubility in water of a drug could be further enhanced
through the quaternization of the nitrogen atom in its aminomethyl
derivative and conversion into an ammonium salt. Alternatively,
the lipophilic properties of a drug could be tailored through a
Mannich reaction if the appropriate amine reagent is employed [5].
In addition, the aminomethylated drugs could act as prodrugs,

C-Mannich bases

O 2
R ketonic
R! NR, Mannich bases
R3
OH
phenolic
RI_C S NR, Mannich bases
=
Rl—= alkyne
NR, Mannich bases
A {\NR2 Mannich bases of aromatic
X five-membered ring
heterocycles
X=NH, O, S

ROOC\K\NRZ
X

X = COR', NO,, SO,R?,
CN, COOR

Mannich bases of
carboxylic acid derivatives
a—substituted with
electron-withdrawing groups

releasing the active substance under controlled hydrolytic condi-
tions via deaminomethylation [6] or deamination [7]. In spite of the
tremendous potential of Mannich bases in medicinal chemistry, the
wealth of information from studies concerning the structur-
e—activity relationship (SAR) involving Mannich bases or the use of
aminomethylated drugs as prodrugs does not appear to have
inspired many recent literature reviews of consequence, to the best
of our knowledge. The present review fills this void by providing a
comprehensive coverage of the most relevant developments in the
medicinal chemistry of Mannich bases generated exclusively
through aminomethylation, the information being ordered ac-
cording to the reported biological activity. Due the large number of
articles published on this topic, the coverage of this review is
limited to the last decade.

2. Anticancer and cytotoxic activity

Anticancer properties and cytotoxicity of ketonic Mannich bases
(with an emphasis on Mannich bases of type 8 derived from ace-
tophenones [8]) and of structurally related o,3-unsaturated ketones
[9] were reviewed 15 years ago. These two groups of compounds
were shown to exert their cytotoxic action through the alkylation of
cellular thiols such as glutathione or cysteine, and may be useful in
sensitizing tumor cells to antineoplastic agents, and even reverse
drug resistance [10]. It is therefore no surprise that compounds
having both a ketonic Mannich base moiety and an activated un-
saturated carbon—carbon double bond in their structure (for
example, Mannich bases of chalcones such as 9) have been
considered as candidates for the evaluation of the sequential
cytotoxicity theory [11]. This theory hypothesizes that the succes-
sive release of two or more cytotoxic agents will result in increased
toxicity to malignant tissue rather than to normal cells [12]. In
addition, Mannich bases 10 of enones, which are easily accessible
from alkyl aryl ketones in one synthetic step, also demonstrated
marked toxicity towards numerous cancer cell lines [13]. Further-
more, as ortho-phenolic Mannich bases undergo deamination

N-Mannich bases

Mannich bases

=0
)

RN NR, of amides
H
9 Mannich bases
RTS\H/\NRZ of sulfonamides
: N_/NR2 Mannich bases of
/ NH-heterocycles
S-Mannich bases
8 NR Mannich bases
RITNTT2 of thiophenols
P-Mannich bases
1
OuR Mannich bases of
Rio- i~ NR: dialkyl phosphites
(0]

Fig. 1. Examples of various types of Mannich bases.
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Fig. 2. Typical examples of double Mannich bases, bis-Mannich bases, and tris-
Mannich bases.

easily to yield ortho-quinone methides, Mannich bases of chalcones
derived from either phenolic aldehydes or ketones, a class of
compounds for which structure 11 is prototypical, have been
examined also as cytotoxic agents [14]. In the last decade, the quest
for more potent anticancer agents amongst these four general types
of cytotoxic Mannich bases 8—11 (Fig. 3) has steadily continued.
Cytotoxicity of ketonic Mannich bases of type 8 with various
substitution patterns in the aromatic ring and of a few types of their
derivatives has been studied in detail. Gul et al. have shown that the
structural modification of single Mannich bases 8 (R! = R* = H)
derived from acetophenone and secondary aliphatic amines into
double Mannich bases 12 (Fig. 4) generally results in increased
cytotoxicity against mouse renal carcinoma (Renca) and trans-
formed human T-lymphocyte (Jurkat) cell lines [15] to the extent
that double Mannich bases were more cytotoxic than reference
drugs 5-fluorouracil or melphalan. The cytotoxicity of these single
and double Mannich bases 8 and 12, respectively, was reversed
when the compounds were used in a brine shrimp bioassay, pre-
sumably due to the fast deamination of the double Mannich bases
before they could reach their target [16]. Also, ketonic Mannich
bases 8 with dimethylamino, 1-piperidinyl, 4-morpholinyl as amine
moiety and featuring either an unsubstituted, variously mono-
substituted phenyl rings, or a thiophene ring were evaluated with
respect of their cytotoxicity towards Jurkat cells [17,18] or
androgen-independent prostate cancer (PC-3) cells [19], and the
cytotoxicity for some of these compounds was 2.5- to 5.2-fold
higher than that of the standard 5-fluorouracil. In addition, Man-
nich bases of type 8 derived from 4-aryloxyacetophenones were
shown to display moderate cytotoxic properties towards murine
L1210 cells as well as human Molt 4/C8 and CEM T-lymphocytes,
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Fig. 3. General types of ketonic Mannich bases with anticancer and cytotoxic
properties.
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Fig. 4. Ketonic double Mannich bases 5, ketonic bis-Mannich bases 6, piperidinols 7,
secondary ketonic Mannich bases 8, and derivatives of ketonic Mannich bases with
anticancer and cytotoxic properties.

and a number of these compounds possessed remarkable potencies
towards seven human colon cancer cell lines [20].

The use of primary aliphatic amines in the Mannich reaction
leads to reaction products with diverse structures (Fig. 4). Amino-
methylation of acetophenones using methylamine as amine re-
agent afforded both bis-Mannich bases 13 (R = CH3) and
piperidinols 14 (R = CH3), and the evaluation of their cytotoxicity
towards Jurkat cells showed that bis-Mannich bases 13 were
generally more potent than the corresponding piperidinols 14 or
mono-Mannich bases 8 [21]. Besides their ability to alkylate cellular
glutathione, compounds 13 (R = CH3) may exert their cytotoxic
action through the inhibition of DNA topoisomerase I; as the cor-
responding piperidinols 14 were generally devoid of DNA topo-
isomerase I inhibitory action, the authors tentatively attribute the
activity of bis-Mannich bases 13 to their linear structure and the
possibility of formation of hydrogen bonds with DNA nucleotides
[22]. On the other hand, aminomethylation of acetophenones using
isopropylamine [23] and n-butylamine [24] as amine reagent
yielded only secondary mono-Mannich bases 15 (R = CH(CH3),,
(CH;)3CH3), whose cytotoxicity was evaluated against Huh-7 hep-
atoma cells, human Jurkat and rat skeletal muscle derived myo-
blasts (L6) cells. Compared to reference drug 5-fluorouracil, these
compounds were 2.1- to 2.8-fold more cytotoxic towards Huh-7
hepatoma cells, 2.6- to 4.2-fold more cytotoxic towards human
Jurkat cells, and 1.2- to 2.2-fold more cytotoxic towards L6 cells.
Aminomethylation of acetophenones using phenethylamine as
amine reagent could led under carefully controlled reaction con-
ditions either to mono-Mannich bases 15 (R = CH,CH,CgHs) [25] or
to the corresponding piperidinols 14 (R = CH,CH,CgHs) [26]; the
cytotoxicity of these compounds towards androgen-independent
prostate cancer (PC-3) cells ranged from 8.2 to 32.1 pM, whereas
the best compounds from each series had an average value for DNA
topoisomerase I interference of approximately 40%.

Anticancer activity of ketonic Mannich bases has been
compared with that of derivatives of the carbonyl function (Fig. 4).
A series of azines 16 of ketonic Mannich bases 8 were designed as
bifunctional cytotoxic agents, but their activity towards Jurkat cells
[19] or PC-3 cells [17] was less potent or, in the best of cases,
equipotent to the parent ketonic Mannich bases. On the other hand,
hydrazones 17 were consistently more cytotoxic than the corre-
sponding ketonic Mannich bases [18].

Noteworthy is the contribution of Gul et al. to the understanding
of the mechanism of the cytotoxic action of these compounds. His
group has provided evidence that connects the anticancer activity
of ketonic Mannich bases of various structures or piperidinols 14
with their ability to alkylate glutathione [21,27—29], whereas a few
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of the same compounds had mixed effects on thioredoxin, gluta-
redoxin, or heat shock proteins HSC70 and GRP75 [30].

Only a limited number of examples of Mannich bases of a,3-
unsaturated ketones of type 9 with cytotoxic action are available in
recent publications. A small series of Mannich bases 18 of 1-
arylidene-2-tetralones (Fig. 5) were evaluated as cytotoxic agents
using human Molt 4/C8 and CEM T-lymphocytes, as well as murine
P388 and L1210 leukemic cells [31]. Compared to the parent a,f3-
unsaturated ketones, Mannich bases 18 were consistently more
potent, with half maximal inhibitory concentration (ICsg) values in
the 0.2—10 uM range. Furthermore, Mannich bases 18 derived from
aromatic aldehydes substituted with chlorine, carboxyl, methoxy or
cinnamoyloxy groups exhibited significant potencies towards hu-
man tumor cell lines, with an emphasis on their antileukemic ef-
fect. In most instances, the compounds prepared in this study
demonstrated selective toxicity to different cells, which further
enhances their potential utility. In addition to compounds 18,
simpler Mannich bases 19 derived from 2-
benzylidenecyclohexanones were synthesized, and their evalua-
tion against the same cell lines proved once more that Mannich
bases were more cytotoxic than the corresponding 2-
arylidenecyclohexanones, some of them showing growth-
inhibiting properties (ICso of approximately 2 pM) more potent
than reference drug melphalan [32]. Because N-myristoyltransfer-
ase is expressed in larger quantities in tumors than it is in normal
cells, this enzyme has been under consideration as a molecular
target for cancer [33,34]. However, the substantially high ICsq value
of 500 uM towards N-myristoyltransferase for a representative
compound of the series of candidates 19 suggests that the inhibi-
tion of this enzyme does not play an important role in the mech-
anism of the cytotoxic activity of these compounds. Several
compounds 19 were also tested against murine cancer cells MAC13
(sensitive to most cytotoxic agents) and MAC16 (resistant to most
cytotoxic agents), and they demonstrated high cytotoxicity against
the latter, but also against normal murine cells C2C12 and 3T3 [35].
On the other hand, Mannich bases 20 showed no activity against
MAC16, which points to the importance of the double bond con-
jugated to the carbonyl function. The exploration of possible
mechanisms of cytotoxic action of these compounds revealed that
compounds 19 may interfere with a number of essential cellular
mechanisms by alkylation of thiols on enzyme or proteins, by dis-
rupting mitochondrial electron transport, or by creating holes in
the cell membrane, and thus promoting ATP leakage [35]. Finally,
Mannich bases 21 had high cytotoxic activity against two human

21

R OH R
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breast cancer cell lines (MCF-7 and MCF-7/Adr) cells and human
leukemia HL-60 cells, showed glutathione binding ability, and
exhibited inhibitory action on glutathione-s-transferase , whereas
their analogues obtained through the hydrogenation of the double
carbon—carbon bond were slightly less active [36]. The nature of
the dialkylamino group did not seem to affect the cytotoxic activity
of these compounds, while the substitution of the aromatic rings
with a methyl selectively increased the cytotoxic effect on breast
cancer cells, but not on immortalized mammary epithelial (184B5)
cells.

The literature reporting the anticancer activity of Mannich bases
of type 10 is even scarcer. Given the significant antineoplastic
properties of compounds 10 [ 13], a novel series having substituents
R! in the phenyl ring that were carefully selected with a view to
impart a variety of physicochemical properties has been designed
and synthesized [37]. Since a gradual release of Mannich base 10
from niosomes had improved its bioactivity in vivo, amino alcohols
22 (Fig. 5), which may slowly undergo dehydration to yield the
desired Mannich base 10, were also examined as cytotoxic agents.
Finally, in order to explore the hypothesis that cytotoxicity would
be retained even when a thiol is liberated, the synthesis of adducts
23 was carried out. Compounds 10, 22 and 23 (Fig. 5) were evalu-
ated against both human WiDr colon cancer cells and human CRL-
2522 foreskin fibroblasts. ICsg values lesser than 10 uM were ob-
tained when compounds 10 were evaluated towards human WiDr
colon cancer cells, and the corresponding candidates 22 also had
IC50 values in the low micromolar range. On the other hand, con-
version of Mannich bases 10 into the corresponding adducts 23 led
to a 37-fold reduction in potency. In addition, compounds 10 and 22
demonstrated a preferential cytotoxicity to cancer cells compared
to normal fibroblasts [37]. Further studies showed that compounds
10 and 22 are cytotoxic towards a large number of human tumor
cell lines, two important features of many of these compounds
being their lethal effects toward promyelocytic leukemic HL-60
cells and their selective toxicity for the aforementioned cancer
cell line (selectivity index of 10 or more) [38]. Because divergence in
the mechanism of action is required for drug candidates that are
developed to be tumor-specific and spare normal tissues, it is
noteworthy that a representative Mannich base 10 caused
apoptosis and activated caspase-3, caspase-8, and caspase-9 in HL-
60 cells, but not in HSC-2 cells.

Cytotoxic phenolic Mannich bases of chalcone analogues (type
11 in Fig. 3) are well represented in the recent literature. One of the
strategies that are available for the synthesis of this type of

1

g
\©\H/£/N(CH3)2'HC|
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23

Fig. 5. Cytotoxic Mannich bases of type 2 derived from a,B-unsaturated ketones, and potential prodrugs of Mannich bases of type 3 derived from enones.
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Mannich bases consists in the aminomethylation of chalcone ana-
logues derived from at least either a phenolic aldehyde or a
phenolic ketone. In line with this strategy, a series of five mono-
Mannich bases 24 (Fig. 6) were obtained through a Mannich reac-
tion of chalcone analogues derived from 4-hydroxyacetophenone,
employing piperidine as amine reagent [39]. Despite the use of an
excess of both paraformaldehyde and piperidine, no double Man-
nich bases analogous to 11 were isolated. The evaluation of com-
pounds 24 against androgene-independent prostate cancer (PC-3)
cell line showed that although three of them were more potent
than the parent chalcone analogues, the most cytotoxic Mannich
base 24 was 2.5-fold less potent than the reference drug 5-
fluorouracil. Based on correlations between cytotoxicity and
Hammet constant on one hand and cytotoxicity and partition co-
efficient on the other hand, the authors hypothesized that an in-
crease in the general hydrophobicity of the molecule would result
in enhanced cytotoxicity. Therefore, a novel series of Mannich bases
24 was designed to incorporate a dibenzylaminomethyl residue as a
replacement for the piperidinomethyl group [40]. Again, every
attempt to obtain double Mannich bases by varying the reaction
conditions failed, and only mono-Mannich bases could be isolated.
When evaluated against androgene-independent prostate cancer
(PC-3) cell line, these compounds consistently displayed lower
cytotoxicity than that of the parent chalcone analogues. Unex-
pectedly, cytotoxicity in the series of Mannich bases with a
dibenzylaminomethyl residue was also much lower than that of the
corresponding Mannich bases in the series containing a piper-
idinomethyl motif, thus invalidating the hypothesis put forth by the
authors in the previous study. Furthermore, no adduct between
ethanethiol and a representative Mannich base 24 could be
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HO HO R2
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32

i: O/\

o) 0
& Het  Het =
OCH,4 OCH; HsCO
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detected after 48 h, whereas the incubation of ethanethiol with the
corresponding parent chalcone analogue under the same condi-
tions resulted in formation of small amounts of adduct. The authors
concluded that no active cyclohexadienone species are formed
following a potential deamination of Mannich base 24, and that the
introduction of the dibenzylaminomethyl group further reduces
the ability of the chalcone moiety to undergo thiol addition.

With a view to explore the effect of variation of dialkylamino
moiety on the cytotoxicity of phenolic Mannich bases of chalcone
analogues, 27 candidates were synthesized through amino-
methylation of three chalcone analogues derived from 4-
hydroxyacetophenone and diverse secondary aliphatic amines
[41]. Equimolar ratio of reactants afforded mono-Mannich bases of
type 24, which were evaluated against hepatocellular carcinoma
(HepG2), human lung carcinoma (SK-LU-1), and human breast
cancer (MCF-7) cell lines. Mannich bases with 4-phenylpiperazine
residue exhibited reduced cytotoxicity towards all three lines of
cancer cells, whereas the candidates with 4-methylpiperazine or 4-
ethylpiperazine residues were the most active in each series, but
less cytotoxic than reference drug ellipticine. With respect to the
substitution pattern in the B phenyl ring, Mannich bases 25 (Fig. 6)
derived from 4-chlorobenzaldehyde (R' = H, R*> = Cl) or 2-
methoxybenzaldehyde (R! = OCHs, R> = H) were consistently
more active than those derived from 4-methoxybenzaldehyde
(R' = H, R? = OCH3). The screening identified five compounds
whose ICsg values against MCF-7 cell line were lower than 2 pg/mL,
whereas the most cytotoxic compound 25 (R! = H, R? = CI, NRy = 4-
ethylpiperazinyl) had ICsg values lower than 2 pg/mL against all
three cancer cell lines used in this study.
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Fig. 6. Examples of cytotoxic Mannich bases of type 4 derived from phenolic chalcone analogues.
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A larger library of phenolic Mannich bases of chalcone ana-
logues featuring the dialkylaminomethyl moiety either in ring A or
ring B of the chalcone system was synthesized through the Clai-
sen—Schmidt condensation of the appropriately substituted Man-
nich bases of phenolic aldehydes or ketones with heterocyclic
ketones or aldehydes, respectively [42]. The use of 4-alkoxy-2-
hydroxyacetophenones as substrates in the Mannich reaction
yielded a mixture of 5-aminomethylated derivative with the
isomeric 3-aminomethylated derivative, the former being the ma-
jor reaction product in all cases. The adept tailoring of the ratio
between the substrate, formaldehyde and morpholine in the
Mannich reaction of 4-hydroxyacetophenone resulted in the se-
lective preparation of either single or double Mannich base from
this substrate. On the other hand, 3-hydroxyacetophenone afforded
a mixture of 4-morpholinylmethyl derivative with 2-
morpholinylmethyl derivative and 2,4-bis(morpholinylmethyl)
derivative, even when an equimolar ratio between the reagents was
used. Isovanillin, which underwent aminomethylation only at po-
sition 2 with morpholine and piperidine as amine reagents, was
employed as an example of a phenolic aldehyde substrate in the
Mannich reaction. With the help of these intermediates, several
small series of Mannich bases of heterocyclic chalcone analogues
26—33 (Fig. 6) were synthesized and evaluated for cytotoxic activity
against four human cancer cell lines, namely PC-3, MCF-7, naso-
pharyngeal carcinoma (KB), and resistant nasopharyngeal carci-
noma (KB-VIN). The rich diversity within this library comprised of
structurally related entities allowed interesting insight on the
cytotoxicity—structure relationship. First, the presence of two
phenolic groups in ring A seems to enhance the cytotoxic activity,
as proven by a candidate of type 26 (R' = H, Het = 2-pyridinyl),
which was the most potent in the entire library against all four
types of cancer cell lines. Then, the presence of a methoxy group in
series 27 (R! = CH3) appears to be generally preferable to ethoxy
and isopropoxy, whereas a comparison of the cytotoxicity of similar
compounds of type 26 and type 27 usually favors the candidates in
the latter series, which have the aminomethyl group para to the
phenolic hydroxyl. An analysis of the cytotoxicity within series of
candidates of type 28 demonstrated that six-membered heterocy-
cles (particularly a 2-pyridinyl residue) are preferred to five
membered heterocycles as ring B moieties, and this observation
was validated by the inspection of anticancer activity of compounds
in series 29. However, the presence of a second morpholinylmethyl
group appears to be detrimental to the cytotoxic activity of candi-
dates 29. Shuffling of hydroxy and morpholinylmethyl groups in
Mannich bases 28 and 29 led to compounds in series 30—32, which
are generally less cytotoxic than their counterparts derived from
chalcone analogues having a 4-hydroxy substituent in ring A. Se-
lective high cytotoxicity against MCF-7 cell line was displayed by
the compounds in series 33 featuring the morpholinylmethyl
moiety in ring B of the chalcone system. Overall, more than 80% of
the Mannich bases in this library of Mannich bases of heterocyclic
chalcone analogues 26—33 are cytotoxic (ICso < 4 pg/mL), while
four members of the library are highly cytotoxic (IC59 < 1 pg/mL)
against all four cell lines, and other four against at least three cell
lines, with MCF-7 and PC-3 being usually more sensitive than KB
and KB-VIN cell lines. Later, novel Mannich bases of type 24 (Ar = 3-
pyridinyl) were evaluated against several cancer cell lines, and the
candidates showed cytotoxicity in the low micromolar range only
towards promyelocytic leukemic cells (HL-60) and oral squamosa
cell carcinomas (HSC-2, HSC-3 and HSC-4), whereas the IC5q values
against non-malignant gingival fibroblasts, pulp cells and peri-
odontal ligament fibroblasts were higher [43]. The tumor selec-
tivity of these Mannich bases may be the result of their proven
ability to cleave poly[ADP-ribose]polymerase-1 in HSC-2 cells, but
not in gingival fibroblasts cells. In addition, the cytotoxic activity of

Mannich bases of chalcone analogues with an aminomethyl moiety
in B ring structurally similar to 33 against a panel of breast cancer
(MCF7), melanoma (UACC62) and renal cancer (TK10) cell lines was
described in a patent [44]. Most compounds were active, and some
were potent mostly towards the first two cancer cell lines.

A series of Mannich bases 34 of bichalcone analogues (Fig. 6), in
which the two chalcone units are linked through a bis(amino-
methyl) function generated by the use of a bifunctional amine re-
agent such as piperazine, has also been synthesized and evaluated
against 25 cancer cell lines [45]. Aminomethylation of acetova-
nillone with piperazine afforded a bis-Mannich base, which sub-
sequently led to compounds 34 through a Claisen—Schmidt
condensation with various aldehydes. Surprisingly, compound 34
(Ar = 2-pyridinyl) was selectively cytotoxic to human tongue
squamous carcinoma (CAL-27) and human pharyngeal squamous
carcinoma (FaDu) cell lines, whereas 3-pyridinyl and phenyl ana-
logues were the most cytotoxic compounds towards all cell lines.
Substitution of the phenyl ring (Ar = CgHs) with methoxy groups
stripped Mannich bases 34 of their cytotoxicity towards most cell
lines, whereas the decrease in cytotoxic activity induced by the
presence of chlorine as substituent was not so drastic. Replacement
of phenyl with 2-furanyl or 2-thiophenyl led to compounds that are
selectively cytotoxic to one or more cell lines, but further substi-
tution with methyl of these five-membered heterocycle renders
them devoid of cytotoxicity against all lines. Despite a few notable
examples of selectivity, the results obtained for this collection of
compounds are not very encouraging, and they suggest that the
incorporation of a second chalcone unit does not enhance the
cytotoxicity of Mannich bases derived from chalcone analogues.
Cytotoxic activity of Mannich bases of bichalcone analogues was
further explored using candidates with a modified design. The
synthetic strategy comprised the synthesis of mono-phenolic
Mannich bases starting from 4-hydroxyacetophenone or acetova-
nillone as substrates and employing 1-(4-(piperazin-1-yl)phenyl)
ethanone as amine reagent, then the bichalcone unit was generated
through a Claisen—Schmidt condensation of both acetyl functions
with aromatic aldehydes [46]. Only Mannich bases from bichalcone
analogues featuring a pyridinyl moiety (such as candidate 35, Fig. 6)
were active towards prostate cancer (DU145), non-small cell lung
cancer (A549), ileocecal (HCT) and nasopharyngeal carcinoma (KB)
cell lines with ICsg values between 0.7 and 4 uM; all other com-
pounds had ICsgp values greater than 20 pM. Compared to com-
pound 35, Mannich base 36 having a single chalcone unit was less
active (ICsp between 10 and 13 uM). An exploration of the mecha-
nism of action for these compounds suggested that compound 36
most likely acted via the Fas/CD95 apoptosis signaling pathway.

Ferulic acid and its derivatives provide another example of a
type of substrate containing an o,f-unsaturated system activated by
an electron-withdrawing group, similar to that in phenolic chal-
cone analogues, from which phenolic Mannich bases can be syn-
thesized. The growing body of evidence suggesting that 3’-azido-
2’-deoxythymidine (AZT), a known antiviral, also possesses anti-
cancer activity [47—49] has sparked a study aiming at cytotoxic
evaluation of a series of conjugates of AZT and ferulic acid de-
rivatives [50]. Thus, propargyl ester and N-propargylamide of
ferulic acid chemoselectively underwent aminomethylation ortho
to the phenolic hydroxyl with various secondary aliphatic amines,
and the resulting phenolic Mannich bases 37 (X = O, NH) reacted
through the terminal alkyne moiety with AZT via a Cu(I)-catalyzed
click chemistry process to afford the corresponding 1,2,3-triazoles.
Evaluation of cytotoxicity for both Mannich bases 37 (Fig. 7) and the
related 1,2,3-triazoles against human breast adenocarcinoma
(MDA-MB-231), lung adenocarcinoma (SK-LU-1) and colon
adenocarcinoma (SW480) cell lines showed that only some of
compounds 37 were cytotoxic. Despite the presence in their



G. Roman / European Journal of Medicinal Chemistry 89 (2015) 743—816

structure of an identical scaffold comprising a phenolic Mannich
bases moiety and an activated carbon—carbon double bond motif
that has been deemed responsible for the cytotoxic effect of Man-
nich bases 37, all of the corresponding 1,2,3-triazoles were inactive.
Out of eight Mannich bases of propargyl ester of ferulic acid re-
ported in this study, three were inactive against all three lines,
while the rest had weak to moderate cytotoxicity, and the most
active candidate (ICsp = 20—44 pg/mL) was Mannich base 37
(X = 0) having a pyrrolidinylmethyl moiety. With the exception of
Mannich base 37 (X = NH) with a piperidinylmethyl moiety, all
others candidates derived from N-propargylamide of ferulic acid
were inactive.

Other aminomethylated phenols with cytotoxic activity have
been reported besides phenolic Mannich bases of chalcone ana-
logues. Unfortunately, the wide structural diversity of phenolic
substrates from which these phenolic Mannich bases originate and
the lack of a systematic and comprehensive search for structur-
e—cytotoxic activity relationships within a particular type of
phenolic substrate undermine any efforts to discover good lead
compounds for further development as drugs. Phenolic substrates
subjected to the Mannich reaction with a view to obtain novel
cytotoxic agents include both simple and very complex structures.
Examples that illustrate structurally simple phenolic substrates are
1-naphthol and 8-hydroquinoline, whose Mannich bases with
piperidine and 4-arylsulfonylpiperazines exhibited growth-
inhibitory effects towards a panel of carcinoma cell lines,
including HelLa (cervical epithelioid carcinoma cell), BT483 (mam-
mary gland adenocarcinoma cell), SKHep (hepatocellular carci-
noma cell), and CE81T (esophageal carcinoma cell) [51]. Although
the cytotoxic effect of aminomethylated naphthols and 8-
hydroxyquinoline derivatives has been known for some time
[52,53], a mechanistic study presented in the aforementioned
report showed that these phenolic Mannich bases induce apoptosis
by activation of caspase-dependent pathways. Furthermore, upon
addition of copper ions, these compounds dramatically stimulate
production of reactive oxygen species and activate various kinases,
a group of enzymes that are known to be important in the oxidative
stress-mediated cell death. Candidate 38 (Fig. 7) was the most
potent in this small series, with a concentration for 50% cell growth
inhibition of 0.71 pM; this value decreased to 0.06 pM in the
presence of 50 uM copper. A more detailed study [54]| of the
structure—cytotoxic activity relationship within this class of com-
pounds showed that either replacement of sulfonyl function in 38
with a methylene group, or replacement of piperazine ring with an
ethylenediamino moiety (as in compound 39, Fig. 7) led to a sig-
nificant increase in cytotoxic activity. The cell lines used in this
study exhibited selective sensitivity towards different Mannich
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bases, which appeared to be modulated by the nature of the aryl-
sulfonyl group. As for the 8-hydroxyquinoline part of the molecule,
substitution at position 5 of the quinoline motif (especially with a
nitro group) had a beneficial effect, whereas its replacement with
phenol, 3-hydroxypyridine or 1-naphthol led to a decrease of
cytotoxic activity [54]. Cytotoxicity of enantiomerically-enriched
Mannich bases 40 (Fig. 7) derived from 2-naphthol, aromatic al-
dehydes and either 4-piperidinol (R = H) or its acetylated coun-
terpart (R = COCH3) against murine leukemic L1210 and human
lymphoblast Molt 4/C8 and CEM cell lines has been examined by
another study [55]. All of the compounds were only moderately
cytotoxic, with ICs5g values in the middle micromolar range, and
were also 10—70-fold less potent than that reference drug
melphalan. Substitution of the aryl group in 40 with R! = 4-
dialkylaminoethoxy resulted in a series of compounds whose
cytotoxicity potential against estrogen-responsive human MCF-7
breast cancer cells was found to be comparable to that of tamox-
ifen. However, removal of the 4-piperidinol moiety from Mannich
bases 40 led to benzylnaphthols with enhanced cytotoxicity against
MCEF-7 cells, which is most likely due to their binding and antag-
onistic effects against human estrogen receptor alpha [55].

Flavones represent another type of phenolic substrate from
which cytotoxic Mannich bases have been synthesized. Because
flavones such as chrysin bear structural resemblances to androgens,
Mannich bases 41 (R = R' = H, R?> = aminomethyl; R = R = H,
R' = aminomethyl; R = H, R! = R?> = aminomethyl) of chrysin
(Fig. 7) have been designed as inhibitors of human aromatase, an
enzyme which converts androgens to estrogens, and therefore
represents a key target in the treatment of hormone-dependent
tumors, including breast cancer [56]. Several single and double
Mannich bases of chrysin were found to inhibit human aromatase
more effectively than reference drug aminoglutethimide [57]. In
addition, Mannich bases 41 (R = OH, R! = H, R?> = aminomethyl) of
apigenin (Fig. 7) have been prepared from aliphatic primary and
secondary amines via chemoselective aminomethylation at C-8 in
the benzopyran ring system [58]. Antiproliferative activity of these
Mannich bases against four human cancer cell lines, namely human
cervical (HeLa), human liver (HepG2), human lung (A549), and
human breast (MCF-7) cancer cells, was determined using the
standard 3-(4,5-dimethylthiazol-2-diphenyl-tetrazolium) bromide
(MTT) assay. Pyrrolidine Mannich base of apigenin was the most
promising compound in this series, its inhibition of cell prolifera-
tion being greater than 90% against all four cell lines at a concen-
tration of 1 mg/mL.

Many natural or synthetic carbazoles, either simple or
condensed with other heterocycles (such as pyridocarbazoles,
indolocarbazoles, pyranocarbazoles, pyrrolocarbazoles, etc), have
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Fig. 7. Phenolic Mannich bases with cytotoxic activity.
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Fig. 8. Cytotoxic oxazines, double phenolic Mannich bases, and tertiary phenolic Mannich bases derived from hydroxycarbazoles.

been reported as anticancer agents. A recent study examines the
cytotoxicity of a series of oxazinocarbazoles, which were the major
products arising from the Mannich reaction of N-substituted 2- or
4-hydroxycarbazoles with primary amines (Fig. 8) [59]. Under the
appropriate reaction condition, 4-hydroxycarbazoles yielded
2,3,4,7-tetrahydro[1,3]oxazino[5,6-c]carbazoles 42, whereas 2-
hydroxy-9-methylcarbazole led to a mixture of regioisomeric
2,3,4,7-tetrahydro[1,3]oxazino[6,5-b]carbazoles 43 and 2,3,4,7-
tetrahydro[1,3]Joxazino[5,6-a]carbazoles 44. Use of allylamine,
3,3-dimethylallylamine or benzylamine as amine reagents afforded
44 as the major product, while isomer 43 was the major component
of the mixture when 2-pyridinylmethylamine was employed. In
addition, small to moderate yields of bis-Mannich bases 45 or 46
were isolated from N-substituted 4-hydroxycarbazoles and 2-
hydroxy-9-methylcarbazole, respectively, but only when 2-
pyridinylmethylamine was employed as amine reagent. Evalua-
tion of the antiproliferative action of these compounds against CEM
(T cell leukemia), Jurkat (acute T cell leukemia), Raji (Burkitt's
lymphoma), MCF-7 (breast cancer cells) and Caco-2 (colorectal
cancer) using the WST-1 colorimetric assay showed, after the pri-
mary screening at 100 pM, that bis-Mannich bases 45 and 46 were
less active than the oxazinocarbazoles. In the series of compounds
42, the best antiproliferative effect was observed for candidates
having either an allyl or a prenyl group at the carbazole nitrogen
atom and an allyl group at the oxazine nitrogen atom. Thus,
candidate 42 (R! = prenyl, R? = allyl) had ICsg = 12 uM against CEM,
Jurkat and Raji cell lines. The majority of candidates 43 and 44
exhibited significant antiproliferative action at 100 pM, and com-
pound 43 (R = 2-pyridinylmethyl) was the most active towards
Jurkat and Raji cell lines (IC59 = 12 uM) [59]. Aminomethylated
derivatives of hydroxycarbazoles have been also mentioned in a
different study [60], which described the synthesis of a small series
of phenolic Mannich bases 47 (Fig. 8) obtained from 5-substituted
2-hydroxy-5H-benzo[b]carbazole-6,11-diones along with their
in vitro anticancer evaluation at National Cancer Institute (NCI)
using an in-house developed screening panel of approximately 60
cell lines derived from nine different types of cancer. Only one
Mannich base 47 (R = 4-H3COCgH4) was more active than the
parent benzocarbazoledione, and a COMPARE analysis [61]
revealed that its mechanism of action is novel and does not
resemble the known mechanisms of action for standard anticancer
drugs, but this candidate was not selected for further studies con-
cerning its interaction with DNA. In a related report, phenolic

Mannich bases 48 of 5-hydroxy-1H-naphtho|[2,3-g]indoles were
found to be inactive in a similar screening [62].

Quinones are a class of compounds that have been widely
investigated as anticancer agents [63]. Besides anthracycline anti-
biotics, other natural hydroxyquinones such as plumbagin [64,65],
juglone [66,67] or lapachol [68] and their derivatives have been
reported to exhibit significant cytotoxicity. The Mannich bases of
another natural phenolic quinone, namely lawsone, and their Pt(II)
complexes 49 (Fig. 9) have been synthesized and shown to be
highly cytotoxic towards six cancer cell lines: MDA-MB-435 (mel-
anoma), HL-60 (promyelocytic leukemia), HCT-8 (colon), SF-295
(brain), OVCAR-8 (ovary) and PC-3 (prostate) [69]. The ligands
and the complexes that have long alkyl chains (R = n-heptyl or n-
decyl) were the most active (the complexes were actually more
cytotoxic than cisplatin), whereas the neutral complexes (X = Cl)
were generally more cytotoxic than the corresponding charged
complexes (X = Hp0 or NH3). Examination of the mechanism of
action for some of these complexes has shown that aqua complexes
49 were more efficient inhibitors of ethidium bromide intercalation
into DNA than amino complexes, and candidate 49 (R = (CH;)3CHs3,
X = Hy0) was more efficient than cisplatin [70]. The same aqua
complex also induced DNA strand breaks, while the corresponding
amino complex was ineffective. The ability of these complexes to
inhibit topoisomerase I was also examined. Most chlorido and
amino complexes were as active as reference drug camptothecin in
the DNA relaxation assay, and did not cause major unwinding of
DNA, with the exception of complex 49 (R = n-decyl, X = Cl). In
addition, cellular platinum accumulation was shown to increase
with the increase of the length of the alkyl chain of the amino
moiety in the Mannich base ligand. The chlorido Pt(Il) complexes
were oxidized to the corresponding chlorido Pt(IV) complexes, but
the cytotoxicity of these new complexes was comparable to the
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Fig. 9. Cytotoxic Pt(Il) complexes of Mannich bases generated from lawsone as
substrate.
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cytotoxicity of the parent Pt(Il) complexes, presumably owing to
the rapid reduction of Pt(IV) complexes before entering the cancer
cells [71].

Furthermore, miscellaneous aminomethylated phenols from
structurally diverse substrates have been reported as anticancer
agents (Fig. 10). Thus, a small series of seven phenolic Mannich
bases 50 were synthesized through aminomethylation of naturally
occurring antibiotic lasalocid, with simultaneous elimination of the
carboxyl group neighboring the phenolic hydroxyl [72]. Anti-
proliferative effect of Mannich bases 50 was evaluated against MCF-
7 (human breast adenocarcinoma), A549 (human lung adenocar-
cinoma), HT-29 (human colon carcinoma) and P388 (murine leu-
kemia) using either MTT or sulforhodamine B (SRB) assay, and four
candidates were more cytotoxic towards A549, HT-29 and MCF-7
cell lines that anticancer drug cisplatin. These candidates also
presented higher selectivity towards cancer cells than towards
BALB/3T3 (normal murine embryonic fibroblast) or HLMEC (human
lung microvascular endothelial) cell lines. The lack of activity of the
other three Mannich bases was attributed to the aralkyl or long
alkyl chains in the amine moiety of these compounds [72].

Camptothecin, another naturally occurring phenolic substrate
and lead compound for a plethora of cytotoxic substances, was
converted into the oxazino derivatives 51 (Fig. 10) by means of the
Mannich reaction using primary aliphatic and aromatic amines
[73]. Evaluation of these novel hexacyclic camptothecin derivatives
towards nine human cancer cell lines (BXPC-3, NCI-446, MCF-7,
HEPG-2, A549, A2780, Bel7402, HT-29, and KB), using MTT assay
and camptothecin and topotecan as reference compounds, showed
that most of them exhibit cytotoxicity towards several cell lines
that is superior or comparable to topotecan, while only a few of the
candidates presented cytotoxicity comparable to camptothecin.
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Because candidates 51 (R = CoHs or n-CsH7) were the most potent
antiproliferative agents in this series, the presence of a small alkyl
group at the nitrogen in the oxazine moiety seems to be preferable
for a high cytotoxicity [73].

A series of oxazino derivatives 52 (R! = CHz) (Fig. 10) were also
prepared from y-tocotrienol and primary amines via the Mannich
reaction, whereas d-tocotrienol afforded under the same conditions
a mixture of oxazino derivatives 52 (R! = H) and 53, in which the
former is the major component [74]. No reaction occurred when
secondary amines were used instead, but two phenolic Mannich
bases 54 were obtained indirectly from the corresponding oxazino
derivatives 52. Out of 42 candidates in this library, thirty com-
pounds had greater antiproliferative activity against the highly
metastatic + SA mouse mammary epithelial cancer cells than that
of the parent tocotrienols (IC5o = 3 uM), and seven candidates had
IC5¢ values in the nanomolar range. Mannich bases 54 were less
active than the corresponding oxazino derivatives 52 against NCI's
standard panel of 60 cell lines, which suggests that the oxazine ring
is an essential pharmacophore for the cytotoxic activity of these
tocotrienol derivatives. Generally, the oxazino derivatives 52 of d-
tocotrienol were more active than the corresponding isomers 53
derived from y-tocotrienol, and a long alkyl chain at the nitrogen
atom (preferably with a terminal hydroxyl group) proved beneficial
for the antiproliferative activity. The same conclusions were drawn
after the evaluation of structure—antimigratory activity relation-
ship using the highly metastatic MDAMB-231 breast cancer cell line
[74].

Novel G-quadruplex ligand/alkylating hybrid structures 55
(Fig. 10) were obtained by tethering a naphthalene diimide core
having G-quadruplex recognizing properties to phenolic Mannich
bases using flexible spacer [75]. The assessment of cytotoxic effects
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Fig. 10. Cytotoxic phenolic Mannich bases obtained from miscellaneous phenolic substrates.
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of these compounds 55 (n = 1, 2, or 3) and their corresponding
methiodides against human embryonic kidney 293T cell line by
MTT assay suggests that the length of the spacer between the core
and the phenolic Mannich bases moiety modulates the cytotox-
icity: candidates 55 having two-carbon atoms and one-carbon
atom spacers were the most active (ICsg 4.5 and 10.5 uM, respec-
tively), whereas the Mannich base 55 with a three-carbon atoms
spacer was less active. Cytotoxicity of these compounds parallels
their ability to alkylate DNA, and the grafting of the alkylating
Mannich base moiety to the central core contributes to the
enhancement of the G-quadruplex folding induction and stabili-
zation. A similar G-quadruplex ligand/alkylating hybrid structure
was shown to significantly slow the growth of melanoma cells by
causing telomere dysfunction and down-regulation of telomerase
expression [76], which suggests that these hybrids could be
possible candidates for the development of novel targeted anti-
cancer therapies. In connection to this, the methiodide of double
Mannich base 56 (Fig. 10) with a quinazoline core was also shown
to cross-link linear DNA at concentrations as low as 1 uM, and to
inhibit DNA transcription almost completely at 10 uM [77].
Phenolic Mannich bases 57 of norvisnagin (Fig. 10) were pre-
pared through direct aminomethylation, and their ability to
interact with DNA was evaluated using both a qualitative binding
assay and a colorimetric microassay based on the displacement of
methyl green from DNA [78]. Three of the candidates 57
(R = pyridinyl-2-amino, diethylamino, and methylamino) showed
moderate DNA binding affinity, and could be potentially cytotoxic.
Also, Mannich bases 58 (R! = H) of 1,3-dihydroxyxanthone (Fig. 10)
displayed moderate to good cytotoxicity against lung cancer (NCI-
H460), tongue squamosa cell carcinoma (TCA-8113), liver cancer
(BEL-7402), hepatocarcinoma (HepG2), gastric carcinoma (SGC-
7901) and urinary bladder carcinoma (T24) in an MTT assay [79].
Several reports of Mannich bases of indoles as cytotoxic agents
are also available in recent literature. Cytotoxicity of a few indole
Mannich bases 59 derived from 4-substituted piperazines (Fig. 11)
was evaluated against liver (HUH7), breast (MCF7) and colon
(HCT116) cancer cell lines using SRB assay, and some of these
compounds had ICsq values in the lower micromolar range. Com-
pound 59 (R = 3,4-dichlorobenzyl) was cytotoxic towards all three
cancer cell lines, and fared better than reference drug 5-fluorouracil
(5-FU) [80]. On the other hand, N-Mannich bases 60 of 3-
methylindole did not inhibit the growth of cancer cells or had
high ICsg values. In spite of this fact, a subsequent study [81] was
dedicated exclusively to the investigation of cytotoxicity of a novel
series of N-Mannich bases of type 60 against the same cancer cell
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lines. The broadening of the nature of substituent at position 4 of
piperazine proved favorable, as several compounds reported in this
later study presented cytotoxic activity comparable to reference
drug 5-FU. A comparison between the morphological features of
cancer cells for which apoptosis was induced either by a selected 3-
metylindole N-Mannich base 60 or by paclitaxel suggests that
compounds 60 (R! = CH3) and paclitaxel share the same mecha-
nism of action. Design of novel cytotoxic Mannich bases in which
indole itself was the substrate for aminomethylation was also
revisited using an extended panel of 4-substituted piperazines as
amine reagents in aminomethylation [82]. The novel candidates 59
proved to be cytotoxic towards the same cancer cell lines (HUH7,
MCF7, and HCT116); however, no cytotoxicity was observed for the
candidates with an electron-withdrawing group (such as 4-
nitrophenyl, benzoyl or acetyl) as substituent at position 4 of
piperazine.

Other C-Mannich bases of indole derivatives have been claimed
as potent inhibitors of isoprenylcysteine carboxyl methyltransfer-
ase (Imct), an enzyme that plays an important role in the post-
translational modification of proteins that are involved in the
regulation of cell growth, and therefore represents a potential
therapeutic target in oncogenesis. Among the few small molecules
inhibitors of Imct that were discovered so far, the most promising
appears to be cysmethynil, an indol-3-ylacetamide derivative
which impairs growth factor signaling and induces cell cycle arrest
and autophagy. Because cysmethynil suffers from poor water sol-
ubility and strong binding to plasma proteins, rational modification
of this hit compound has been expected to yield more potent Imct
inhibitors with improved bioavailability. Replacement of the acet-
amide function in cysmethynil with various aminomethyl moieties
led to compounds 61 (R = dialkylamino) with an inhibitory effect
on Icmt that was generally 2—3-fold more potent than that of the
parent inhibitor [83]. Evaluation of the effects of these candidates
on viability of MDA-MB-231 human breast cancer cells using the
colorimetric tetrazolium assay confirmed the results for Icmt in-
hibition. Thus, compounds 61 (Fig. 11) were found to be more
cytotoxic (ICsg 3—13 uM) than cysmethynil (ICsg 22 puM). Other
modifications of the lead compound 61 (R = diethylamino) either
preserved the potency of the candidates (e.g., shuffling of the
methyl group on the phenyl ring), or resulted in a potency decrease
(e.g., replacement of n-octyl with prenyl). However, the replace-
ment of m-tolyl moiety in 61 with more polar heteroaromatic rings
led to submicromolar ICsg values in the Icmt inhibition assay, and to
IC50 values in the antiproliferative assay on breast MDA-MB-231
and prostate PC3 cell lines that are 2—3-fold lower than that of

Fig. 11. Cytotoxic indole and azaindole Mannich bases.
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the lead 61 (R = diethylamino) [84]. Compound 62 (Fig. 11) was the
most potent compound in this series, and presented a series of
improvements of the drug-like profile over cysmethynil, such as
good solubility in water, acceptable permeability through an arti-
ficial membrane, and limited tendency to form light scattering
aggregates.

Using naphtho[2,3-flindole-5,10-dione as scaffold, a series of 3-
aminomethylated derivatives was synthesized, and four candidates
were evaluated as antiproliferative agents against the standard
panel of 60 human cancer cell lines at NCI [85]. Compounds 63
(R = primary or secondary aliphatic amine residue, R! = OH)
(Fig. 11) were less potent than doxorubicin against any of the cell
lines, but multidrug resistant breast cancer cells were found to be
more sensitive to 63 than to doxorubicin. In addition, Mannich
bases 63 showed potency for cancer cell lines that are otherwise
resistant to anticancer drugs, such as the P-glycoprotein-positive
subline of K562 leukemia cells or the p53-null subline of HCT116
colon carcinoma cell line. Replacement of phenolic hydroxyl groups
R! in 63 (R = dimethylamino) by 2-aminoethyleneamino moieties
led to mixed results, as the potency improved for some of the cell
lines and declined for others, but the sensitivity of multidrug
resistant breast cancer cells to these modified candidates was
completely lost [86]. Furthermore, candidate 63 (R = quinuclidin-3-
ylamino, R! = OH) was shown to inhibit topoisomerase I-mediated
relaxation of DNA, but the suppression of the topoisomerase I ac-
tivity is presumably the leading although probably not the only
factor contributing to cytotoxicity of Mannich bases of naphtho
[2,3-flindole-5,10-diones [87]. Preobrazhenskaya et al. have also
shown that a series of single and double Mannich bases 64 (R' = H
or dialkylaminomethyl) of 3,4-bis(indol-1-yl)maleimides (Fig. 11),
structurally related to rebeccamycin or staurosporine, were highly
cytotoxic towards K562 and HCT116 cell lines, but their cytotoxicity
does not correlate well with their ability to either inhibit protein
kinase C-a or constrain activation of multiple drug resistance [88].

Mannich bases of an indole isostere, namely 5H-pyrrolo[3,2-d]
pyrimidine, have been designed as inhibitors of phosphatidylino-
sitol-3-kinase o (PI3Ka), a lipid kinase that modulates activity of the
PI3K downstream effectors Akt and mTOR. Since the consequences
of biological activation of Akt include tumor progression, prolifer-
ation, survival, growth, invasion, angiogenesis, and metastasis,
PI3Ka represents an attractive target for development of anticancer
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drugs. Although aminomethylated pyrrolopyrimidine 65 (Fig. 11)
was an efficient inhibitors of PI3Ka (IC59 = 20 nM) and showed
good selectivity for PI3Ka over mTOR (170-fold), this compound
exhibited low cytotoxicity towards PC3 cancer cells [89]. In addi-
tion, all the other analogues of Mannich base 65 were found to be
even weaker inhibitors of PI3Ka than the lead compound.

[satin is nowadays a well recognized and privileged scaffold in
the design of cytotoxic and anticancer compounds [90]. Several
isatin-containing substrates, namely isatin and its 5-halogenated
analogues, the corresponding imine derivatives obtained from
sulfadiazine, sulfadoxine and trimethoprim, and a hydrazone
derived from isoniazid, were aminomethylated using gatifloxacin
as amine reagent [91]. The resulting Mannich bases were tested
against NCI's standard panel of 60 cell lines using SRB assay, and
compound 66 (Fig. 12) emerged as an efficient anticancer agent that
was generally more potent than reference drug etoposide against
most cell lines in the panel. Another library of Mannich bases
derived from isatin, 4-halogenated isatins and their Schiff bases
with 2-amino-6-methylbenzothiazole was evaluated for cytotoxic
effects on three breast cancer cell lines (MDA-MB468, MDAMB231
and MCF7) using SRB assay [92]. The introduction of a halogen as
substituent at position 4 of isatin Mannich bases led to an increase
in cytotoxicity, and modification of isatins into Schiff bases followed
by aminomethylation resulted in Mannich bases further enhanced
the cytotoxicity of these candidates. Compounds 67 and 68 (Fig. 12)
were the most potent in each series (ICsg < 20 uM), and more
potent than reference drug cisplatin, while their cytotoxicity
against normal cells was low. As far as their mechanism of action is
concerned, compound 67 induced cell cycle arrest in G2/M phase at
concentrations similar to those observed for cell growth inhibition,
whereas compound 68 did not [92]. Furthermore, another collec-
tion of Mannich bases of isatin imines generated either from 2-
aminobenzimidazole or 2-amino-4,5-dihydrothiazole was evalu-
ated against MCF-7 human breast adenocarcinoma cell line using
SRB assay, but the cytotoxicity of these compounds was moderate
(IC50 > 20 uM) and inferior to that of doxorubicin [93]. Generally,
aminomethylated Schiff bases of isatin derived from 2-
aminobenzimidazole were more cytotoxic than their counterparts
derived from 2-amino-4,5-dihydrothiazole, compound 69 (Fig. 11)
being the most potent in this collection (IC5g9 = 22.6 pM). Cytotoxic
Mannich bases of isatins were also designed employing
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Fig. 12. Cytotoxic Mannich bases of isatin derivatives.
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hybridization of isatin with a 4-aminoquinoline scaffold to generate
the substrate subjected to aminomethylation [94]. The cytotoxicity
of these compounds towards breast cancer cell lines MDA-MB468
and MCF7 was moderate (ICs values between 15 and 65 uM), but
the activity improved slightly in the series of the corresponding
thiosemicarbazones (ICsg in the range of 10—55 pM). Mannich ba-
ses 70 and 71 (Fig. 12) were the most potent candidates in every
series (2—3-fold more cytotoxic than cisplatin), and they prefer-
entially inhibited the growth of cancer cell over normal cells.
Studies using flow cytometry also suggest that these compounds
induce cancer cell death by apoptosis.

Beside isatin derivatives, several other classes of NH-azoles have
been aminomethylated with a view to synthesize cytotoxic Man-
nich bases. 2,3-Dihydro-1,3,4-oxadiazole-2-thiones appear to be
the preferred substrate within this category, most likely owing to
their straightforward preparation. Starting from methyl salicylate,
good yields of the corresponding oxadiazolethione Mannich bases
72 (Fig. 13) were obtained in three steps [95]. Most compounds in
this collection arise from primary aromatic amines diversely
substituted in the aromatic ring, whereas Mannich bases 72 derived
from secondary aliphatic amines are poorly represented. Selected
candidates from this series have been initially evaluated by NCI
against a panel consisting of NCI-H460 (lung), MCF7 (breast), and
SF-268 (glioblastoma) cancer cell lines using SRB assay. Seven of
these thirteen Mannich bases 72, most of them having either
chlorine or carboxy group as substituent in the aromatic ring of the
amine moiety, reduced the growth of NCI-H460 cell line to 30% or
less, and they were further selected for the standard 60-cell lines
panel assay. Compounds 72 (R = H, R! = 3-CICgH, or 4-CICgH4)
presented higher cytotoxicity than reference drugs 5-FU or cyclo-
phosphamide against most cancer cell lines in this panel [95]. The
ability of several oxadiazolethione Mannich bases 73 featuring
variously substituted aromatic ring at position 5 of the oxadiazo-
lethione ring (R! = H and R = NO,, OH, CHs, or R = R! = Cl) to
inhibit the growth of tumors in vivo has been also investigated [96].
Tumor volume and tumor weight in mice injected with Ehrlich
ascites carcinoma cells were reduced by 52—74% at a dose of 50 mg
candidates 73 (Fig. 13) per kg body weight, whereas similar dose of
reference drug 5-FU inhibited tumor formation by 93%. Mannich
bases 73, especially those having hydroxyl, methyl or chloro sub-
stituents on the phenyl ring at position 5, were the most potent.
Also, the counts of red blood cells and leukocytes, as well as he-
moglobin levels, have been restored almost to the normal values in
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Fig. 14. Mannich bases of thiazolidinone derivatives as cytotoxic agents.

mice treated with Mannich bases 73 [96]. Aminomethylated oxa-
diazolethiones 74 (Fig. 13) were generally more cytotoxic against
colon carcinoma (HT29) and less cytotoxic against breast cancer
(MCF7) cells using SRB assay, but the most potent candidate 74
(NRy = NHCgH4CH3-4) was 5-fold less cytotoxic than reference drug
doxycycline [97]. Cytotoxicity of a series of Mannich bases 75
(Fig. 13) of a norharman—oxadiazolethione structural hybrids was
evaluated against a panel comprising melanoma (UACC-62), breast
(MCF?7), ovarian resistant (NCI/ADR), renal (786-0), lung (NCI-460),
prostate (PCO-3), ovarian (OVCAR) and colon (HT-29) cell lines
using SRB assay [98]. Several of candidates 75 (R = H or N(CH3s)a,
R' = isopropylamino or benzylamino) exhibited a broad spectrum
cytotoxic activity, and aminomethylation of the parent oxadiazo-
lethiones significantly enhanced the cytotoxicity of each resulting
Mannich bases 75 compared to that of the corresponding substrate.
Furthermore, Mannich bases 76 of a fluo-
roquinolone—oxadiazolethione hybrid were prepared using either
secondary aliphatic amines or substituted arylamines as amine
reagents [99]. The in vitro evaluation of cytotoxicity against Hep3B
cancer cells using MTT assay showed that compounds 76 (Fig. 13)
were more potent than the parent fluoroquinolone pefloxacin. Also,
Mannich bases in this series derived from aliphatic amines were
generally more cytotoxic than those derived from arylamines, and
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Fig. 13. Mannich bases of 2,3-dihydro-1,3,4-oxadiazole-2-thiones and 2,3-dihydro-1,2,4-triazole-3-thiones as cytotoxic agents.
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candidate 76 (R = N(CH3)2) was even more potent than reference
drug bisantrene.

2,3-Dihydro-1,2,4-triazole-3-thiones could also act as substrates
for the preparation of cytotoxic N-Mannich bases. Schiff bases ob-
tained from 5-aryloxymethyl-4-amino-3-mercapto-1,2,4-triazoles
and 3(5)-substituted pyrazole-4-carboxaldehydes were amino-
methylated using either morpholine or diphenylamine to afford
Mannich bases 77 (Fig. 13), whose cytotoxicity against HepG2 cell
line was evaluated using MTT assay [100]. Out of five tested can-
didates, Mannich bases 77 having a morpholine moiety were more
potent than those with a diphenylamine moiety, but they were still
2—3-fold less cytotoxic than reference drug doxorubicin. Eleven
dimethylamine Mannich bases 78, that were obtained through
aminomethylation of Schiff bases derived from a 4-amino-1,2,4-
triazole-3-thione having at position 5 a moiety originating from
fluoroquinolone ofloxacin, were screened for cytotoxicity against
murine leukemia cell line (L1210) and human leukocytoma cell line
(HL60) [101]. Mannich bases 78 (Fig. 13) were generally more
cytotoxic than the corresponding parent Schiff bases, and candi-
dates 78 with a hydroxyl group in the aromatic ring of the azo-
methine function (R = OH) were the most cytotoxic compounds in
the series (ICsq values in the range of 0.14—0.83 pM).

Mannich bases of thiazolidinone derivatives have also been
investigated as cytotoxic agents. C-Aminomethylation of two 4-
thiazolidinones using secondary aliphatic amines afforded Man-
nich bases 79 (X = O, CH,) (Fig. 14), which were evaluated against
colon (HCT116) and breast (T47D) cancer cell lines by SRB assay, but
their cytotoxicity was generally moderate to low (ICso values be-
tween 13 and 50 pM) [102]. In addition, N-aminomethylation of
two thiazolidine-2,4-diones (R = Cl, OCH3) with morpholine,
piperidine and variously 1-substituted piperazines yielded Man-
nich bases 80 (Fig. 14), which were investigated at NCI against the
standard 60-cell lines panel using SRB assay, and proved to be
virtually inactive (growth inhibition for the most sensitive cell line
between 18 and 33%) [103].

Several examples of P-Mannich bases derived from organic es-
ters of phosphorous acid that were disclosed as cytotoxic agents are
available in the literature. Thus, a-aminophosphonates 81 were
synthesized from alkyl phosphites (R = CHs, C;Hs, n-C3Hy, i-C3H,
n-C4Hg), fluorine-substituted benzaldehydes and 2-
aminobenzothiazoles, and their cytotoxicity was evaluated
against PC3 (prostate), A375 (melanoma), A431 (epidermoid car-
cinoma), and Bcap-37 (breast) cancer cells using MTT assay [104].
Most Mannich bases 81 (Fig. 15) exhibited low to moderate growth
inhibition of A375 and Bcap-37 cells, but their cytotoxicity towards
PC3 and A431 cells was generally greater. The nature of the fluorine
substituent appears to influence cytotoxicity, as candidates 81
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Fig. 16. Cytotoxic furan Mannich bases.

having fluorine directly attached to the aromatic ring are more
potent than those with a trifluoromethyl substituent. An
improvement of cytotoxicity with the increase of the length of the
alkyl residue R® from the initial phosphite was also noted. P-Man-
nich bases 82 (R' = CH3, CyHs, i-C3H7) (Fig. 15) were prepared using
thieno[3,2-c]pyridine-2-carboxaldehyde as aldehyde component in
the Mannich reaction of dialkyl phosphites with variously
substituted arylamines [105]. The majority of candidates 82
showed good cytotoxicity against esophageal cancer cells (EC109),
but they were generally more potent against hepatocellular liver
carcinoma cells (HepG2) at a concentration of 50 ug/mL. A few o~
aminophosphonates 83 (Fig. 15) were obtained through a Mannich-
type process from diphenyl phosphite, 3-acetylpyridine and vari-
ously substituted anilines, and proved to be cytotoxic to HepG liver
carcinoma cell line (IC5g ~ 15 uM) and MCF7 breast adenocarcinoma
cell line (ICsp ~ 20 uM) using MTT assay [106]. Although these
candidates were approximately 7-fold less cytotoxic than reference
drug doxorubicin, their LD5g values were greater than the corre-
sponding ICsq values, making them safe to use. Aminomethylation
of diethyl phosphite with either aromatic aldehydes and aromatic
diamines or terephthaldehyde and various amines led to bis(a-
aminophosphonates) 84 or 85 (Fig. 15), respectively, whose cyto-
toxicity against Jurkat (T-cell lymphoma), Raji (Burkit's lymphoma)
and MCF-7 (breast cancer) cell lines was determined using MTT
assay [107]. In this structurally diverse series of compounds, a few
were devoid of cytotoxicity while most of them were moderately
cytotoxic. Compound 85, derived from tryptamine as amine re-
agent in the Mannich reaction, emerged as the most potent in this
series, its cytotoxicity being comparable to that of doxorubicin.
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Furan belongs to the category of electron-rich heterocycles
known to undergo electrophilic substitutions such as the Mannich
reaction with great ease. For example, aminomethylation of syn-
thetic lactone of natural furanditerpene 6a,7B3-dihydrox-
yvouacapan-17-oic acid as substrate and using various secondary
aliphatic amines led to the furan Mannich bases 86 (Fig. 16) [108].
Antiproliferative effect of these compounds was more potent than
that of the parent lactone against a panel of nine cancer cell lines
(melanoma (UACC-62), breast (MCF7), ovarian expressing the
resistance phenotype for adryamycin (NCI-ADR/RES), kidney (786-
0), lung, non-small cells (NCI-H460), prostate (PC3), ovarian
(OVCAR-03), colon (HT-29), and K562 erythromyeloblastoid leu-
kemia), as determined by SRB assay. Mannich bases 86 were also
equipotent to reference drug doxorubicin against at least one, if not
many, of these cancer cell lines, often with IC5¢ values as low as
1 pg/mL. In addition, 1,2,4-triazolo[1,5-a]pyrimidine-7-amines
having at position 2 a side chain capped with a furan ring were
aminomethylated with various secondary aliphatic amines to yield
a large series of furan Mannich bases 87 (Fig. 16) [109,110]. Cyto-
toxicity of compounds 87 against liver cancer (Bel-7402) and fibro
sarcoma (HT-1080) cells was established using MTT assay, and the
results suggest that both the substitution of the arylamine moiety
and the nature of the aliphatic amino residue in the aminomethyl
function have a significant influence on the potency of these can-
didates. In particular, the presence of a 4-trifluoromethyl group or a
4-fluoro-3-trifluoromethyl substitution pattern in the arylamine
moiety led to high cytotoxicity against both cell lines at levels
comparable to that of reference drug cisplatin. Also, the presence of
dimethylamino, 1-piperidinyl or 1-pyrrolidinyl moieties as
aliphatic amino residues in the aminomethyl group of Mannich
bases 87 appears to result in significant antiproliferative effects,
while 4-morpholinyl or 4-methylpiperazinyl moieties drastically
decrease or even abolish cytotoxicity.

Titanium-based chemical entities enjoy the reputation of having
a tremendous potential against solid tumors. Recently, a number of
studies presented the synthesis and the cytotoxicity for a series of
titanocenes, some of them featuring various aminomethylated five-
membered heterocycles as substituent of either one or both
cyclopentadiene moieties [111—114]. Thus, titanocenes 88 and 89
(Fig. 17) containing mono- and bis-aminomethylated pyrroles,
respectively, or titanocenes 90 and 91 (Fig. 17) having a dimethy-
laminomethyl group at position 1 and 3 of indole, respectively, as
well as titanocene 92 (Fig. 17) presenting an aminomethylated
imidazole ring, have been screened against pig kidney epithelial
cells (LLC-PK1) or human renal cancer cells (Caki-1) and found to
have ICsg values quite similar to that of cisplatin (in the range of
5—10 um). The presence of at least one aminomethyl function in

N(CHa), N(CH3)2

91

their structure is claimed to be crucial for the high cytotoxicity of
these titanocenes. The aminomethyl groups are able to coordinate
the titanium center, and could therefore stabilize the mono- or
dication formed through hydrolysis of either one or both chlorine
atoms inside the cell. This results in enhanced interactions between
titanocene and DNA, leading to cell death at low concentrations.

Aminomethylation of terminal alkynes has also been employed
for the generation of Mannich bases with potential cytotoxic effect.
10-(Prop-2-ynil)phenothiazines underwent aminomethylation
with secondary aliphatic amines to give propargylamines 93
(R! = H, Cl, CF3) (Fig. 18), which were first evaluated for cytotoxic
activity using two hematological tumor cell lines, namely HL60
(promyelocytic leukemia) and the CCRF/CEM (lymphocytic leuke-
mia), and were afterwards tested, in combination with doxorubicin,
for ability to revert activity in the corresponding multidrug resis-
tant variants, HL60R and CEM/VBL300 [115]. Although most com-
pounds 93 were devoid of significant antiproliferative effect on the
sensitive cell lines, a few of them were highly cytotoxic for the
resistant cell lines, and appear to arrest cells in G1 phase of the cell
cycle, unlike classic anticancer agents. Furthermore, several Man-
nich bases 93 were able to restore sensitivity to doxorubicin of the
resistant cell lines, an effect that was concentration-dependent and
reached maximum at 10 uM. Propargylamines 93 seem to induce
apoptosis by activating the caspase cascade, although neither the
extrinsic nor the intrinsic pathways appear to be involved in
apoptosis [115]. Betulin derivatives bearing an ethynyl function
have also served as starting materials for acetylenic Mannich bases
with cytotoxic potential. For example, propargylamines 94 (Fig. 18)
have been obtained from alkynes prepared through addition of an
organometallic derivative of acetylene to the carbonyl function in
betulonic acid esters [116], and alkynes synthesized from betulin
through a sequence comprising the oxidation of the primary
alcohol function to aldehyde, followed by addition of an organo-
metallic derivative of acetylene to aldehyde carbonyl, afforded
propargylamines 95 (Fig. 18) [117]. Cytotoxicity of these Mannich
bases was evaluated on a panel of nine human cancer cell lines
using SRB assay, and the results prove that some of these com-
pounds show considerable toxicity (ICso values as low as 4 pM).
Introduction of the aminomethyl group significantly improved the
cytotoxicity of propargylamines 94 and 95 compared to that of the
parent alkynes, presumably by enhancing their solubility and
bioavailability. Highly hydrophobic and sterically hindered amino
moieties, such as dicyclohexylamino or dibenzylamino, led to a
decrease in cytotoxicity of the corresponding aminomethylated
alkynes. Mannich bases of this type were shown to act by triggering
apoptosis, although a complementary process of autophagy could
also be involved.
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Fig. 17. Cytotoxic Mannich bases of pyrrole-, indole- and pyrazole-containing titanocenes.
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Fig. 18. Cytotoxic alkyne Mannich bases.

In an attempt to circumvent the resistance mechanism devel-
oped by cancer cells after prolonged administration of doxorubicin
and address the issues of poor solubility, short lifetime and high
toxicity of prodrug doxoform [118], a second-generation, water-
soluble prodrug of doxorubicin was developed by conjugation of
the active drug with salicylamide by means of a Mannich reaction
[119]. Doxorubicin—salicylamide conjugate doxaliform 96 (Fig. 19)
has a half-life of approximately one hour, and was more cytotoxic
than doxorubicin against MCF-7 sensitive (4-fold) and MCF-7/Adr
resistant (10-fold) breast cancer cells. Furthermore, doxaliform is
amenable to functionalization with a view to provide a site for
attachment of a releasable targeting group that might direct the
conjugate to a specific receptor that is overexpressed by cancer
cells. Because many breast cancer cells overexpress estrogen re-
ceptor o, this receptor was chosen for targeting by doxasaliform
having tethered a hydroxytamoxifen moiety, as in prototype 97
(Fig. 19) [120]. Cytotoxicity of these candidates as a function of the
length of the tether showed that a triethylene glycol unit provides a
lead compound whose growth inhibition of four selected breast
cancer lines (MCF-7, MCF-7/Adr, MDA-MB-231 and MDA-MB-435)
was enhanced up to 140-fold relative to doxorubicin. Later work
confirmed that uptake of hydroxytamoxifen-targeted doxor-
ubicin—salicylamide conjugate is mediated by both the anties-
trogen binding site and estrogen receptor [121]. Also, several
doxorubicin—formaldehyde conjugates tethered to the nonste-
roidal antiandrogen cyanonilutamide were designed, synthesized
and evaluated as androgen receptor-targeted ligands for specific
delivery of the conjugate to prostate cancer cells [122]. Such a

construct was later used in studies intended to evidence binding to
androgen receptor in live PC3 prostate cancer cells and the subse-
quent translocation of the construct bound to the receptor to the
nucleus, but the results were not very promising [123]. Other ef-
forts [124] were directed towards the conjugates of doxasaliform
with the cyclic peptide N—Me-VRGDf (known as Cilengitide), which
is a potent antagonist of ayf3 integrin involved in many cell-matrix
recognition and cell adhesion phenomena, and plays an important
role in angiogenesis and tumor metastasis. Although the complete
construct maintained a high affinity for ayf3 integrin, the ICsg for
growth inhibition of MDA-MB-435 cells was 2-fold greater than
that of doxasaliform; the poor results have been tentatively blamed
on limitation of drug delivery caused by the specific reduced
abundance of receptors in this type of cell. Eventually, because
doxasaliform is not as active as prodrugs doxoform or doxazolidine,
this line of research was terminated. However, the topic was later
revisited by other authors, who reported the synthesis of constructs
derived from either doxorubicin—salicylamide, daunor-
ubicin—salicylamide or their 2-acyloxymethyl derivative, and
amino-terminated poly(ethylene glycol), and their use for in vitro
and in vivo studies [125]. These constructs presented cytotoxicities
comparable to those of the parent drugs, and the lifetime of one of
these constructs was determined to be longer than that of doxo-
rubicin. Also, the construct was more efficient than doxorubicin at
reducing the weight of S-180 xenografted tumors [125].

Cytotoxic Mannich bases derived from miscellaneous, structur-
ally unrelated substrates are grouped in the last paragraph of this
section. 2-Aminomethylated 9-alkyl-1,2,3,4-tetrahydrocarbazole-

97

Fig. 19. Prodrugs of doxorubicin obtained through the Mannich reaction.
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1-ones 98 (Fig. 20) show moderate to potent cytotoxicity towards
A549 (human lung adenocarcinoma), SGC (human gastric cancer),
K562 (human myelogenous leukemia), HCT116 (human colorectal
carcinoma), and KB-VCR (human oral cancer) cells using MTT assay
[126]. One of candidates 98 (R = C;Hs, R! = CH3) was more cyto-
toxic than reference drug taxol against A549 cell line
(IC5p = 70 nM), and at least one of its mechanism of action appears
to be the inhibition of tubulin polymerization. A series of 3-
aminomethyl imidazo[2,1-b]benzothiazoles 99 (Fig. 20) were
evaluated for antiproliferative activity against hepatocellular car-
cinoma (HepG2), human breast (MCF-7) and human cervical (HeLa)
cancer cell lines using MTT assay [127]. Mannich bases 99 inhibited
the proliferation of cancer cells at concentrations lower than 10 uM,
arrested the cell cycle at G2/M phase while downregulating cyclin B
and upregulating Chk2 protein, and appeared to induce apoptosis
based on the elevated levels of caspase-3. 6-Cinnamoyl-benzox-
azol-2-ones (R! = H, CH30) were the substrates used for the syn-
thesis of Mannich bases 100 (Fig. 20), which had high to moderate
cytotoxicity (ICsg between 5 and 40 pM) towards human pre-B-cell
leukemia cell line BV-173 and chronic myeloid leukemia K-562, and
appear to exert their cytotoxic action at least in part through in-
duction of apoptosis [128]. Replacement of the methoxy substitu-
ent in compounds 100 with chlorine led to a marginal
improvement of ICsg values [129]. A series of Mannich bases 101
(R = H, CHs; X = CHy, O, N-R!) (Fig. 20) of fused pyridazinone de-
rivatives were synthesized and tested in vitro using SRB assay to
determine their growth inhibitory properties at a single 10 uM dose
against sixty different human tumor cell lines. Most of them
showed no activity of all, but two candidates moderately inhibited
the growth of non-small cell lung cancer (EKVX and Hop-92) and
glioblastoma (SNB-75) cell lines [130].

3. Antibacterial activity

An impressive number of articles dealing with the antibacterial
activity of Mannich bases have been published in the last decade.
From a structural point of view, Mannich bases reported in these
studies are derived from nearly all of the major types of substrates
capable of undergoing aminomethylation. These Mannich bases
have been evaluated against both Gram-positive and Gram-
negative bacteria belonging to various families. The evaluation of
the antibacterial activity was performed using different screening
methods, and not always the standardized versions, and this
complicates the interpretation and the comparison of results ob-
tained in different studies. Owing to the particular relevance of
tuberculosis, the reports concerning the screening of Mannich ba-
ses against Mycobacterium species are presented in a separate
section.

Ketonic Mannich bases with antibacterial potential are at the
heart of several studies within the period of time covered by this
review. Aminomethylation of a,f-unsaturated cyclic ketones with
variable ring sizes afforded a library of compounds 102 (n = 1—4)
(Fig. 21) derived from secondary cyclic aliphatic amines and having
on the aromatic ring either no substituent at all, or a methyl group,
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or a variable number of methoxy groups [131]. Evaluation of the
antibacterial activity of these Mannich bases against a panel of both
Gram-positive and Gram-negative bacteria using the serial dilution
method showed that the candidates derived from seven- or eight-
membered o,B-unsaturated cyclic ketones were the least active of
all, and that the nature of the amine moiety, or the number and the
position of the methoxy groups on the aromatic ring, did not in-
fluence the antibacterial activity. None of the compounds were
active against Pseudomonas aeruginosa, and only a few were
moderately active against Escherichia coli. Mannich bases 102
affected Gram-positive bacteria (minimum inhibitory concentra-
tion (MIC) < 12.5 pg/mL in most cases), but the candidates were less
potent than reference antibiotics. Another set of Mannich bases 103
(Fig. 21) obtained from benzo-fused cyclic ketones (indanone, 1-
tetralone, benzosuberone) were tested under the same conditions
against an extended panel of Gram-positive and Gram-negative
bacteria [132]. In this collection, both the nature of the amine
moiety and the alkoxy substituent R! influence the antibacterial
activity, to a greater extent for Gram-positive bacteria and to a
lesser extent for Gram-negative bacteria. Indanone derivatives
were active against both classes of bacteria (MIC between 1.56 and
25 pg/mL), whereas tetralone and benzosuberone derivatives were
mostly active against Gram-positive bacteria (presumably due to
the higher outer membrane permeability of these bacteria). Also, a
statistical comparison between the antibacterial activity of Man-
nich bases 102 and Mannich bases 103 showed that the latter were
more active than the former [131,132]. Based on oxazolidinone
antibacterials linezolid and eperezolid, a small series of Mannich
bases 104 (R = NHCOCH3 or NHCSCH3) (Fig. 21) derived from
cyclohexanone or benzo-fused cyclic ketones was synthesized and
evaluated against three selected Gram-positive microorganisms
using the standard serial dilution method [133]. All of the com-
pounds having an acetamido group had low antibacterial activity,
but the replacement of this group with thioacetamido restored the
activity up to the level exhibited by the parent oxazolidinone
antibacterial. Further modification (R = NHCSNH;) produced a
candidate whose antibacterial activity was superior to that of
linezolid. 4,6-Dimethoxybenzofuran-3(2H)-one double Mannich
bases 105 (Fig. 21) had moderate to high antibacterial activity, as
determined using disc diffusion method at a concentration of 0.5%
in DMSO [134]. The majority of compounds 105 were active against
E. coli, and those derived from pyrrolidine, diethylamine and di-n-
butylamine as amine reagents showed significant antibacterial
activity (zone of inhibition 17—22 mm) towards most bacteria,
comparable to that of reference drug gentamycin (zone of inhibi-
tion 18—24 mm). On the other hand, compound 105 derived from
N-ethylmethylamine was inactive (no inhibition at concentrations
higher than 100 pg/mL). Also, structurally diverse types of Mannich
bases derived from acetophenones or 2-acetylthiophene, such as
mono-Mannich bases of type 8 (R = CHs) (Fig. 3), bis-Mannich
bases of type 13 (R = CHj3) (Fig. 4), and piperidinols of type 14
(R = CH3) (Fig. 4), as well as their azine derivatives 16 (Fig. 4), are
devoid of antibacterial activity against a wide range of human- and
plant-pathogenic bacteria [135]. Methiodide 106 (Fig. 21) of
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Fig. 20. Cytotoxic Mannich bases obtained from miscellaneous substrates.
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dimethylamine Mannich base of acetophenone was the sole active
compound in this series, and only against Staphylococcus aureus,
but the diameter of the inhibition zone measured 9 mm (compared
to 25 cm in the case of reference drug ofloxacin), and its MIC was
500 pg/mL.

The antibacterial activity of ketonic Mannich bases generated
from arylamines and aromatic aldehydes was also investigated by
several groups. Starting from cyclohexanone, a set of eleven com-
pounds 107 was obtained, and screening against four common
bacteria using serial dilution method showed that many of these
candidates have excellent antibacterial activity, comparable to that
of ceftriaxone [136]. However, the lack of rational design and sys-
tematic use of the aldehyde and amine components used to
generate Mannich bases 107 (Fig. 21) preclude any logical conclu-
sions regarding SAR in this collection. Use of four differently
substituted acetophenones, 4-fluorobenzaldehyde and several
para-substituted anilines led to Mannich bases 108 (Fig. 21), which
were screened against four common bacteria [137]. Most of these
compounds were inactive, but candidate 108 (R! = 2-Br, R? = F) was
more potent than reference drug ampicillin against all four mi-
croorganisms, whereas another candidate 108 (R' = 2-Br, R> = H)
was more potent than ampicillin against E. coli and S. aureus.
Arylamine Mannich bases 109 and 110 (Fig. 21) were obtained from
3-acetylcoumarine and 2-acetylbenzofuran, respectively, and
evaluated against E. coli, S. aureus and P. aeruginosa using disc
diffusion method [138]. Since most compounds in this series are
derivatives of 4-aminobenzoic acid, it has been expected that at
least a few of these compounds have good antibacterial activity.
Three candidates 109 (R = H, Cl or F) had antibacterial activity
comparable to that of reference drug streptomycin, but the rest
were almost inactive. The series of candidates 110 provided only
one remarkably active Mannich base (R = N(CHs),), but the rest of
the compounds with a benzofuran moiety are generally more active
than coumarine-derived candidates 109. 3-(Arylamino)-1-

ferrocenyl-1-propanones 111 (Fig. 21) showed broad spectrum ac-
tivity against both Gram-positive and Gram-negative bacteria, the
highest degree of growth inhibition being obtained for S. aureus
[139]. MIC values varied between 0.2 and 12.5 mg/mL, making
these compounds approximately 100-fold less active than refer-
ence drug tetracycline. Because compounds 112 (Fig. 21) with a
similar structure but with a phenyl ring instead of ferrocene have
been reported to possess moderate to high antibacterial activity
[140], it appears that the replacement of phenyl in 112 with
ferrocene could be responsible for the substantial decrease in ac-
tivity recorded in the case of compounds 111.

Aminomethylated phenols have also been reported to have
antibacterial activity. Mannich bases 113 (Fig. 22) obtained from 4-
t-butylcatechol and secondary aliphatic amines have been screened
for antibacterial activity against seven types of bacteria, but their
potency was rather low to moderate [141]; their corresponding
copper(Il) complexes fared better, as two of them had MICs com-
parable to that of chloramphenicol (12.5 pg/mL). The Mannich re-
action of a derivative of another dihydroxylic phenol with either
secondary aliphatic amines or primary arylamines afforded com-
pounds 114 (Fig. 22), whose zones of inhibition for three common
bacteria, determined at two concentrations (100 and 200 pg/mL)
using disc diffusion method, were smaller than those observed for
reference drug ofloxacin at 20 pg/mL [142]. Because chemical
modification of natural antibiotic novobiocin by means of amino-
methylation was hypothesized to increase permeability through
the outer membrane of Gram-negative bacteria, phenolic Mannich
bases 115 (Fig. 22) were designed, synthesized and evaluated
against S. aureus (one of novobiocin's usual targets), Francisella
tularensis and E. coli [143]. Candidates 115 were significantly less
potent than novobiocin against these three microorganisms, the
antibacterial activity of the most potent of these compounds being
almost 100 times weaker than that of novobiocin. Thirteen novel
phenolic Mannich bases 116 (Fig. 22) derived from lawsone,
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Fig. 22. Antibacterial phenolic Mannich bases and fused 1,3-oxazines.

benzaldehydes and primary aliphatic amines, together with their
corresponding copper(Il) complexes, were tested for antibacterial
activity against seven types of bacteria [144]. With a few excep-
tions, Mannich bases 116 were generally more potent than the
corresponding complexes, presumably due to the greater solubility
of the pro-ligands. Two Mannich bases 116 had antibacterial ac-
tivity comparable or higher to that of chloramphenicol against
Bacillus subtilis, E. coli and S. aureus, whereas the other compounds
inhibited bacterial growth at concentrations greater than
200 pmol/L.

Antibacterial activity of fused oxazines obtained through the
Mannich reaction of phenols and naphthols with primary amines
has also been examined. 6-Acetyl-1,3-benzoxazines 117 (Fig. 22)
were screened at 50 pg/mL against three common microorganisms
using disc diffusion method, and they showed good growth
inhibitory activity towards S. aureus, but only moderate potency
against E. coli and B. subtilis [145]. The antibacterial activity was
evaluated for 1,3-benzoxazines 118 (Fig. 22) substituted with chloro
and methyl groups in the aromatic ring, bis(1,3-benzoxazines) 119
(Fig. 22), naphtho[1,2-e]-1,3-oxazines 120 (Fig. 22), as well as
naphtho[2,1-e]-1,3-oxazines 121 (Fig. 22) using serial dilution
method [146]. Regardless of the aliphatic or aromatic nature of the
moiety at the nitrogen atom, most compounds, and especially
naphthoxazines 120 and 121, had MIC values greater than 50 pg/
mL, but two benzoxazines 118 derived from 4-chlorophenol and
aromatic amines were more potent than ampicillin against E. coli,

whereas compound 119 derived from 2,4-dichlorophenol was
equipotent to gentamycin against S. aureus. In addition, benzox-
azines 118 and naphthoxazines 120 and 121 having benzazole
moieties at the nitrogen atom were tested against four common
types of bacteria [147]. Although the majority of the compounds
were inactive, the antibacterial activity of few candidates was 2-
fold—15-fold greater than that of reference drug tetracycline; the
enhancement of activity for these candidates has been associated
with the presence of a benzimidazole system at the nitrogen atom
and at least one halogen in the phenolic starting material. In
contradiction to the previously mentioned results, a number of
naphtho[2,1-e]-1,3-oxazines 121 obtained from variously
substituted arylamines were found to be quite active as antibac-
terial agents towards E. coli and B. subtilis [148]. These compounds
were generally more active against the latter pathogen, and the
candidates derived from 4-fluoroaniline, 4-ethoxyaniline and 2,4,6-
tribromoaniline were even more potent than reference drug
streptomycin.

The Mannich reaction of phenols fused with heterocycles has
also been investigated for the preparation of antibacterials. Man-
nich bases of 8-hydroxyquinoline have been quaternized at the
heterocyclic nitrogen atom with bromoacetic acid esters of superior
alcohols (R = n-Cq3Hys, n-CigH33, n-CigH37) to give compounds 122
(X =0, CHy) (Fig. 22) [149]. The antibacterial activity of candidates
122, determined for three concentrations (1, 2.5 and 5 mg/mL)
using disc diffusion method, showed that the compounds were
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active towards both Gram-positive and Gram-negative bacteria, but
the presence in their structure of long alkyl chains rather than the
aminomethyl function is most likely responsible for their activity.
Phenolic Mannich bases 123 (R! = H, Br) (Fig. 22) were evaluated
against E. coli and Bacillus cirroflagellosus at 1 mg/mL using disc
diffusion method, but their antibacterial activity was generally
weak, with the exception of candidates derived from morpholine as
amine reagent [150]. Aminomethylated derivatives 41 (R = OH,
R' = H, R?> = aminomethyl) of apigenin (Fig. 7) also manifested
antibacterial activity in various degrees; the most active candidates
were the Mannich base derived from cyclohexylamine, which was
as potent as tetracycline against B. subtilis (MIC 3.9 pg/mL), and the
Mannich base derived from morpholine, which had the same
antibacterial activity as ampicillin against S. aureus (MIC 2 pg/mL)
[58].

Phenolic Mannich bases derived from 3-hydroxy-4H-pyran-4-
ones received special attention as potential antibacterials. Allo-
maltol (5-hydroxy-2-methyl-4H-pyran-4-one) was converted into
Mannich bases 124 (Fig. 23), whose antibacterial activity against
four different Gram-positive bacteria was only moderate
(MIC > 32 pg/mL) [151]. On the other hand, the antibacterial activity
of Mannich bases 125 (Fig. 21) derived from chlorokojic acid was
superior to that of analogous 124, and the candidates were shown
to possess a broad spectrum, while being more active against
standard strains (MICs between 1 and 32 pg/mL) than towards
clinical, drug-resistant isolates [ 152]. There is no striking difference
between the antibacterial activity of aminomethylated derivatives
125 having 4-benzylpiperazines and those having 4-substituted
piperidines as amine moiety. The growth inhibition of Gram-
positive bacteria (with the exception of Enterococcus faecalis)
occurred at MIC values that were lower than those required for the
growth inhibition of Gram-negative bacteria. Mannich base 125
with 1-(4-chlorobenzhydryl)piperazine as amine moiety seems to
be best compound in this series, but its activity was consistently
lower than that of any reference antibacterial drug. Subsequently, a
novel series of Mannich bases 125 was synthesized, this time using
various 4-(substituted aryl)piperazines as amine reagent, but the
compounds in this collection were weaker antibacterials than
analogous 125 derived from 4-benzylpiperazines [153]. Screening
of another novel set of compounds 125 with either 4-
benzylpiperazines of 4-arylpiperazines did not identify any com-
pounds with improved or remarkable antibacterial activity, as the
best candidates in this study had MIC values between 4 and 16 ug/
mL [154]. However, when piperazinyl-substituted fluoroquinolones
were employed as amine reagents in the Mannich reaction of 3-
hydroxy-4H-pyran-4-ones as substrates, the resulting hybrids 126
(R = Cl) (Fig. 23) had a broad spectrum and were highly active
against a panel comprising both Gram-negative and Gram-positive
bacteria [155]. Generally, aminomethylated derivatives of chlor-
okojic acid (126, R = CI) were more potent antibacterials than
aminomethylated derivatives of kojic acid (126, R = OH). Mannich
base 126 (R = Cl) derived from fluoroquinolone ciprofloxacin was
the most potent candidate in the series. Replacement of the qui-
nolone scaffold in candidates 126 derived from norfloxacin with a

0 1 0
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(1 (e 8

HsC” 0 CH,C” 0

124 125

OH

R
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naphthyridone moiety (as in Mannich bases 126 derived from
enoxacin) resulted in decreased antibacterial activity. Among the
bacteria used in this study, E. coli and Klebsiella pneumoniae were
the most sensitive microorganisms to hybrids 126. Docking of the
most active compound into topoisomerase Il DNA-gyrase active site
(which is the traditional target of quinolones) showed that Man-
nich base 126 derived from ciprofloxacin binds in a manner similar
to ciprofloxacin to the enzyme's active site, and that the 3-
hydroxypyran-4-one moiety is anchored with additional
hydrogen bonding within the binding pocket, thus increasing the
stability of the inhibitor—enzyme complex.

Mannich bases of isatin derivatives have also been investigated
as antibacterial agents. Aminomethylation of isatin semicarbazone
with (hetero)arylamines afforded Mannich bases 127 (Fig. 24),
whose antibacterial activity was moderate towards E. coli and good
towards S. aureus [156]. In addition, a series of Mannich bases 128
(R = secondary aliphatic amines) (Fig. 24) derived from a hydrazone
of isatin incorporating the biologically relevant moieties of 1,3,5-
triazine, sulfa drugs and azacarbazole had moderate to good anti-
bacterial activity against the previously mentioned microorganisms
[157]. Hydrazidones obtained from isatin and hydrazides of vari-
ously substituted acetic acids have also been aminomethylated
with a view to synthesize antibacterial Mannich bases. For example,
Mannich bases 129 (R! = 2-oxo-3-phenyl-2H-1,8-naphthyridin-1-
yl) (Fig. 24) derived from substituted isatins and morpholine,
piperidine or 1-methylpiperazine generally showed poor antibac-
terial activity against the two aforementioned types of bacteria,
with the exception of compound 129 (R = 4-methylpiperazinyl,
R? = 5-Br), whose inhibition determined by disc diffusion method
was approximately half of that for reference drug gentamycin [158].
Another collection of Mannich bases 129 (R! = 4- or 4,5-substituted
2-ethylphenyloxy) generated from substituted isatins as substrates
and morpholine or piperidine as amine reagents exhibited weak to
moderate antibacterial activity towards E. coli, S. aureus and Shigella
flemeri (zone of inhibition 12—20 mm) compared to norfloxacin
(zone of inhibition 26—28 mm) [159]. Schiff bases generated from
isatin and various (hetero)aromatic amines represent another type
of isatin-derived substrate that was subjected to aminomethylation
to obtain potential antibacterial agents. The use of isatin Schiff
bases in the Mannich reaction with 2-((2,6-dichlorophenyl)amino])
phenylacetic acid as the amine reagent yielded compounds 130
(R! = substituted phenyl) (Fig. 24), which proved to be 3—12-fold
less potent than reference drug ciprofloxacin against an array of
bacteria [160]. When 3-chloro-4-fluoroaniline was used to generate
Schiff bases from isatin and 5-chloroisatin, aminomethylation with
secondary aliphatic amines gave Mannich bases 131 (R! = 3-Cl-4-
FCgH3, R?> = H or 5-Cl) (Fig. 24); these compounds had moderate
to good activity against E. coli, S. aureus, P. aeruginosa and Salmo-
nella typhi in disc diffusion assay, and showed also moderate to
good pB-lactamase inhibitory activity [161]. Schiff base of 5-
chloroisatin and trimethoprim was aminomethylated to give
compounds 131 (R! = 4-amino-5-(3,4,5-trimethoxybenzyl)pyr-
imidin-2-yl), but only Mannich bases 131 derived from ciproflox-
acin, lomefloxacin or gatifloxacin as amine reagents in the Mannich
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Fig. 23. Antibacterial phenolic Mannich bases derived from 3-hydroxy-4H-pyran-4-ones.
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reaction were at least as potent, if not more potent, than the cor-
responding parent fluoroquinolones against a large panel of bac-
teria [162]. Antibacterial activity of Mannich bases 131 (R! = 5-
benzyl-3-thioxo-2H-1,2,4-triazol-4-yl) derived from Schiff bases
of isatin or 5-halogen-substituted isatins and an amino-
triazolethione was generally good against four common microor-
ganisms, as the size of the inhibition zones for some of the
candidates (especially those derived from halogenated isatins and
having piperidine or morpholine residues in the aminomethyl
group) was comparable to the size of the inhibition zone for
reference drug ciprofloxacin [163]. Recently, Mannich bases 132
(Fig. 24) obtained using Schiff bases derived from 5-fluoroisatin and
4-arylideneaminoanilines as substrates and ciprofloxacin as amine
reagent were shown to be generally less potent antibacterials than
reference drug ciprofloxacin, although some candidates had MIC
values comparable to those of ciprofloxacin against the investigated
bacteria [164].

Alarge number of papers published in the last decade report the
antibacterial activity of Mannich bases of 2,3-dihydro-1,2,4-
triazole-3-thiones. From a structural point of view, Mannich bases
from triazolethiones that were synthesized through amino-
methylation in these reports fall into two major categories: 5-
substituted 2-aminomethyl-2H-1,2,4-triazole-3-thiones 133 and
5-substituted 2-aminomethyl-4-arylideneamino-2H-1,2,4-
triazole-3-thiones 134. The relevant information from these
studies (i.e., substituents at position 4 and 5 of the triazole ring,
amine reagents used in aminomethylation, microorganisms
employed in the antibacterial evaluation) is presented in a
condensed manner in Table 1. In the series of compounds 133a, the
nature of the amine moiety in the aminomethyl group appears to
be critical for the antibacterial activity, as Mannich bases from pi-
perazines were consistently more potent than Mannich bases from
arylamines, and some of them were even more potent than refer-
ence drug ampicillin [165]. A comparison between antibacterial
activities of 133a and structurally related 134b suggests that the
replacement of substituent at position 4 of the triazole ring in 133a
with hydroxybenzylideneamino in 134b further enhances the
antibacterial activity. Although it was shown that substitution with
chlorine of the phenyl at position 5 of the triazole ring improves the
antibacterial activity in the series of compounds 133b and 133c, and
that aminomethylation also increases the bacterial growth of

Mannich bases 133c compared to the parent triazolethione, no
candidates with substantial antibacterial activity could be singled
out from these two collections [166—168]. However, use of cipro-
floxacin as amine reagent in the synthesis of Mannich bases 133c
and 133d led to a substantial increased antibacterial activity of
these compounds, and some of them were as potent as reference
drugs ciprofloxacin and vancomycin against several types of bac-
teria and methicillin-resistant S. aureus (MRSA), respectively [169].
Mannich bases 133e or 134f having a diphenylsulfone moiety at
position 5 of the triazole ring had only weak antibacterial activity
[170]. A small number of Mannich bases 133f, especially those
having a halogen as substituent of the phenyl at N-4 of the triazole
ring, inhibited the growth of Gram-positive bacteria [171]. Mannich
bases 133g, especially candidates with morpholine, 4-
benzylpiperazine, N-methylpiperidine and tri-
fluoromethylphenylpiperazine in the aminomethyl group, had very
good antibacterial activity (MIC 1.56—12 pg/mL) [172], whereas
analogous 133h having 2-furyl instead of 2-thiophenyl were less
potent (inhibition zones of 6—13 mm, compared to 10—35 mm for
ampicillin) [173]. The three Mannich 133i bases reported in a study
gave interesting results, as the candidates derived from 1-
methylpiperazine (inhibition zones of 23—30 mm for all bacteria)
and 2-(4-morpholinyl)ethylamine (inhibition zones of 14—22 mm
for some of the microorganisms under evaluation) were more
potent than reference drug ampicillin, whereas the bis-Mannich
base 133i derived from piperazine was inactive [174]|. However,
further elaboration of 133i into compound 133p abolished the
antibacterial activity [174]. Mannich bases 133j, which feature a 3-
pyridinyl moiety at position 5 of the triazole ring, were generally
poorer antibacterials than reference drug ampicillin, although there
were isolated examples amongst these candidates that show more
potency than ampicillin against certain bacteria [175]. Furthermore,
the replacement of 4-pyridinyl with 2-quinolinyl as substituent at
position 5 of the triazole ring, and modification of phenyl into
benzyl as substituent at position 4 of the triazole ring led to inactive
Mannich bases 133k [176]. Both types of Mannich bases 133l and
134l, featuring a 1,2,4-triazole moiety at position 5 of the tri-
azolethione scaffold, showed good antibacterial activity, but com-
pounds 1341 were generally more potent than 133l, and two of
candidates 134l actually had MIC values comparable to those of
reference drug ciprofloxacin [177]. Mannich bases 133m and 133n
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Antibacterial Mannich bases derived from 2,3-dihydro-1,2,4-triazole-3-thiones: substitution patterns and tested microorganisms.
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NR,

Microorganisms
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a CH3
@\ 4-CICeH,

LY
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O
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AN

4-Bl‘CsH4

substituted phenyl

substituted phenyl

n-CsHy

substituted phenyl

CHs
CH,CH=CH,

CH,CgHs

CsHs

CeHs
CH,CgHs

CH,CgHs

/

\

4-substituted piperazines
substituted arylamines

secondary aliphatic amines

secondary aliphatic amines,
ciprofloxacin

ciprofloxacin

morpholine

secondary aliphatic amines

secondary aliphatic amines

secondary aliphatic amines

piperazine
1-methylpiperazine
2-(4-morpholinyl)ethylamine

morpholine

thiomorpholine
4-(4-fluorophenyl)piperazine
1-(3-aminopropyl)imidazole
furfurylamine

secondary and primary
aliphatic amines

S. aureus

B. subtilis
Micrococcus luteus

E. coli

P. aeruginosa

S. aureus
Staphylococcus epidermidis
B. subtilis

Bacillus cereus

M. luteus

S. aureus

S. epidermidis

B. subtilis

B. cereus

M. luteus

S. aureus

S. epidermidis

B. subtilis

B. cereus

M. luteus

E. coli

P. aeruginosa
Proteus mirabilis
Acinetobacter baumanii
Citrobacter freundii
P. aeruginosa

E. faecalis

S. aureus

S. epidermidis

B. subtilis

E. coli

K. pneumoniae

P. aeruginosa

S. aureus

E. coli

K. pneumoniae

P. aeruginosa

S. aureus

E. coli

Enterobacter aerogenes
Yersinia pseudotuberculosis
P. aeruginosa

S. aureus

E. faecalis

B. cereus

E. coli

Y. pseudotuberculosis
P. aeruginosa

E. faecalis

S. aureus

B. cereus

E. coli

Y. pseudotuberculosis
P. aeruginosa

S. aureus

E. faecalis

B. cereus

Serratia marcescens
Klebsiella oxitoca
Arthrobacter oxydans
Proteus vulgaris

E. coli

E. aerogenes

Y. pseudotuberculosis
P. aeruginosa

[165]

[166]

[167—169]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

(continued on next page)
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R? NR, Microorganisms Reference

q

CeHs

Cl

N-N )
mco@—” N
o
N-N
HsC NH,

E. faecalis

S. aureus

B. cereus
CyHs morpholine B. subtilis [177]
CH,CgHs 1-methylpiperazine Streptococci

K. pneumoniae

E. coli

CgHs morpholine, piperazine E. coli [178]
K. pneumoniae
Y. pseudotuberculosis
E. aerogenes
P. aeruginosa
S. aureus
E. faecalis
B. cereus

CsHs 1-methylpiperazine E. coli [179]
2-(4-morpholinyl)ethylamine Y. pseudotuberculosis
P. aeruginosa
E. faecalis
S. aureus
B. cereus
4-FCgHa 1-methylpiperazine E. coli [179]
Y. pseudotuberculosis
P. aeruginosa
E. faecalis
S. aureus
B. cereus

4-CH3CgHy 1-methylpiperazine E. coli [174]
Y. pseudotuberculosis
P. aeruginosa
E. faecalis
S. aureus
B. cereus
CgHs morpholine E. coli [180]
2-(4-morpholinyl)ethylamine Y. pseudotuberculosis
furfurylamine P. aeruginosa
E. faecalis
S. aureus
B. cereus
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No

134

CHs3
CsHy
C5H5

X 1-methylpiperazine S. aureus [181]
B. subtilis
/ \N E. coli

N P. aeruginosa

X = CHjz and
substituted phenyl

4-HOCgH4 1-substituted piperazines S. aureus [165]
2-HOCgH4 B. subtilis

M. luteus

E. coli

P. aeruginosa
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—N Vo
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X =CHgs, Y=Hor CH;
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CGHSAO)\/

C6H5YN
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CeHs N

substituted phenyl

substituted phenyl

4-CICeHy
4~(CH3)2NCgHa
3,4-(0CH,0)CeHs

substituted phenyl, 2-furyl

4-FCgH4

substituted phenyl,
2-thienyl, 2-furyl

substituted phenyl

substituted phenyl,
6-methoxy-2-naphthyl,
8-quinolinyl

substituted phenyl

C5H5
4-0,NCgH,
4-CH30CgH4

substituted phenyl

1-substituted piperazines
ethyl piperidine-4-carboxylate

morpholine

1-methylpiperazine

morpholine
1-ethylpiperazine
substituted primary arylamines

morpholine

1-methylpiperazine

morpholine

morpholine
1-methylpiperazine

1-methylpiperazine

secondary aliphatic amines

morpholine
1-methylpiperazine

morpholine

S. aureus

B. subtilis

M. luteus

E. coli

P. aeruginosa
S. aureus

P. aeruginosa
K. pneumoniae
E. coli

S. aureus

E. coli

P. aeruginosa
K. pneumoniae

A. baumanii

C. freundii

P. aeruginosa
E. faecalis

S. aureus

S. epidermidis
B. subtilis

E. coli

Y. pseudotuberculosis
P. aeruginosa
E. faecalis

S. aureus

B. cereus

S. aureus

B. cereus

E. coli

K. pneumoniae
S. aureus

S. faecalis

B. subtilis

K. pneumoniae
E. coli

P. aeruginosa
P. aeruginosa
S. marcescens
S. aureus

E. coli

E. coli

Salmonella typhimurium
Listeria monocytogenes
S. aureus

P. aeruginosa
Streptococcus pyogenes
B. subtilis

Streptococci

K. pneumoniae

E. coli

E. coli

P. aeruginosa

K. pneumoniae

S. aureus
Enterobacter cloacae

[182]

[183]

[184]

[170]

[185]

[186]

[187]

[188]

[189]

[177]

[190]

m o)
-
o}

were devoid of effective antibacterial activity [178,179], as was
structurally related candidate 1330 (a singular and notable excep-
tion is this compound's activity against Bacillus cereus) [179].

Mannich bases 133q were also inactive as antibacterials, except for
a few candidates that were more potent against P. aeruginosa than
reference drug ampicillin [180]. Every member of the series of
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Fig. 25. Antibacterial Mannich bases derived from 2,3-dihydro-1,2,4-triazole-3-ones, 2,3-dihydro-1,3,4-oxadiazole-3-ones, and 2,3-dihydro-1,3,4-thiadiazole-3-thiones.

Table 2

Antibacterial Mannich bases derived from 2,3-dihydro-1,3,4-oxadiazole-3-thiones: substitution patterns and tested microorganisms.

/—NR;
N—N
R1/<O)§s

139

R!

NR»

Microorganisms

Ref.

R’I
R' = j-C3H;, SCH;
R2=H, CHy

secondary aliphatic amines

morpholine
primary arylamines

piperazines
primary arylamines
secondary arylamines

1-methylpiperazine
2-(4-morpholinyl)ethylamine

morpholine
1-methylpiperazine

substituted arylamines

primary arylamines

primary arylamines
diphenylamine
piperazines

S. aureus

E. coli

P. aeruginosa
K. pneumoniae

S. aureus

E. coli

P. aeruginosa
K. pneumoniae

S. aureus

B. subtilis

E. coli

P. aeruginosa
E. coli

Y. pseudotuberculosis
P. aeruginosa
E. faecalis

S. aureus

B. cereus

S. aureus

S. faecalis

B. subtilis

K. pneumoniae
E. coli

P. aeruginosa
S. aureus

S. pyogenes

E. coli

P. aeuroginosa

B. subtilis

S. aureus

P. aeruginosa

Klebsiella aerogenes

Bacillus sphaericus
Chromobacterium violaceum
S. aureus

S. pyogenes

[193]

[194]

[195]

[185]

[187]

[196]

[197]

[198]
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Table 2 (continued )
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i Cl primary arylamines S. aureus [199]
E. coli
B. subtilis

R =H, 3-NO; 4-N(CHj3),

m SN N=
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|
CeHs

morpholine

1-methylpiperazine

N-N \E
Haco©—// N
o

P CgHs morpholine

Y/N/>_

N«
CeHs™ N

primary aliphatic amines
secondary aliphatic amines

1-methylpiperazine

primary arylamines

P. aeruginosa

1-phenylpiperazine E. coli [176]
ethyl piperidine-4-carboxylate

E. aerogenes

Y. pseudotuberculosis
P. aeruginosa

E. faecalis

S. aureus

B. cereus

primary arylamines E. coli [200]

M. luteus
S. aureus

S. aureus [98]
B. subtilis

E. coli

P. aeruginosa

1-phenylpiperazine E. coli [201]

Y. pseudotuberculosis
P. aeruginosa

E. faecalis

S. aureus

B. cereus

2-(4-morpholinyl)ethylamine E. coli [174]

Y. pseudotuberculosis
P. aeruginosa

E. faecalis

S. aureus

B. cereus

E. coli [202]
Y. pseudotuberculosis
P. aeruginosa

E. faecalis

S. aureus

K. pneumoniae

E. aerogenes

B. cereus

B. subtilis [177]
Streptococci

K. pneumoniae

E. coli

S. aureus [203]
B. subtilis

E. coli

K. pneumoniae

P. aeruginosa

Mannich bases 134a was active against the tested bacteria, but not
as potent as reference drug nitrofurazone [181]. In addition, the
nature of substituent at position 5 of the triazole ring in the series
of compounds 134a had no noticeable influence on their antibac-
terial activity, but the data (based on a single example) suggest that
presence of chlorine in the aromatic ring of substituent X of the
pyrazole moiety could improve the activity. Mannich bases 134c
were mostly active against S. aureus and B. subtilis, and candidates

derived from ethyl piperidine-4-carboxylate were generally more
potent than those derived from piperazines [182]. It should be
noted that the presence of halogen in the structure of 134c
(R? = 2,6-difluorophenyl or 2,6-dichlorophenyl) did not enhance
the antibacterial activity of these Mannich bases. In contrast, sub-
stitution with halogen in compounds 134d (e.g, R®> = 24-
dichlorophenyl) led to the most potent candidates in the series,
and their antibacterial activity was comparable to that of reference
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drug ciprofloxacin [183]. Use of 2,4-dichloro-5-fluorophenyl moi-
ety at position 5 of the triazole ring in Mannich bases 134e also
produced candidates with good to excellent antibacterial activity
[184]. Compounds 134e having secondary aliphatic amines in the
aminomethyl group were generally more potent than those having
arylamines, even if the anilines used in aminomethylation were
substituted with additional halogen atoms [184]. Although Man-
nich base 134g had no antibacterial activity, a close analogue of
134g such as compound 135 (Fig. 25) was 1.5—3-fold more potent
than ampicillin against most bacteria in the panel, with the
exception of S. aureus [185]. Replacement of 4-methylpiperazin-1-
yl with 4-morpholinyl in the aminomethyl group of Mannich
base 134g, and use of substituted phenyl other than 4-fluorophenyl
as R? afforded structurally related candidates 134h with moderate
antibacterial activity [186]. Antibacterial activity of Mannich bases
134i was moderate to good, but even the most potent compounds
in this series (all of them having a 4-methylpiperazin-1-yl moiety in
the aminomethyl group) were at least 4-fold less active than
reference drug ciprofloxacin [187]. Mannich bases 134j also had
moderate to good antibacterial activity (inhibition zones of
12—22 mm), but were less potent than tetracycline (inhibition
zones of 25 mm) [ 188]. Overall antibacterial activity was reasonable
in the series of Mannich bases 134k, while a few compounds had
MIC values against various bacteria close to those determined for
reference drugs [189]. A few Mannich bases 134m were more
potent against P. aeruginosa than reference drugs levofloxacin and
amikacin, while most candidates exhibited broad, moderate to
good antibacterial activity [190].

Evaluation of Mannich bases of 2,3-dihydro-1,2,4-triazole-3-
ones as antibacterial agents received little attention in recent
literature. A small series of six Mannich bases 136 (Fig. 25) derived
from 4-(substituted (hetero)arylidendeamino)-5-methyl-1,2,4-
triazole-2-ones was synthesized and tested against seven types of
bacteria, and the antibacterial activity of the candidates ranged
from moderate to excellent [191]. All compounds were more potent
than reference drug ampicillin against E. coli and P. aeruginosa, and
candidate 136 (R! = 2-hydroxyphenyl, NR, = 2-(4-morpholinyl)
ethylamino) was at least as active as ampicillin against all types of
bacteria used in the study, with the exception of S. aureus. Out of
Mannich bases of type 137 (Fig. 25), only those derived from
morpholine or piperidine were excellent, broad spectrum anti-
bacterials, whereas other analogues were either inactive, or weak
antibacterials, or moderately active against the tested bacteria
[192]. A single Mannich base 138 (Fig. 25) of 1,2,4-triazole-3-ones
having a 2-quinolinyl moiety as substituent at position 5 of the
triazole ring was synthesized and evaluated for antibacterial ac-
tivity, and its effect on E. coli and P. aeruginosa was comparable to
that of ampicillin [176]. Three Mannich bases having a 3-pyridinyl
moiety at position 5 of 1,2,4-triazole-3-one scaffold, analogous to
compounds 133j derived from 1,2,4-triazole-3-thione, had moder-
ate to good activity against most bacteria in the panel, but were not
superior to reference drug ampicillin [175].

Antibacterial activity of Mannich bases 139 of 2,3-dihydro-1,3,4-
oxadiazole-2-thiones has been investigated extensively. The
structural features of the compounds reported in these studies have
been summarized in Table 2, along with the microorganisms used
for screening. Mannich bases 139a had moderate to good antibac-
terial activity (MIC values between 6.25 and 25 pg/mL), but none
was as potent as reference drug ciprofloxacin, and no definite SAR
could be inferred from the biological results [193]. The growth in-
hibition of Mannich bases 139b appears to be modulated by the
nature of the amine in the aminomethyl residue; thus, candidates
derived from 3-trifluoromethylaniline were the most potent in this
series and had antibacterial activity comparable by that of reference
drug ciprofloxacin, followed in order by Mannich bases 139b

derived from morpholine, 2-chloro-5-methylaniline and 4-chloro-
2-trifluoroacetylanline [194]. In the case of Mannich bases 139c,
candidates derived from secondary aromatic amines were inactive,
whereas the remaining compounds were less active against Gram
negative bacteria, and more active against Gram positive bacteria
(MIC values 2—8-fold lesser than those of reference drug ampi-
cillin) [195]. Both Mannich bases 139d reported in this study [185]
had moderate to good antibacterial activity, and both were more
potent than ampicillin against E. coli and E. faecalis, but the candi-
date derived from 1-methylpiperazine was generally more potent
than Mannich base derived from 2-(4-morpholinyl)ethylamine. In
the case of thiazole-containing Mannich bases, antibacterial activ-
ity of compounds 139e was moderate (MIC values between 16 and
62.5 pg/mL) [187], whereas compounds two of compounds 139f
emerged as effective antibacterials, especially against Gram-
negative bacteria, with MIC values 2—4-fold lesser than those for
reference drug chloramphenicol [ 196]. Several Mannich bases 139g
(NRy = NHCgH4F-4, NHCgH4Cl-4, NHCgH4CF3-2, NHCgH3F»-2,5) had
antibacterial activity comparable to that of reference drug peni-
cillin, and, for some bacteria, even comparable to reference drug
streptomycin [197]. Mannich base 139h (NR;, = 1-piperazinyl) was
equipotent to reference drug ciprofloxacin against S. aureus, but the
antibacterial activity of the rest of candidates in this series was
weaker than that of ciprofloxacin against the tested bacteria [198].
The compounds reported in a study, including Mannich bases 139i,
are claimed to exhibit moderate antibacterial activity, but lack of
access to the original information (which is only provided in the
online edition as Supplemental Material, and is missing) makes
data assessment impossible [199]. Phenylpiperazine-containing
Mannich base 139j was generally more potent that candidate
139j derived from ethyl isonipecotate, but both had moderate
antibacterial activity compared to reference drug ampicillin [176].
Three out of eight synthesized Mannich bases 139k were screened
for antibacterial activity, but their growth inhibition was only weak
to moderate (inhibition zones of 12—26 mm) compared to that of
reference drug chloramphenicol (inhibition zones of 37—44 mm)
[200]. None of the 21 synthesized Mannich bases 1391 presented
any antibacterial activity at the maximum concentration tested
(250 pg/mL) [98]. Mannich base 139m was the only compound with
antibacterial activity in the structural diverse library evaluated in
the study, but its effects were moderate at best [189]. Screening
results for Mannich bases 139n were also disappointing, as they
only barely inhibited the growth of E. coli at a concentration of
10 mg/mL [174]. Out of two synthesized Mannich bases 1390, the
candidate having a morpholine residue in the aminomethyl group
displayed excellent antimicrobial activity against all the tested
microorganisms, while the candidate having a methylpiperazine
residue had good or moderate activities against most bacteria in the
panel, with the exception of E. coli and K. pneumoniae [190]. The
growth inhibition exerted by Mannich bases 139p was moderate
compared to reference drugs, and it was uninfluenced by the nature
of the amine moiety in the aminomethyl group [177]. Nalidixic
acid-based oxadiazolethione Mannich bases 139q exhibited very
weak antibacterial activity (MIC values > 750 pug/mL) compared to
reference drug streptomycin (MIC = 5 ug/mL), and only towards
B. subtilis, but some of the structurally related Mannich bases 140 of
2,3-dihydro-1,3,4-thiadiazole-2-thione (Fig. 25) were quite active
(MIC values as high as 6.25 pg/mL) against the microorganisms
used in the study [203]. Finally, Mannich bases 141 having a 3,4-
dichlorophenyl moiety at position 5 of 2,3-dihydro-1,3,4-
oxadiazole-2-one ring (Fig. 25) were inactive against S. aureus,
E. coli, P. aeruginosa and Bacillus megaterium [204].

Two studies presented the synthesis and antibacterial evalua-
tion of C-Mannich bases 142 of thiazolidinones (Fig. 26) having a
thiazolyl-2-imino substituent at position 2 [205,206]. While
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Fig. 26. Antibacterial Mannich bases derived from thiazolidinones and pyrimidine-2-(thi)ones.

candidates 142 having alkyl or aryl groups as R! substituent at C-5
of thiazolidinone ring showed no antibacterial activity against a
panel of eight bacteria, some of their analogues unsubstituted at C-
5 (R! = H) had weak antibacterial activity against S. aureus (MIC
values of 20—40 pg/mL). Two of Mannich bases 143 (R' = 2-
HOCgH4) of thiazolidinones featuring a 6,8-dibromo-4-
oxoquinazolin-3-yl moiety (Fig. 26) were 2-fold less potent
against S. typhimurium (when NR; = diethylamino) and 4-fold less
potent against B. cereus (when NR; = 1-piperidinyl) than reference
drug ciprofloxacin [207]. Antibacterial activity of Mannich bases
144 (Fig. 26) was found to be more potent (MIC values between 6.25
and 100 pg/mL) than that of parent thiazolidinones, and the SAR
suggests that the nature of substituent R! influences significantly
the ability of these compounds to inhibit the growth of various
bacteria [208].

Aminomethylation of pyrimidine-2-thiones and pyrimidine-2-
ones, substrates that can be easily obtained in a considerable
structural variety through a simple Biginelli reaction, has also been
investigated in relation with the antibacterial activity of the
resulting Mannich bases. Thus, pyrimidine-2-thione Mannich base
145 (Fig. 26) was obtained using natural alkaloid cytosine as amine
reagent in aminomethylation, and its evaluation as antibacterial
agent showed that it is a potent growth inhibitor of S. aureus and
B. subtilis, and it has weak activity against P. aeruginosa and E. coli
[209]. Double Mannich bases 146 (Fig. 26) of pyrimidine-2-thiones
(X = S) were good antibacterial agents (zones of inhibition of 96 to
88% of the zone of inhibition for reference drug streptomycin)
against E. coli and B. subtilis [210], and analogous double Mannich
bases 146 of pyrimidine-2-ones (X = O) were even more potent,
with the exception of the candidate having a 4-methoxyphenyl
moiety at position 4 of the pyrimidine ring (R = 4-OCHs, R! = H)
[211].

Taking advantage of the lability of the proton located at the
nitrogen atom in the amide function, several N-Mannich bases 147
of 5-chloro-2-methoxybenzamide (Fig. 27) obtained from either
sulfonamides or common secondary amines as amine reagents
have been synthesized and evaluated for antibacterial activity
against a panel of bacteria [212]. Candidates 147 derived from
sulfonamides were more potent than the parent compounds,
whereas Mannich base 147 derived from morpholine was an

antibacterial agent with broad spectrum and good activity. N-
Mannich bases 148 of glutarimides (R! = H, c-CsHg, c-C¢H1y, 4-
ClCgHy) (Fig. 27) have been screened for antibacterial activity, and
claimed to be potent very potent, although no comparison to
currently-in-use antibacterials was available [213,214]. Compounds
148 derived from sulfonamides showed improved growth inhibi-
tion activity of the tested microorganisms over the corresponding
parent amines, whereas analogues generated from secondary
aliphatic amines were generally equipotent to those obtained from
sulfonamides [213]. Also, N-Mannich bases 149 of succinimide
(R! = H or CgHs, NR, = NHCgHs, 2-pyridinyl) (Fig. 27) and an N-
Mannich base from phthalimide were weak to moderate antibac-
terials against E. coli, S. typhi and B. subtilis [215].

Well-known antibiotics have also been subjected to amino-
methylation with a hope of increasing their antibacterial activity or
improving their bioavailability. Hybrids 150 of tetracycline and
sulfonamides (Fig. 28) have been generated using the Mannich
reaction, and their screening against Salmonella enteritidis and
Pasturella multocida showed that their antibacterial activity is
higher than that of the parent sulfonamides; unfortunately, no
comparison with the activity of tetracycline or a reference drug is
provided in the study [216]. Aminomethylation is one of the
modifications that have also been explored in the case of vanco-
mycin. After an N-decylaminoethyl moiety was introduced into the
structure of vancomycin with a view to restore antibacterial activity
against vancomycin-resistant enterococci while retaining potency
against MRSA, grafting a hydrophilic group has been considered as
a way to reduce the overall lipophilicity of the N-decylaminoethyl-
modified vancomycin and to restore the initial favorable distribu-
tion properties of vancomycin. Several types of amine reagents
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Fig. 27. Antibacterial Mannich bases derived from amides and imides.
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(amino acids, amino sugars, phosphonic acids) have been consid-
ered for the synthesis of Mannich bases 151 (Fig. 28), and some of
these modifications led to candidates active against vancomycin-
resistant bacteria, and ultimately to the discovery of telavancin
(TD-6424) as a lead compound with improved absorption, distri-
bution, metabolism and excretion (ADME) properties over N-
decylaminoethylvancomycin [217]. Telavancin 151
(NRz = NHCH,PO3H,) (Fig. 28) was subsequently screened against a
large number of predominantly Gram-positive isolates with
developed antibacterial resistance, and showed to be highly active
against methicillin-resistant staphylococci (MICgg 0.5—1 pg/mL),
streptococci (MIC values < 0.12 pg/mL), and VanB-type enterococci
(MIC values < 2 pg/mL) [218]. With respect to its mechanism of
action, telavancin inhibited late-stage peptidoglycan biosynthesis
in a substrate-dependent fashion, bound to cell wall with high af-
finity, and perturbed bacterial cell membrane potential and
permeability [219]. Aminomethylation of vancomycin has also been
used as the first step in the construction of glycopeptide/B-lactam
heterodimers via linkage of aminomethylated vancomycin and
various cephalosporin cores through an adipic acid moiety [220].
These heterodimers were all found to exhibit excellent potency
against a range of important Gram-positive bacteria, and a subset of
these candidates also demonstrated rapid bactericidal activity
against MRSA, whereas two of the most attractive compounds have
been shown to exhibit in vivo efficacy 40 fold greater than that of
vancomycin. Finally, a patent claims a series of Mannich bases of
vancomycin as compounds suitable for oral delivery and having
enhanced antibacterial potency [221].

Antibacterial activity of Mannich bases derived from miscella-
neous substrates is covered in the last paragraph of this section.
Mannich bases 152 (R = CH3, OC,Hs) (Fig. 29) derived from either
ethyl acetoacetate or diethyl malonate as substrates, variously
substituted benzaldehydes as aldehyde components and benzyl
carbamate as amine reagent had poor to moderate activity against
five types of common bacteria [222]. Hydrazidones derived from
isoniazid and 2-alkoxybenzaldehydes have been aminomethylated
at position ortho to the alkoxy group to give Mannich bases 153
(Fig. 29). A few members of this collection having an ethoxy group
demonstrated at concentration of 100 pg/mL antibacterial activity
superior to that of reference drug amoxicillin at 50 pg/mL [223],
whereas candidates having a propoxy group were less potent [224].
Mannich bases 154 derived from 7-methyl-2-(substituted aryl)
imidazo[1,2-a]pyridines (Fig. 29) and having two halogens as sub-
stituents in the phenyl ring at position 2 of the fused heterocyclic
system were the most potent in this series against E. coli,

P. aeruginosa, S. aureus and Streptococcus pyogenes [225]. Mannich
bases 155 derived from an imidazo[2,1-b]-1,3,4-thiadiazole ring
system (Fig. 29) showed weak activity against Gram-positive bac-
teria and moderate activity against Vibrio cholera, but their growth
inhibition activity of E. coli was comparable to reference drug
norfloxacin [226]. Evaluation of the antibacterial activity of Man-
nich bases derived from 2-alkyl-3-hydroxy-pyridine-4(1H)-ones
showed that only one candidate 156 (NR; = 1-piperidinyl,
R' = CH3) (Fig. 29) had moderate activity against S. enteritidis
(16 pg/mL) and S. aureus (16 pug/mL) compared to reference drug
ciprofloxacin (1 pg/mL and 0.5 pg/mL, respectively, for the
mentioned microorganisms) [227]. Mono-Mannich bases 157
(R! = CH3) and double Mannich bases 158 generated from syd-
nones (Fig. 29) were both found to inhibit moderately the growth of
four standard microorganisms, regardless of the nature of the
amine reagent used in aminomethylation, but no useful conclu-
sions regarding SAR in this series could be drawn for further
development [228]. Also, most Mannich bases 157 (R! = OCH3) had
weak to moderate activity against both Gram-positive and Gram-
negative bacteria, with the exception of candidate 157
(R! = OCH3, NR;, = 4-nitrobenzothiazole-2-ylamino), which was as
potent as reference drugs ciprofloxacin and ampicillin against
Gram-positive bacteria [229]. In contrast, aminomethylation of
another sydnone derivative using various primary and secondary
aliphatic amines was reported to occur in the at N-1 in the pyr-
azoline ring to give Mannich bases 159 instead (Fig. 29), which had
good antibacterial activity compared to reference drug ampicillin
against four common bacteria, and particularly against B. subtilis
[230]. The copper(ll) complex of pyrazole C-Mannich base 160
(Fig. 29) inhibited the growth of B. subtilis at concentrations as low
as 1.25 mM, most likely by promoting mutagenesis and inducing
cell death [231]. Screening of a few of pyrazolone N-Mannich bases
161 (Fig. 29) against various bacteria resulted in inhibition zones
that were comparable to those of reference drug ciprofloxacin, but
the MIC values for these candidates were ultimately far greater
from those of ciprofloxacin [232]. Some of the acetylenic Mannich
bases 162 (R! = CgHs, 4-ClCgH4; R? = CgHs, 1-C1oH7) (Fig. 29) had
antibacterial activity comparable to reference drug ofloxacin
against S. aureus, fewer showed good activity against E. coli, and
only one candidate was equipotent to ofloxacin against
P. aeruginosa [233]. Various substrates (e.g., benzimidazole, 3-
methylpyrazole-5(4H)-one, succinimide, phthalimide or naph-
thalimide) were aminomethylated using norfloxacin as amine re-
agent, and some of the corresponding Mannich bases were more
potent than the parent fluoroquinolone, especially against E. coli
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Fig. 29. Antibacterial Mannich bases derived from miscellaneous substrates.

and P. aeruginosa [234]. Sulfonamides and primary or secondary
aliphatic amines were employed as amine reagents in amino-
methylation of isoniazid to give Mannich bases 163 (Fig. 29), and
some of the candidates had antibacterial activity that was superior
to that of the parent sulfonamides, whereas Mannich base 163
(NR, = NHCH3) was the most potent compound in the series
against S. aureus and B. anthracis [235]. Use of hydantoins as sub-
strates in the Mannich reaction led to 3-aminomethylated de-
rivatives 164 or to 1-aminomethylated derivatives 165 (Fig. 29),
depending on the substituent on N-3 of imidazole ring, and some of
these Mannich bases had moderate to good antibacterial activity
against four common bacteria [236]. Aminomethylation and ami-
noalkylation of saccharin using various types of amine reagents led
to Mannich bases 166 (Fig. 29) with moderate to excellent anti-
bacterial activity against S. aureus (zones of inhibition between 12
and 50 mm, compared to 31 mm for reference drug chloram-
phenicol) [237]. A note reports in a concise manner the synthesis
and antibacterial activity of Mannich bases 167 (Fig. 29) derived
from a phenothiazine and primary aromatic amines, and some of
the compounds in this study were potent and had a broad spectrum

against the tested bacteria [238]. Mono-Mannich base 168 of qui-
noxaline-2,3(1H,4H)-dione (Fig. 29) was screened at concentration
of 100 pg/disc, and was found to be more potent than reference
drug nalidixic acid at concentration of 50 pg/disc against four
common bacteria, with the exception of Proteus vulgaris [239].
Moderate to good antibacterial activity was determined for Man-
nich bases 169 of 3-aryl-2-thioxo-2,3-dihydroquinazolin-4(1H)-
one (Fig. 29), but none of the candidates was as potent as reference
drug amikacin against the four common bacteria used in this study
[240]. In addition to their anticancer activity evaluation, P-Mannich
bases 83 (Fig. 15) were also screened for antibacterial activity, and
the MIC values were generally approximately 10 pg/mL, regardless
of candidate's structure and type of bacteria, but no comparison
with reference drugs was provided in the study [106]. A paper
claiming the synthesis of S-Mannich bases 170 of 4,6-diaryl-2-
mercaptopyrimidine and secondary aliphatic amines (Fig. 29) also
reports their antibacterial activity weak to moderate, as the most
potent candidates are 3- to 7-fold less potent than reference drug
ciprofloxacin against four types of bacteria [241].
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4. Antimycobacterial activity

Tuberculosis is a chronic disease whose magnitude and gravity
can be gleaned from a 2010 study by World Health Organization
stating that in 2009 alone, 9.4 million new cases of tuberculosis
were reported, and 1.7 million deaths were caused by tuberculosis,
out of which 0.38 million people were infected with both human
immunodeficiency virus and Mycobacterium [242]. Continuous rise
of the number of reported cases of drug-resistant and latent
tuberculosis is also alarming and calls for urgent discovery of novel
classes of compounds with antimycobacterial activity capable of
overcoming the resistance of Mycobacterium strains to current
drugs.

Mannich bases are among these novel classes of anti-
mycobacterial compounds that have recently caught the attention
of researchers in the field. Several examples of papers dealing with
antitubercular ketonic Mannich bases are available. Thus, dime-
thylamine Mannich bases 171 of 2-benzylidenecyclohexanones
(Fig. 30) were reported to have MIC values between 0.39 pg/mL
and more than 12.5 pg/mL against Mycobacterium tuberculosis
Hs7Rv (for candidate 171 (n = 0, R! = R? = H) and candidate 171
(n = 1, R! = F, R> = H), respectively), which is approximately
20—25% of the efficiency of reference drug rifampin against this
microorganism [243]. In addition, the ability of the same candidates
to inhibit the growth of Mycobacterium avium at concentration of
12.5 ug/mL ranged from 0 to 87%. However, no significant corre-
lations between the structural patterns of Mannich bases 171 (e.g.,
presence or absence of the cinnamoyl double bond, substitution
pattern in the phenyl ring, electronic, hydrophobic or steric prop-
erties of the substituents in the aromatic ring) and their anti-
mycobacterial activity could be established. Mannich base 171
(n =0, R' = OCH3, R?> = H) emerged from this series as a viable hit
compound, having a MIC value of 0.78 pg/mL and an ICsg value for
Vero cells of 16.4 pg/mL. This compound presents therefore a
greater toxicity towards Mycobacterium over normal mammalian
cells, which has been tentatively explained by its ability to affect
respiration in isolated rat liver mitochondria, and had MIC values
against several drug-resistant strains of Mycobacterium that were
similar or identical to the values determined for the H37Rv strain
[244].

Isocitrate lyase is an enzyme in the glyoxylate cycle that cata-
lyzes the cleavage of isocitrate to succinate and glyoxylate, and,
together with malate synthase, bypasses the two decarboxylation
steps of the tricarboxylic acid cycle [245]. Glyoxylate cycle is
essential for the survival of pathogens, including M. tuberculosis,
inside the host [246], and isocitrate lyase has been identified only in
bacteria, fungi, and plants, but no analogous enzyme has been
documented in humans. Therefore, isocitrate lyase has been

pursued as a promising target for the development of novel anti-
mycobacterial agents [247]. A high-throughput screening of a large
library of ketonic Mannich bases against this enzyme led to the
identification of candidate 172 (Fig. 30) with a potent inhibitory
activity (ICsp = 53.5 pg/mL), but this compound's activity against
M. tuberculosis has not been actually evaluated [248].

Phenolic Mannich bases 173 (Fig. 30) derived from the hydra-
zone generated from isoniazid and 2’-hydroxyacetophenone were
screened against M. tuberculosis H37Rv, and found to inhibit its
growth with MIC values ranging from 0.56 to 4.61 pM [249]. Six
compounds in this series were more potent than isoniazid
(MIC = 2.04 uM), and the most potent candidate 173 (NR; = 1-
piperazinyl) was shown to be equipotent to isoniazid in
decreasing bacterial load in lungs of infected mice at a dose of
25 mg/kg. Anti-Mycobacterium activity of novobiocin Mannich ba-
ses 115 (Fig. 22) was evaluated, and two of these candidates
(NR; = N-acetoxyacetyl-N-methyl and N-acetaminoacetyl-N-
methyl) showed an increased potency over novobiocin, although no
comparison to established antimycobacterial drugs was provided
[143]. Phenolic Mannich bases 174 derived from allomaltol and
piperazines (Fig. 30) had good activity against Mycobacterium
smegmatis, with MIC values between 4 and 16 pg/mL [250].
Although the growth inhibition of Mycobacterium by the candidates
in the library was moderate to good (MIC values between 4 and
128 pg/mL), Mannich bases derived from 1-phenylpiperazine and
its analogues substituted with halogens in the aromatic ring were
among the most potent compounds in the series. Departure from
substitution of piperazine in candidates 174 with bulky, aromatic
rings directly linked at N-4 generally led to decreased potency
against Mycobacterium, although some substituents (such as t-
butoxycarbonyl, ethoxycarbonyl, 2-hydroxyethyl, cyclohexyl, ben-
zoyl, furfuryl or 2-(dimethylamino)ethyl) appear to be tolerated
better than others (e.g., isopropyl, allyl, 2-methoxyethyl, 2-
ethoxyethyl, phenethyl or benzyl). An extension of this study,
aimed at evaluating against M. tuberculosis H37Rv the library of
Mannich bases of type 124 (Fig. 23) obtained by replacement of
piperazines in compounds 174 with piperidines, led to valuable
insight on the SAR for this particular type of compounds [251].
Inspection of the SAR in the subset of Mannich bases 124 suggested
that the position of the substituents and, to a lesser extent, the
nature of these substituents plays an important role in their anti-
mycobacterial activity, as the most potent candidates in this subset
are generally those substituted at position 4 of piperidine ring
[251]. Replacement of allomaltol with chlorokojic acid as substrate
afforded piperazine Mannich bases 125 (R = 4-substituted piper-
azin-1-yl) (Fig. 23), analogous to both 124 and 174 and having
comparable antimycobacterial activity (MIC values between 4 and
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Fig. 31. Antimycobacterial pyrrole Mannich bases.

32 ug/mL), although M. avium rather than M. tuberculosis exhibited
the greatest sensitivity towards the candidates 125 [154].

Many papers reporting the antimycobacterial activity of Man-
nich bases of pyrrole derivatives have been published in the last
decade. The intensive research in this field stems from the dis-
covery by Italian researchers at Universita “La Sapienza” in Rome of
BM212 175 (Fig. 31) as a potent agent, not only against several
collection strains and clinical isolates of M. tuberculosis, but also
against non-tuberculosis mycobacterial strains and drug-resistant
mycobacteria, with MIC values that are comparable to those of
reference drugs isoniazid and streptomycin [252]. Although the
quest for a more potent antimycobacterial agent through system-
atic modification of lead compound BM212 was not successful at
first, it provided experimental proofs for the importance of the
presence and nature of substituents at positions 1 and 5 of pyrrole
ring [253]. Subsequently, novel pyrrole Mannich bases 176 analo-
gous to BM212 (Fig. 31), derived from 1-methylpiperazine but also
from thiomorpholine as amine reagents, and having either chlorine
[254] or chlorine and fluorine [255] as substituents of the phenyl
rings in positions 1 and 5 of pyrrole, have been synthesized. Two
candidates 176 (R' = F, R> = H or R! = H, R?> = F) showed an
improved activity (MIC values of 0.4 and 0.5 pg/mL) against
M. tuberculosis over Mannich base 175 (MIC = 0.7 pg/mL) [255].
Investigation of structure—antimycobacterial activity relationship
in analogues of 175 and 176 was further pursued with a view to
optimize the structure of these candidates. Thus, synthesis of novel
Mannich bases of pyrrole using iterative introduction of more
lipophilic 1-naphthyl or 2-fluoro- or 2-chlorophenyl moieties at
either one of positions 1 and 5 in pyrrole ring of these lead com-
pounds [256], or a recombination through shuffling of any of the
substituents employed so far on the phenyl rings at these two
positions of the pyrrole ring [257] was undertaken. These studies
confirmed the superior antimycobacterial activity of Mannich bases
containing a thiomorpholinyl moiety compared to the activity of
the corresponding analogues with a 4-methylpiperazinyl moiety,
evidenced the importance of fluorine substitution (especially at
position 2 of the phenyl ring) for antimycobacterial activity, and
proved the decrease of activity with the introduction of 1-naphthyl
moieties in the structure of lead compounds 175 and 176. Unfor-
tunately, no novel candidates, more potent than Mannich bases 175
and 176, have been identified during these investigations. However,
replacement of one halogen in the structure of lead compound 175

with more lipophilic substituents (methyl, ethyl n-propyl, i-propyl)
afforded candidates with improved antimycobacterial activity (MIC
values between 0.125 and 0.5 pg/mL) over 175 and even over
reference drug streptomycin [258,259]. In order to further increase
the lipophilicity, replacement of the methyl group at position 2 of
the pyrrole ring with ethyl was also examined, but these novel
Mannich bases 177 (X = S or NCH3) (Fig. 31) were generally less
active against several M. tuberculosis strains than their methyl-
substituted analogues, although their cytotoxicity towards normal
cells was lower than that of the methyl-substituted counterparts
[260]. Further exploration of the relationship between the nature of
substituents on phenyl rings at positions 1 and 5 of pyrrole ring and
the antimycobacterial activity of pyrrole Mannich bases led to the
identification of a novel lead compound 178 (Fig. 31) with a very
high activity toward both M. tuberculosis 103471 and Hs7Rv strains
(MIC = 0.125 pg/mL) [261]. Antimycobacterial activity of Mannich
base 178 was comparable to that of reference drugs streptomycin or
rifampin, while the candidate demonstrated low cytotoxicity to-
wards normal cells (selectivity index IC5o/MIC > 1000) [261]. Sub-
sequently a series of morpholine derivatives were designed and
synthesized with a view to lower the clearance rate in mouse
microsomal fractions associated with the presence of thio-
morpholine [262]. Although the replacement of thiomorpholine
with morpholine generally resulted in a decrease in potency,
candidate 179 (Fig. 31) was found to be equipotent to any of the
lead compounds, showed improved microsomal clearance and
lower cytotoxicity to normal cells, and was ultimately selected for
in vivo pharmacokinetic and efficacy studies in an acute murine
tuberculosis infection model. Mannich base 179 had an efficacious
dose that results in a 99% colony-forming unit reduction in the lung
of 49 mg/kg, which is within the range of commonly employed
tuberculosis drugs. A recent study showed that mutations in the
mmpl3 gene in Mycobacterium strains are responsible for resistance
to BM212, and suggested that products of this gene are cellular
targets for BM212, which makes Mmpl3, a member of the MmpL
(mycobacterial membrane protein, large) family, a new potential
druggable target for the treatment of tuberculosis [263]. Point
mutations in mmpl3 gene that confer resistance to BM212 and other
analogous pyrrole Mannich bases have been later identified in
several Mycobacterium mutants [262]. A large number of anti-
mycobacterial pyrrole Mannich bases were also employed to obtain
a final multiprobe 3-D QSAR model, which was shown to offer good
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Fig. 32. Antimycobacterial Mannich bases of isatin derivatives.

predictions for antimycobacterial activity of an external, unrelated
test set of compounds [264]. Accounts at various stages of the en-
deavors concerning the synthesis of pyrrole Mannich bases as
antimycobacterial agents, along with the related biological results
obtained by the Italian researchers, have also made the object of
several author's reviews along the years [265—268]. A patent
claiming the antimycobacterial activity of pyrrole Mannich bases
derived from 1-arylpiperazines is also worth mentioning [269]. On
the other hand, attempts to make a more drastic departure from
these already established structural features of antimycobacterial
pyrrole Mannich bases (such as the introduction of an oxazolidi-
none moiety reminding of antibacterial linezolid) led to a series of
compounds 180 (X = acetamido of 4-(hetero)aryl-1,2,3-triazol-1-
yl) (Fig. 31) that were at best 15—65-fold less potent than Man-
nich base 178 [270]. In addition, pyrrole Mannich bases 181 (Fig. 31)
were shown to act as inhibitors (ICsg values ranging from 1.5 to
15 pM) of Mycobacterium protein tyrosine phosphatase B, an
enzyme that is essential for the survival of bacteria in the host, but
no in vitro evaluation using Mycobacterium strains was performed
[271].

Mannich bases of isatin and its derivatives have been evaluated
as antimycobacterial agents as well. Several isatin Mannich bases
182 (Fig. 32) containing a semicarbazide moiety were equipotent
(MIC = 0.625 pg/mL) to isoniazid against M. tuberculosis, and two of
the candidates were more potent in vitro than either isoniazid or
rifampicin against a multidrug-resistant Mycobacterium strain
(MIC = 6.25 pg/mL) [272]. Schiff bases obtained from 5-substituted
isatins (R' = F, Cl, F) and lamivudine were aminomethylated using
fluoroquinolones (R* = ethyl, cyclopropyl; R> = H, CH3) as amine
reagents, and the resulting Mannich bases 183 (Fig. 32) showed
92—-100% growth inhibition of M. tuberculosis H37Rv at a concen-
tration of 6.25 pg/mL; inhibition for one selected Schiff base was
82%, and lamivudine alone did not inhibit the growth of this
Mycobacterium strain at the given concentration [273]. Several
morpholine Mannich bases 184 of 4-substituted thio-
semicarbazones of 5-trifluoromethoxyisatin (R = c-CgH1y, 4-FCgHag,
4-CICgHy4, 4-BrCgHy) (Fig. 32) were potent antimycobacterial agents
(MIC values between 3 and 5 pg/mL) [274]. Replacement of the
trifluoromethoxy group in 184 with nitro led to a slight decrease in
potency, which became more drastic when fluorine replaced the
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trifluoromethoxy group, whereas the substitution of morpholine
with piperidine generally decreased the antimycobacterial activity
of the candidates [275]. Using fluoroquinolone gatifloxacin as
amine reagent, sixteen Mannich bases derived from isatins, isatin
semicarbazones, isatin thiosemicarbazones, isatin hydrazones with
isoniazid, and isatin Schiff bases with sulfadiazine were prepared
and tested for antimycobacterial activity [276]. MIC values recorded
for 90% growth inhibition of Mycobacterium by these compounds
ranged from 0.78 pg/mL to 12.5 ng/mL, whereas MIC values be-
tween 0.78 and 0.1 pg/mL were determined for multidrug-resistant
strains. Promising results were obtained when the most potent
compound in this series was tested in a murine model at a dose of
50 mg/kg, and the analysis of data for inhibition of M. tuberculosis
DNA gyrase suggested that this enzyme could be the target of these
isatin—fluoroquinolones hybrids. Good results were obtained from
the evaluation as antimycobacterial agents of Mannich bases ob-
tained from 5-substituted isatins and their semicarbazones and
thiosemicarbazones as substrates and ciprofloxacin as amine re-
agent (MIC values between 1.2 and 10.3 nM) [277], and Mannich
bases generated from 5-substituted isatins, the corresponding
semicarbazones, thiosemicarbazones and oxime ethers using 8-
methoxyciprofloxacin as amine reagent had comparable po-
tencies [278]. Analogous Mannich bases derived from moxifloxacin
as amine reagent were also potent (MIC value of 1 pg/mL for
M. tuberculosis, and between 4 and 16 pg/mL for multidrug-
resistant Mycobacterium strains), but all of these isa-
tin—moxifloxacin conjugates were generally less potent anti-
mycobacterials than parent fluoroquinolone [279].

Evaluation as antimycobacterial agents of aminomethylated 2,3-
dihydro-1,3,4-oxadiazole-2-ones, 2,3-dihydro-1,3,4-oxadiazole-2-
thiones and 2,3-dihydro-1,2,4-triazole-3-thiones has led to inter-
esting results. A direct comparison between Mannich bases 185
(X = 0) of 2,3-dihydro-1,3,4-oxadiazole-2-one and Mannich bases
185 (X = S) of 2,3-dihydro-1,3,4-oxadiazole-2-thione (Fig. 33),
having both a 4-pyridinyl substituent at position 5 of the azole ring
and derived from cyclic secondary aliphatic amines, showed that
the former were significantly more potent against an isoniazid-
sensitive M. tuberculosis H37Rv strain than the latter, thus sug-
gesting that the presence of oxygen is crucial for the anti-
mycobacterial activity of this type of compounds [280]. In a
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Fig. 33. Antimycobacterial Mannich bases of 2,3-dihydro-1,3,4-oxadiazole-2-ones, 2,3-dihydro-1,3,4-oxadiazole-2-thiones and 2,3-dihydro-1,2,4-triazole-3-thiones.
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continuation of the initial study, the search for better anti-
mycobacterial agents was restricted to Mannich bases of 2,3-
dihydro-1,3,4-oxadiazole-2-ones, while the variety of amine re-
agents employed in aminomethylation was expanded to include N-
(substituted benzyl)methylamines, a structural modification that
preserved the good activity of the candidates (MIC values of
4—8 ng/mL) [281]. However, replacement of the 4-pyridinyl sub-
stituent at position 5 of Mannich bases 185 (X = O) with phenyl, 3-
pyridinyl of pyrazinyl resulted in a significantly decreased anti-
mycobacterial activity, whereas replacement with 2-pyridinyl did
not generally affect the activity of the candidates. Bis-Mannich
bases 186 (Fig. 33) derived from dapsone as amine reagent, benz-
aldehyde and furan-2-carboxaldehyde as aldehyde reagents and
variously 5-substituted 1,3,4-oxadiazole-2-thiones as substrates
had excellent antimycobacterial activities against both isoniazid-
sensitive and isoniazid-resistant strains of M. tuberculosis, as they
were 5-fold more potent than isoniazid against the sensitive strain
and 10-fold more potent than isoniazid against the resistant strain
[282]. A study allowed another direct comparison, this time be-
tween Mannich bases 139e of 2,3-dihydro-1,3,4-oxadiazole-2-
thiones (Table 2) and Mannich bases 134i (Table 1) of 2,3-
dihydro-1,2,4-triazole-3-thiones having the same 4-
isopropylthiazole-2-yl substituent at position 5 of the aforemen-
tioned azoles. Some of candidates 134i were 2- to 4-fold more
potent than the most potent Mannich base 139e against
M. tuberculosis H37Rv strain, but they were still 16-fold less potent
than isoniazid [ 187]. On the other hand, Mannich bases 187 (R' = H,
OH; R? = CyHs, CHyCH=CHj, CgHs, 4-BrCsHa; R® = CH,CgHs, CgHs,
substituted phenyl, 2-pyrimidinyl) derived from 1,2,4-triazole-3-
thiones (Fig. 33) had low antimycobacterial activity (MIC values
between 25 and 100 pug/mL) [283]. The majority of Mannich bases
derived from either 2,3-dihydro-1,2,4-triazole-3-thione or 2,3-
dihydro-1,2,4-triazole-3-one having a 3-pyridinyl moiety at posi-
tion 5 of the triazole ring were more potent antimycobacterials
(MIC between 16 and 32 pg/mL) than reference drug streptomycin
against M. smegmatis [175]. In addition, 2,3-dihydro-1,2,4-triazole-
3-one Mannich base 137 (NR; = 1-piperidinyl) (Fig. 25) was equi-
potent to reference drug streptomycin (MIC = 4 pg/mL) against
M. smegmatis [192].

Mannich bases 188 of imidazo[2,1-b]-1,3,4-thiadiazole de-
rivatives (Fig. 34) have been screened for antimycobacterial activity.
Evaluation of a library of Mannich bases 188 (R! = c-CgHn1, 2-furyl,
2-thienyl; R? H, Br; NR, 1-pyrrolidinyl, 1-piperidinyl, 4-
morpholinyl) against M. tuberculosis H3;Rv showed that all of the
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candidates had MIC >6.25 pg/mL [284], but a second collection of
aminomethylated imidazo[2,1-b]-1,3,4-thiadiazole derivatives 188
(R! = n-C3H7, c-CgHyy, 2-thienyl; R = Cl, CH3, OCHs; NR; = 1-pyr-
rolidinyl, 1-piperidinyl, 4-morpholinyl) consisted of Mannich bases
with good antimycobacterial activity (52—99% growth inhibition) at
a concentration of 6.25 pg/mL [285]. Amongst Mannich bases 188
(R! = 4-CH30CgH4CH,), pyrrolidine-containing derivatives were
consistently the best agents against M. tuberculosis H37Rv [286].
Also, compounds 155 (NR; 1-pyrrolidinyl, 1-piperidinyl, 4-
morpholinyl) (Fig. 29) had moderate antimycobacterial activity
(MIC = 25 pg/mL) [226].

In addition to the types of substrates presented so far, miscel-
laneous other substrates have been subjected to the Mannich re-
action with a view to synthesizing compounds with
antimycobacterial activity. Aminomethylation of the amide func-
tion in tetracyclines using fluoroquinolones as amine reagents
afforded Mannich bases 189 (Fig. 34) with excellent activity against
M. tuberculosis (MIC values between 0.2 and 1.56 pg/mlL) [287].
Pyrazinamide was also aminomethylated at the amide function
using piperazines (including four fluoroquinolones) as amine re-
agents; the resulting Mannich bases 190 (Fig. 34) were at least as
potent as reference drug pyrazinamide against M. tuberculosis, and
showed a significantly improved antimycobacterial activity over
pyrazinamide against multidrug-resistant Mycobacterium strain
[288]. Anti-HIV drug efavirenz was aminomethylated using either
common piperazines or piperazine-containing fluoroquinolones as
amine reagents to afford hybrids 191 (Fig. 34), but only the Mannich
bases derived from fluoroquinolones had good activity against
M. tuberculosis (no comparison with standard antimycobaterial
drugs was available though) [289]. Investigation of anti-
mycobacterial activity of a small number of indole Mannich bases
59 obtained from 1-arylpiperazines (Fig. 11) uncovered a few can-
didates that inhibited the growth of M. tuberculosis H37Rv almost
completely at a concentration of 6.25 pg/mL [290]. The nature of
substituents in the aryl moiety at N-4 of piperazines employed in
aminomethylation appears to modulate the activity, as other can-
didates 59 in this collection were almost inactive at the same
concentration. When screened at a concentration of 6.25 pg/mL,
bis-Mannich bases 192 (Fig. 34) failed to inhibit significantly the
growth of M. tuberculosis Hs7Rv [291]. Out of a series of five can-
didates, Mannich base 193 (Fig. 34) was the most potent against
several Mycobacterium strains, with MIC 12.5 pg/mL for
M. tuberculosis Hz7Rv and MIC values of 25 pg/mL for several drug-
resistant clinical isolates [292]. In addition, several Mannich bases
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Fig. 34. Antimycobacterial Mannich bases obtained from miscellaneous substrates.
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159 (Fig. 29) had good antimycobacterial activity (MIC < 5 pg/mL)
[230], while Mannich base 168 (Fig. 29) was moderately active
against M. tuberculosis H37Rv [239]. Finally, pyrazolone Mannich
base 161 (NR, = NHCOCgHs5) (Fig. 29) was more potent than
reference drugs ethambutol and ciprofloxacin, but inferior to
isoniazid, against M. tuberculosis H37Rv [232].

5. Antifungal activity

The incidence of fungal infections of any variety has been
steadily increasing over the last decades, and it has become one of
the main causes of morbidity and mortality, especially in patient
with compromised immune systems [293]. Development of resis-
tance to currently-in-use antifungal drugs also represents a major
concern, and the discovery of novel antifungal agents, preferably
outside any of the six major classes that are presently available for
treatment, is one of the highest priorities for pharmaceutical in-
dustry. The latest advances in the evaluation of Mannich bases with
various structures as potential antifungals are presented in this
section.

First reports on the antifungal activity of ketonic Mannich bases
are relatively recent. A few mono-Mannich bases of type 8 (Fig. 3)
and double Mannich bases 12 (Fig. 4) of acetophenone (R! = R?> = H;
NR; = dimethylamino, 1-piperidinyl, 4-morpholinyl) have been
shown to have weak antifungal activity, but the corresponding
methiodides were more potent than reference drug amphotericin B
against yeasts Saccharomyces cerevisiae and Candida krusei, and
against dermatophytes Trichophyton mentagrophytes, Trichophyton
rubrum and Microsporum canis [294]. Thus, quaternization of the
nitrogen atom in Mannich bases of type 8 appears to be a chemical
modification leading to efficient antifungals [135]. Various substi-
tution patterns in the phenyl ring in ketonic Mannich bases 8 also
did not improve significantly the antifungal activity of these com-
pounds [295]. Bis-Mannich bases 13 (R = C;Hs) derived from
various acetophenones (Fig. 4) were only active against Aspergillus
fumigatus, but the antifungal activity of the related piperidinols 14
(R = GHs) (Fig. 4) was broader and slightly more potent compared
to that of corresponding mono-Mannich bases 8 and bis-Mannich
bases 13, especially against dermatophytes T. rubrum and M. canis
[295]. However, a later study showed that a minor modification
such as replacement of ethyl with methyl as substituent at nitrogen

increased the antifungal activity of bis-Mannich bases 13 (R = CH3),
while it decreased the potency of piperidinols 14 (R = CH3) against
T. rubrum and M. canis [296]. Use of phenethylamine as amine re-
agent in the Mannich reaction with various acetophenones affor-
ded secondary ketonic mono-Mannich bases 15 (R = CH,CH,CgH5)
(Fig. 4) along with piperidinols 14 (R = CH,CH,CgHs), but these
compounds had relevant activity (most MIC values were either 12.5
or 25 pg/mL) only against M. canis, a dermatophyte whose growth
was not inhibited by reference drug nystatin in the concentration
range used in this study [297]. Most members of a library of
Mannich bases 10 of enones had antifungal effects 2—16-fold more
potent than amphotericin B against at least one (if not many)
selected plant fungi [298]. Ketonic Mannich bases derived from
arylamines as amine reagents have also been reported to have
antifungal effects. Thus, Mannich bases 108 (R' = 2-Br, R*> = H or F)
(Fig. 21) were almost twofold more potent than reference drug
ampicillin against Candida albicans [137], whereas candidates 109
(R = F or Cl) derived from 3-acetylcoumarin and 110 (R = Cl or
N(CH3);) derived from 2-acetylbenzofuran (Fig. 21) had MIC values
comparable to those of reference drug fluconazole against Asper-
gillus flavus, Chrysosporium keratinophilum, and C. albicans [138].
Evaluation of Mannich bases 194 (Fig. 35) derived from cyclic
ketones (n = 1—4) showed that these compounds had good anti-
Candida and anti-Saccharomyces activity, but they were less potent
against Aspergillus strains, and none of the compounds were as
potent as reference drug amphotericin B [299]. The anti-Candida
potency of candidates 194 generally diminished with the increasing
size of the ring, while the substitution pattern of the aromatic ring
or the nature of the amine in the aminomethyl moiety did not in-
fluence the antifungal activity considerably. In addition, the a,B3-
unsaturated ketone system is a structural requirement for the
antifungal activity of Mannich bases 194, as the amino alcohols
obtained through the reduction of the carbonyl group in 194 were
mostly inactive towards all the fungi used in this study. Inhibition of
ergosterol synthesis does not appear to be the mechanism by which
Mannich bases 194 exert their anti-Candida activity, although they
are able to influence the development of pseudohyphae and induce
noticeable changes in the protein composition in C. albicans [299].
Inspection of SAR disclosed in the previous study also proved valid
for Mannich bases 195 derived from cyclic ketones fused with an
aromatic ring (Fig. 35), except that the MIC values for compounds
195 were consistently better than those for Mannich bases 194
[300]. Transcript profiling of C. albicans cells treated with candidate
195 (n = 0, NRy = 4-morpholinyl) showed that the transcriptional
response is typical for oxidative stress and similar to that of a
C. albicans Cap1 transcriptional activator, which suggests that the
ability of Mannich bases 195 to directly trigger oxidative stress may
be at least in part the reason for their antifungal activity [300].
Mannich bases 196 of thiocroman-4-ones (Fig. 35) obtained either
from secondary aliphatic amines or from primary arylamines had
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Fig. 36. Antifungal phenolic Mannich bases 190 and 191 and cyclic bis-Mannich base 192 derived from 2,3-dihydro-1,2,4-triazole-3-one.
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good activity against several types of fungi, and two candidates 196
(NR'R? = N(CH3),, R® = 6-Cl, R* = 5-F or 8-Cl) were more potent
than reference drug ketoconazole against the fungi investigated in
the study [301]. Antifungal activity of double Mannich bases 105
(Fig. 21) against several fungi was also good, although the potency
of compounds 105 against C. albicans was only moderate [134].

Several studies reporting the antifungal activity of phenolic
Mannich bases are available. The hydrazone obtained from 2,4-
dinitrophenylhydrazine and salicylaldehyde was amino-
methylated using various secondary amines to give Mannich bases
197 (Fig. 36) [302] The most potent anti-Candida candidates 197
(NR, = diphenylamino, 4-morpholinyl, 1-piperazinyl) were 5—10-
fold weaker than reference drug clotrimazole, whereas the
growth of Aspergillus niger was inhibited by the most potent com-
pounds at MIC values in the range of 1.56—3.12 ug/mL [302]. Most
aminomethylated 4-t-butylcatechols 113 (Fig. 22), along with their
copper(Il) complexes, have significant antifungal activity (radial
inhibition of mycelial growth > 70%) against several plant patho-
genic fungi, which is comparable, or even higher in a several cases,
to that of reference drugs nystatin and terbinafine [141]. Even at a
concentration 10-fold greater than that of reference drug vor-
iconazole, only three of Mannich bases 114 (NR'R® = 4-
methoxyphenylamino, 1-piperidinyl, 4-methylpiperazinyl)
(Fig. 22) barely showed anti-Candida activity that was comparable
to that of voriconazole [ 142]. Aminomethylation of mulundocandin,
an antifungal lipopeptide belonging to echinocandin antifungals,
was undertaken with a view to improve its solubility in water; the
resulting mixture of Mannich bases 198 (R' = CH,NR, R?> = H) and
double Mannich bases 198 (R' = R?> = CH,NRy) (Fig. 36) was
separated before the antifungal activity of the compounds was
evaluated in vitro, but only one candidate showed good inhibition
against C. albicans and A. fumigatus [303]. Nonetheless, in vivo
testing of the collection was promising, as many compounds
showed anti-Candida activity comparable to parent mulundo-
candin, while a significant improvement in anti-Candida activity
compared to mulundocandin was observed for mono-Mannich
base 198 (R' = 4-phenylpiperazinylmethyl, R> = H), which was
equipotent to fluconazole. Three members of a collection of 6-
acetyl-1,3-benzoxazines 117 (R! = CHs, R = 4-Br; R = H, R = 2-
OCH3 or 4-F) (Fig. 22) had inhibition zones against A. niger com-
parable to that of reference drug fluconazole [145]. Benzoxazines
118 and 119, as well as naphthoxazines 120 and 121 (Fig. 22) were
either inactive or had weak activity against Candida spp.,
A. fumigatus and Cryptococcus neoformans, but a few compounds in
this library had moderate activity against Sporothrix schenckii and
T. mentagrophytes [146]. In contrast, naphtho[2,1-e]-1,3-0xazine
121 (R = 4-C;H50CgH4) was more potent than reference drug
griseofulvin against C. albicans, whereas naphtho[2,1-e]-1,3-
oxazine 121 (R = 3-CH30CgH4) was equipotent to griseofulvin
against A. niger [148]. Examples of Mannich bases from phenols
fused with heterocyclic rings that were investigated for antifungal
activity include compounds 123 (Fig. 22), which had only moderate
to weak activity against A. niger and Penicillium spp. compared to
reference drug griseofulvin [150], and compounds 122 (Fig. 22),
which were efficient against Aspergillus spp. and C. albicans at
concentrations as high as 5 mg/mL [149]. Mannich bases 125 of
chlorokojic acid (Fig. 23) had good anti-Candida activity (MIC values
between 4 and 16 pg/mL) [152—154], but the antifungal activity
against dermatophytes was slightly poorer [304]. In contrast,
Mannich bases 174 (Fig. 30) derived from allomaltol and 4-
substituted piperazines had poor antifungal activity against
C. albicans and Candida parapsilosis compared to that of reference
drug fluconazole, but some members of the library were equipotent
to fluconazole against C. krusei [305].

Antifungal activity of various Mannich bases of isatin derivatives
has been examined jointly with their antibacterial activity. Man-
nich bases 127 (Fig. 24) obtained from isatin semicarbazone as
substrate and (hetero)arylamines as amine reagents had good anti-
Candida activity (75—87% of the activity of reference drug flucon-
azole) [156], whereas Mannich bases 128 (R = secondary aliphatic
amines) (Fig. 24) had moderate antifungal activity against Asper-
gillus spp., and consistently lower than that of reference drug flu-
conazole [157]. For the most active Mannich bases 129 (R! = 4- or
4,5-substituted 2-ethylphenyloxy, R = 1-piperidinyl or 4-
morpholinyl), the antifungal potency against C. albicans and
A. niger was 2/3 of the potency of reference drug griseofulvin [159].
A couple of Mannich bases 130 (R! = substituted phenyl) (Fig. 24)
were moderately active against A. niger, but the activity against
C. albicans and Penicillium notatum was generally poor [160].
Mannich bases 131 (R! = 5-benzyl-3-thioxo-2H-1,2,4-triazol-4-yl)
(Fig. 24) were moderately potent against C. albicans and A. niger
compared to reference drug fluconazole [163]. Finally, in their
evaluation against A. niger, Mannich base 132 (Ar = CgH4OH-4)
(Fig. 24) was equipotent to reference drug ketoconazole against A,
fumigatus, whereas Mannich base 132 (Ar = CgH4N(CH3),-4) was
twofold more potent than ketoconazole, and three other analogues
were equipotent to ketoconazole [164].

Evaluation of Mannich bases of 2,3-dihydro-1,2,4-triazole-3-
thiones (Table 1) as antifungal agents has been reported in
conjunction with their antibacterial activity. In the series of Man-
nich bases 133a, with the exception of candidate 133a (R = CgH4Cl-
4, NRy = NHCgH3F»2-2,6) whose anti-Candida activity was 2/3 of that
of reference drug clotrimazole, all other compounds were inactive,
and so were Mannich bases 133b investigated in the same study
[165]. Compared to reference drug fluconazole, most active Man-
nich bases 133h were 3-fold less potent against C. albicans and
S. cerevisiae [173], Mannich bases 133j were either inactive or
showed low antifungal activity [175], whereas Mannich bases 133k
were inactive against C. albicans and S. cerevisiae [176]. Mannich
bases 133i lacked any anti-Candida activity [174], as did Mannich
bases 133n and 1330 [179], and most Mannich bases 133q [180].
The majority of Mannich bases 134a were equipotent to reference
drug fluconazole against C. albicans [181], and a small number of
candidates 134¢ were moderately active against the same fungus,
whereas the rest were inactive [182]. While most Mannich bases
134d were moderately active against Aspergillus spp., C. albicans
and Penicillium marneffei, two candidates 134d (R?> = 4-CICgH,4 or
2,4-ClCgH3) derived from 1-methylpiperazine as amine reagent
were equipotent to reference drug ciclopiroxolamine [183]. Several
Mannich bases 134e were also equipotent to reference drug flu-
conazole against Aspergillus spp., T. mentagrophytes and P. marneffei
[184]. Neither compound 134g, nor candidate 135 (Fig. 25)
exhibited any anti-Candida activity [185], whereas Mannich bases
134i had weak to moderate activity against Candida tropicalis,
S. cerevisiae and A. niger [187]. The antifungal activity of Mannich
bases 134j against Aspergillus spp. and Penicillium spp. was mod-
erate to good, and Mannich base 134j (X = Y =CH3, R = 4-
NO,CgHs) was more potent than reference drug fluconazole
against C. albicans [188]. A few Mannich bases 134k also showed
good antifungal activity against C. albicans and Fusarium solani
[189]. The best anti-Candida activity in the series of Mannich bases
134m was recorded for the candidate with R?> = CgH40CH3-4 (85%
of the inhibition zone of reference drug fluconazole) [190]. In
addition, 1,2,4-triazolo[5,1-b]-1,3,5-thiadiazines 199 (Fig. 36) have
been synthesized through a double Mannich reaction starting from
5-benzyl-2H-1,2,4-triazole-3(4H)-thione and primary aliphatic and
aromatic amines, and these compounds had good antifungal ac-
tivity against Chrysosponium tropicum and T. rubrum, but were
completely inactive against A. fumigatus, A. flavus and Microsporum
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nanum [306]. Mixed results were obtained for other fungi, as a few
candidates 199 were more potent than reference drug clotrimazole
against A. niger, but were moderately potent against C. albicans or
Fusarium oxysporum, whereas the rest of the compounds in the
series were totally inactive against these three fungi. As far as the
aminomethyl derivatives of 2,3-dihydro-1,2,4-triazole-3-ones are
concerned, candidates 136 and 138 (Fig. 25) had no activity against
C. albicans and S. cerevisiae [176,191], whereas in the series of
Mannich bases 137 featuring an imidazole moiety (Fig. 25), candi-
date 137 (NR, = 1-piperidinyl) was twofold more potent against
S. cerevisiae and twofold less potent against C. albicans than refer-
ence drug fluconazole [192].

Antifungal activity of aminomethylated 2,3-dihydro-1,3,4-
oxadiazole-2-thiones (Table 2) has been reported in the same
studies dealing with these compounds' antibacterial activity.
Several Mannich bases 139a were equipotent to reference drug
ciclopiroxolamine against T. mentagrophytes, A. flavus and
A. fumigatus (MIC 6.25 pg/mL), but not against P. marneffei [193].
Mannich bases 139b derived from either morpholine or 3-
trifluoromethylaniline showed high activity against P. marneffei,
T. mentagrophytes, A. flavus and A. fumigatus compared to reference
drug ciclopiroxolamine, whereas those derived from other primary
aromatic amines had only weak antifungal activity [194]. Only a
few of Mannich bases 139c derived from piperazines had moderate
anti-Candida activity, and the rest of the collection was inactive
[195]. Oxadiazolethione Mannich bases 139d [185] and 139j [176],
having at position 5 of the oxadiazole ring either a pyridine or a
quinoline moiety, had no noticeable anti-Candida activity, and the
activity of Mannich bases 139e against S. cerevisiae, C. tropicalis and
A. niger was moderate at best [187]. Most Mannich bases 139f had
weak antifungal activity against C. albicans, A. niger and Aspergillus
clavatus, but one candidate 139f (NR, = NHCgH40OCH3-4) was 2-fold
more potent than reference drug ketoconazole against the first two
fungi, and almost equipotent to ketoconazole against the last fun-
gus [196]. Several Mannich bases 139g had similar MIC values as
reference drug amphotericin B against C. albicans, A. fumigatus,
T. rubrum and T. mentagrophytes [197]. Most imidazole-containing
Mannich bases 139h exhibited better antifungal activity against
C. albicans, T. rubrum and T. mentagrophytes than reference drug
fluconazole [198]. The compounds reported in a study, including
Mannich bases 139i, are claimed to exhibit significant antifungal
activity against C. albicans, but lack of access to the original infor-
mation (which is only provided in the online edition as Supple-
mental Material, and is missing) makes data assessment impossible
[199]. Three Mannich bases 139k were moderately active against
Aspergillus spp. and Curvularia lunata [200], while Mannich bases
1391 (98] and 1390 [202] had no anti-Candida activity, and Mannich
base 139m showed no antifungal activity against C. albicans and
S. cerevisiae [201]. In addition, several aminomethylated 2,3-
dihydro-1,3,4-oxadiazole-2-ones 141 were more potent than
reference drug nystatin against fungal plant pathogens Aspergillus
spp. (R! = 2-FCgHa), E. oxysporum (R = 4-F3CCgHa), Botrytis cinerea
(R! = 2-FCgHg, 4-FCgH4, 2-CICgH4, 4-CNCgHy) and Penicillium spp.
(R = 4-FCgHy) [204].

Anti-Candida activity of C-Mannich bases 142 of thiazolidinone
(Fig. 26) was found to be 16-fold weaker than that of reference drug
terbinafine [205]. While three Mannich bases 143 were moderately
active against C. albicans and A. flavus, one candidate 143
(R! = CgHs, NRy = N(CzHs),) (Fig. 26) showed against the latter
fungus a growth inhibition potency (MIC = 1.56 pg/mL) which was
half of that determined for reference drug fluconazole [207]. Also,
aminomethylated thiazolidinones 144 (Fig. 26) had moderate ac-
tivity against Aspergillus spp. and C. albicans compared to reference
drug ketoconazole [208].

Pyrimidine derivatives that have been aminomethylated with a
view to evaluate the antifungal activity of the resulting Mannich
bases include pyrimidin-2-ones, pyrimidin-2-thiones and (thio)
barbituric acid. Double N-Mannich bases 146 (X = O or S) (Fig. 26)
had 67-77% of the anti-Candida activity of the clotrimazole-
containing commercial drug Imidil [210,211]. C-Mannich bases
200 of (thio)barbituric acid (Fig. 37), obtained using furan-2-
carboxaldehyde or indole-3-carboxaldehyde as aldehyde compo-
nents and 2-aminopyridine or 4-aminoantipyrine as amine re-
agents in the Mannich reaction, showed good activity against
Aspergillus spp. compared to reference drug salicylic acid [307].

Antifungal evaluation of Mannich bases from miscellaneous
substrates that do not belong to any of the previously mentioned
classes is the topic of several studies. P-Mannich bases 83 (Fig. 15)
showed good activity against C. albicans and S. cerevisiae
(MIC = 10 ug/mL) compared to reference drug amphotericin B
(MIC = 15 pg/mL) [ 106]. Various Mannich bases of type 149 (Fig. 27)
derived from imides presented anti-Aspergillus activity that ranged
from weak to good, but no correlations between structure and ac-
tivity for the small number of compounds in this series could be
established [215]. Anti-Candida activity of the most potent Mannich
bases 152 (Fig. 29) was only half of the activity of reference drug
fluconazole [222]. Aminomethylated hydrazidones 153 (R! = C,Hs)
derived from isonicotinic acid hydrazide (Fig. 29) had good anti-
Candida activity [223], but their analogues 153 (R! = n-C3H;) were
less active, and their activity against A. niger was even poorer [224].
Several dimethylamine Mannich bases 154 derived from 7-methyl-
2-(substituted aryl)imidazo[1,2-a]pyridines (Fig. 29) were 4-
fold—2-fold more active against Aspergillus spp. and C. albicans
than reference drug griseofulvin [225]. When evaluated against the
same fungi, Mannich bases 157 (R! = CH3) and 158 of sydnones
(Fig. 29) were consistently less active than both reference drugs
griseofulvin and nystatin [228], and the majority of Mannich bases
157 (R! = OCH3) behaved similarly, with the exception of candidate
157 (R! = OCH3; NR; = 4-nitrobenzothiazole-2-ylamino), which
was more potent than reference drugs fluconazole and nystatin
against C. albicans [229]. All of the Mannich bases 156 derived from
2-alkyl-3-hydroxy-pyridine-4(1H)-ones (Fig. 29) were inactive
against Aspergillus spp. and C. albicans [227]. A few amino-
methylated pyrazolines 159 (Fig. 29) had anti-Candida activity
(MICs between 1.5 and 4 pg/mL) comparable or even better than
that of reference drug clotrimazole (MIC = 2 pg/mL) [230], while
several acetylenic Mannich bases 162 (Fig. 29) were equipotent to
reference drug ketoconazole against C. albicans [233]. Mannich
bases 164 and 165 derived from hydantoins (Fig. 29) were generally
moderate growth inhibitors for C. albicans and A. niger [236], and
phenothiazine Mannich bases 167 (Fig. 29) were all active against
A. niger (sizes of inhibition zone between 12 and 21 mm) [238].
Antifungal activity of Mannich base 168 (Fig. 29) of quinoxaline-
2,3(1H,4H)-dione (100 pg/disc) against C. albicans and A. niger was
superior to that of reference drug clotrimazole (50 pg/disc) [239],
while antifungal activity of Mannich bases 169 of 3-aryl-2-thioxo-
2,3-dihydroquinazolin-4(1H)-one (Fig. 29) against the same fungi
was generally moderate, with the exception of candidates 169
(AI‘ = 4—C2H50C6H4, R= 4—OHC6H4, R1 = COCH3: Ar= 4—C2H5OC6H4,
R = 2-HOOCCgHs, R' = 2-(NaOOCCH;)CgH4), which were
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Fig. 37. Antifungal Mannich bases derived from (thio)barbituric acid.
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equipotent to reference drug fluconazole against C. albicans (MIC
6.25 pg/mL) [240].

6. Antimalarial activity

As much as 20% of the world population live in areas with high
risk of contracting malaria, and millions of people suffer from acute
malaria each year, while approximately half million died from the
disease in 2012 [308]. Malaria has been largely eradicated in many
parts of the world, but the total number of recorded cases is still on
the rise. One of the causes for this grave situation is the prolifera-
tion of malaria parasites that are rapidly becoming resistant to
antimalarial drugs, especially those that are most frequently used,
such as chloroquine. The development of novel antimalarials has
stagnated since the 1970s owing to lack of interest in developed
countries for this topic, and limited market potential for these
drugs. Initiation of numerous programs supported by public
funding led to a surge of interest in drugs for neglected diseases,
and antimalarials are certainly amongst these drugs.

Use of the Mannich reaction for the synthesis of antimalarials
has a long and rich history, the quest for aminomethylated sub-
strates for treatment of malaria starting with amodiaquine 201
(Fig. 38), the first Mannich base that was used to treat malaria.
Many of these early studies focused on derivatives of 4-
aminoquinolines, and the SAR within this class of antimalarials
suggested that the chlorine atom at position 7 of the quinoline
scaffold and the phenolic Mannich bases moiety are structural
features that are essential for the antimalarial activity of these
compounds. Nowadays, the use of amodiaquine has declined owing
to its considerable toxicity as a result of its in vivo conversion into a
reactive quinone-imine metabolite by cytochrome P450. It was
therefore hypothesized that swapping the phenolic hydroxyl and
the aminomethyl side chain in amodiaquine should prevent the
formation of toxic metabolites, and help circumvent the adverse
side effects associated with the use of amodiaquine. This hypothesis
led to the design and synthesis of several amodiaquine analogues
that retain the antimalarial activity, while lacking the potential to
form a quinone-imine derivative [309]. Out of these analogues,
Mannich base 202 (the isomer of amodiaquine henceforth named
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isoquine, Fig. 38) expressed in vitro activity against both chloro-
quine sensitive HB3 strain and highly chloroquine-resistant K1
strain of Plasmodium falciparum below 10 nM, and was 20 times
more potent that chloroquine. Isoquine (as its diphosphate salt)
was subsequently tested in vitro against the murine Plasmodium
yoelii NS strain, and found to be 3-fold more potent than amodia-
quine when administered orally. Moreover, no toxic metabolites or
any excessive accumulation of isoquine have been noticed in ani-
mal models, but unacceptably high first pass metabolism of iso-
quine to N-dealkylated metabolites in four animal species
compromised isoquine's activity against parasites, and complicated
the development process of isoquine into a marketable drug. A
novel candidate, N-tert-butyl isoquine (GSK369796) 203 (Fig. 38),
was identified using isoquine as lead, and shown to exhibit low nM
activity against chloroquine-resistant and sensitive parasites, as
well as in vivo oral activity equivalent to amodiaquine, but with a
significantly improved antimalarial exposure profile [310]. In
addition, N-tert-butyl isoquine had a better overall preclinical
safety profile than chloroquine or amodiaquine, and can be syn-
thesized in a scalable and cost-effective way. The study of dispo-
sition of candidates 202 and 203 showed that isoquine 202
undergoes in vivo oxidative N-dealkylation to desethyl-isoquine, a
metabolite that had an improved blood clearance over isoquine;
unfortunately, desethyl-isoquine also had a more potent inhibitory
action of CYP1A2 than isoquine [311]. On the other hand, N-tert-
butyl isoquine 203 had human plasma protein binding ability and
inhibition of CYP2D6 similar to those of isoquine and desethyl-
isoquine, but a reduced rate of N-dealkylation and a higher oral
bioavailability compared to isoquine and desethyl-isoquine, and
these properties made N-tert-butyl isoquine 203 a better candidate
than isoquine 202 for further development. A study of the in vitro
activity of isoquine 202 against P. falciparum clinical isolates
collected in Kenya in relation to amino acid changes in pfcrt and
pfmdrl, the two genes associated with 4-aminoquinoline resis-
tance, showed that isoquine possesses high activity against field
isolates (IC59 was 9 nM, compared with 56 nM for chloroquine, and
8 nM for amodiaquine), and that isoquine's activity could be
correlated with polymorphisms in pfcrt, but not in pfindrl [312].
Starting from N-tert-butyl isoquine 203 as a template, three
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Fig. 38. Antimalarial phenolic Mannich bases based on 4-amino-7-chloroquinoline.
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benzoxazines 204 (R = C;Hs, n-C3H7 CHyCgHs) (Fig. 38) were
designed and generated through a double Mannich reaction, but
despite the good anti-Plasmodium activity against both
chloroquine-sensitive (IC5o between 21 and 38 nM) and
chloroquine-resistant (ICsg between 31 and 72 nM) strains, the
rapid ring opening of benzoxazine at low pH makes them unsuit-
able for further development [313]. Novel analogues 205
(NR, = aliphatic primary and secondary amines, aromatic primary
and secondary amines) of amodiaquine have been tested in vitro
against chloroquine-sensitive strains of P. falciparum, and while all
of the compounds were active, only Mannich base 205 (NR; = 4-
morpholinyl) (Fig. 38) showed good activity (MIC = 63 ng/mL)
compared to chloroquine (MIC = 250 ng/mL) [314]. Antimalarial
activity of analogues 206 of isoquine (Fig. 38) has also been eval-
uated, but regardless of the nature of the amine in the aminomethyl
moiety, their activity was considerably lower than that of reference
drug chloroquine [315,316]. Use of primary amines derived from
bicyclic scaffolds for the synthesis of novel isoquine analogues led
to the discovery of 207 (Fig. 38), which was approximately twofold
more potent that either chloroquine or isoquine against
chloroquine-sensitive and resistant P. falciparum strains [317]. A
series of isotebuquine analogues 208 (R = Cl or CF3, R! = H), the
corresponding double Mannich bases 208 (R! = CH,NHC(CH3)3), as
well as N-oxides derived from a mono-Mannich base and a double
Mannich base of type 208 (Fig. 38) were also evaluated against
chloroquine-sensitive and resistant P. falciparum strains [318].
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While only a few of candidates 208 were more potent than chlo-
roquine against the chloroquine-sensitive strain, the majority of
these Mannich bases were more potent than chloroquine against
the chloroquine-resistant strain, and Mannich bases having one
aminomethyl function were generally more potent than double
Mannich bases.

Pyronaridine 209 (Fig. 39) is another example of antimalarial
drug that feature a phenolic Mannich bases moiety in its structure,
but the aminoquinoline scaffold that was typical for amodiaquine
and its congeners has been replaced in pyronaridine by a naph-
thyridine ring system. Pyronaridine was first synthesized in 1970 at
the Chinese Institute of Parasitic Disease, and has been used solely
in China as treatment for malaria with good results for over 30 years
[319]. Beside the difficultly accessible literature in Chinese, there
are several recent studies that provide information on its physi-
cochemical properties [320] and ADME properties in rats [321],
interaction with other antimalarials [322], potential use in combi-
nation therapy with artesunate [323], or its mechanism of action
based on inhibition of B-hematin formation and subsequent
glutathione-dependent hematin degradation process [324]. Based
on the observation that substitution of the quinoline scaffold in
amodiaquine with a napthyridine ring system in pyronaridine
preserved the antimalarial action, Gorlitzer initiated an ambitious
synthetic program aiming at exploring the effect on the antima-
larial properties of replacement of quinoline in quinoline-based
antimalarials with other fused heterocyclic systems containing
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Fig. 40. Hybrid antimalarials with dual mode of action featuring phenolic and pyrrole Mannich bases.
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one pyridine ring. Thus, single (R! = H) and double Mannich bases
(R! = CH,NRy) structurally related to amodiaquine and pyronar-
idine, respectively, and featuring pyrido[3,2-b]indol-4-yl (com-
pounds 210, X NH) [325], benzofuro[3,2-b]pyridin-4-yl
(compounds 210, X = O) [326], benzothieno[3,2-b]pyridin-4-yl
(compounds 210, X = S) [327], thieno[2,3-c]quinolin-4-yl (com-
pounds 211) [328], thieno[3,2-c]quinolin-4-yl (compounds 212)
[329], thieno[3,4-c]quinolin-4-yl (compounds 213) [330], benzo[c]
[2,7]naphthyridin-5-yl (compounds 214) [331] and benzo[h][1,6]
naphthyridin-5-yl (compound 215) [332] moieties were synthe-
sized and evaluated against chloroquine-sensitive and resistant
P. falciparum strains (Fig. 39). As expected, all of the Mannich bases
presented in these studies exhibited good antimalarial activity, and
double Mannich bases were generally more potent than single
Mannich bases. However, in spite of the variety of fused hetero-
cyclic systems that were investigated, no compound with antima-
larial activity at least comparable to that of chloroquine emerged,
with the exception of one pyronaridine analogue (210, X = NH,
R! CH3NR,, NRp 1-pyrrolidinyl). This candidate had
IC50 = 50 nM against chloroquine-sensitive strain 3D7, IC5¢o = 38 nM
against chloroquine-resistant strain Dd2, and its evaluation against
Plasmodium winckei in a murine malaria model (intraperitoneal
dosage of 100 mg/kg) showed that no intact parasite could be
noticed after three days of treatment [325].

The phenolic Mannich base moiety in the previously mentioned
antimalarial agents can be also found in candidates that were
designed through its incorporation into hybrids with dual mode of
action. Thus, the combination of a tetraoxane and a phenolic
Mannich base moiety afforded hybrids 216 called mannoxanes
(Fig. 40), which are active at low nanomolar concentrations and
surpass the ability of artesunate, tetraoxane RKA 182 and a
peroxide/amodiaquine combination to cure malaria in mice at
10 mg/kg [333]. Hybridization of artemisin with a phenolic Man-
nich base moiety led to candidates 217 (Fig. 40), which are up to 3
times more potent than artemisin against P. yoelii nigeriensis, could
be easily converted into water soluble forms, can be administered
orally, are presumed to have good bioavailability, and lack the
capability to form neurotoxic metabolite dihydroartemisinin [334].
Hybrids 218 (Fig. 40) are structurally very similar to 217, and have
been shown to be more active than sodium artesunate against
chloroquine-sensitive NF54 and chloroquine-resistant K1
P. falciparum strains [335]. Screening of a collection of compounds
containing a 2-hydroxyethylamino motif in their structures for in-
hibition of parasite growth in red blood cells infected with
chloroquine-sensitive NF54 P. falciparum strain identified a hit
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compound, whose further elaboration led to several hybrids
featuring several types of phenolic Mannich moieties as the second
pharmacophore [336]. Their evaluation against NF54 strain, K1
strain, and the rodent parasite Plasmodium berghei showed that the
introduction of the phenolic Mannich bases moiety resulted in
candidates that were very potent against the parasites in the 72 h
assay. For example, compound 219 (Fig. 40) had ICs50 nps4 = 42 nM
and ICsg k1 = 9.5 nM, as determined by measuring incorporation of
the nucleic acid precursor [*H]hypoxanthine after 72 h of incuba-
tion in the presence of 50% serum, and ICsg p perghei = 140 nM after
24 h.

The design of hybrids with dual mode of action has also been
broadened to include pyrrole Mannich bases. Thus, hybrids 220
from 4-amino-7-chloroquinoline and pyrrole Mannich bases
(Fig. 40) were evaluated against chloroquine-sensitive D10 and
chloroquine-resistant W2 P. falciparum strains, but they were all
less potent than isoquine against both strains [317]. However,
candidate 220 (R! = 4-CICgH4, NRy = N(CoHs),) was equipotent to
chloroquine against D-10 strain, and four of the candidates were
also more potent than chloroquine against W2 strain [317]. Several
candidates from a small library of Mannich bases 221 (R! = H or
CH3) of C-10 pyrrole analogues of artemisin (Fig. 40) had antima-
larial activity that was superior to both artemisin and chloroquine
against chloroquine-sensitive 3D7 P. falciparum strain, and selected
Mannich bases from this library were more potent than the
aforementioned reference drugs against chloroquine-resistant K1
P. falciparum strain [337]. All of the compounds tested displayed
good activity in Peter's 4 day suppressive test using 30 mg/kg over
days 1—3 post-infection, and candidates 221 (R! = H, NR; = 4-
morpholinyl; R' = CHs, NRy = 4-morpholinyl; R' = CHs, NR, = 4-
methyl-1-piperazinyl) showed complete elimination of parasites.
These three Mannich bases were further investigated in vivo, and
had effective doses between 4.3 and 5.3 mg/kg that eliminate 90%
of P. berghei in mice, whereas candidate 221 (R! = CHs, NR; = 4-
methyl-1-piperazinyl) reached 100% clearance of parasitemia 24 h
after the last treatment and increased mouse survival to 9 days, a
biological profile that render it superior to clinically used sodium
artesunate [337].

Phenolic Mannich bases of chalcone analogues (such as 222,
Fig. 41) have been claimed to possess antimalarial activity against
chloroquine-sensitive D10 P. falciparum strain at concentrations
ranging from 0.3 to 3 pg/mL [44]. Taking into account the structural
similarity between phenolic Mannich bases 222 and ketonic Man-
nich bases of a,f-unsaturated ketones, a possible mechanism action
for compounds 222 could be the inhibition of thioredoxin
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Fig. 41. Antimalarial phenolic Mannich bases derived from miscellaneous substrates.
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reductase in P. falciparum [338]. Phenolic Mannich bases 223 of 2,4-
dihydroxybenzaldehyde, its thiosemicarbazone and semicarbazone
(Fig. 41), as well as related quinoline-containing derivatives 224
(Fig. 41) have been screened against chloroquine-resistant W2
P. falciparum strain [339]. Only candidates 223 derived from 1-(7-
chloroquinolin-4-yl)piperazine had antimalarial activity, while
the remaining Mannich bases 223 were inactive. All of the candi-
dates 224 were potent antimalarial agents, with Mannich base 224
(NRy = 4-(7-chloroquinolin-4-yl)piperazin-1-yl) featuring two
quinoline motifs in its structure being the most potent
(ICsg = 77 nM) [339]. Imines of 4(1H)-pyridones 225 (R! and R = H
or CH3) (Fig. 41) having a phenolic Mannich base moiety were
active against chloroquine-resistant W2 P. falciparum strain (ICsq
values between 9 and 33 uM) and atovaquone-resistant FCR3
P. falciparum strain (ICsg values as low as 8 uM), but their potency
was lower than that of reference drugs chloroquine or atovaquone
[340]. In addition, aminoalkylation of lawsone using various alde-
hydes and N-alkyl-ferrocenylmethylamines afforded Mannich ba-
ses 226 (R! = alkyl) (Fig. 41) structurally resembling antimalarial
drug atovaquone, but evaluation of three candidates 226 (R' = n-
CgHq3, n- C7Hqs, n- CgHqy) against P. falciparum showed that they
were less potent than atovaquone itself [341].

7. Antiviral activity

Because of their self-limiting nature, most viral diseases (with
the exception of those caused by human immunodeficiency virus,
HIV) do not require specific therapy, although treatments are used
to bring the condition or its symptoms to an end more quickly.
Currently available drugs are designed to target four main groups of
viruses, namely herpes viruses, hepatitis viruses, influenza viruses,
and HIV. Recent investigations in the antiviral activity of Mannich
bases deal mostly with aminomethylated phenols and amino-
methylated isatins, although examples of Mannich bases with
antiviral properties derived from other types of substrates are
available in literature.

Phenolic Mannich base arbidol 227 (Fig. 42) [342] is a broad-
spectrum antiviral agent commonly used in Russia to treat acute
respiratory viral infections, which acts by inhibiting virus-mediated
fusion with target membrane and subsequent blockage of virus
entry into target cells [343,344]. Using arbidol as lead compound, a
group at Shenyang Pharmaceutical University led by Gong initiated
a program aiming at investigating structure—anti-hepatitis B rela-
tionship for a series of phenolic Mannich bases derived from
various heterocyclic ring systems. In their first report on this topic,
the Chinese researchers presented a series of analogues of arbidol
228 (X = SO, R! = CHs, c-C3Hs, R? = Br) (Fig. 42) having various

amino residues different than the original dimethylamino group in
arbidol (e.g., secondary aliphatic amines, NH-azoles belonging to
imidazoles and 1,2,4-triazoles) in the aminomethyl function in
position 4 [345]. SAR investigation was based on the ability of these
compounds to inhibit replication of hepatitis B virus (HBV) and the
production of surface antigen of the hepatitis B virus (HBsAg) and
extracellular form of hepatitis B core antigen (HBeAg) in
HepG2.2.15 cells infected with HBV, and showed that half of these
Mannich bases exhibited inhibitory effects on HBV that were su-
perior to reference drug lamivudine. Replacement of the original
methyl group at N-1 in 228 with cyclopropyl led to an increase in
antiviral activity, but enhanced the cytotoxicity of these candidates
as well, whereas the presence of fluorine or chlorine as substituents
in the aromatic sulfoxide moiety resulted in an improvement of the
anti-HBV activity. Departure from the original phenylmercapto
function in arbidol reduced the cytotoxicity of Mannich bases 228
(X = S0), leaving in the same time the anti-HBV activity practically
unchanged. Also, the nature of the amino group in the amino-
methyl function appears to have little effect on the anti-HBV ac-
tivity of the Mannich bases reported in this study [345]. The
relationship between the presence of a linker (containing two or
three atoms between the sulfur atom in the side chain and the
phenyl moiety) and the anti-HBV activity of Mannich bases 228
(X = SOCH,CH,Y, Y =CH,, O or null, R' = CHs, R? = Br) was also
explored, and candidates having a phenethyl residue proved to be
inactive, whereas candidates with a 3-phenylpropyl residue pre-
sented remarkable anti-HBV activity [346]. A subsequent study
[347] of the anti-HBV activity of arbidol analogues 228 (X = SO or
SO,, R! = CHj3, c-C3Hs, R? = H) unsubstituted at position 5 of the
indole scaffold claimed that the nature of the amino function plays
an important role, and that pyrrolidine- and imidazole-containing
candidates exhibited better anti-HBV activity than candidates
having different amino residues. For another set of Mannich bases
228 (X = SO or SOy, R! = CH3, R? = H), the authors suggested that
the presence of 4-methylpiperazin-1-yl residue as amino moiety,
rather than 1-imidazolyl, 2-methyl-1-imidazolyl or 1-piperidinyl,
afforded more potent anti-HVB agents [348]. Replacement of the
sulfinyl group in the side chain with sulfonyl appeared to enhance
the antiviral activity while reducing cellular toxicity of these
Mannich bases [347], although the results in the later study [348]
supported the opposite conclusion. Substitution of the indole
scaffold with quinoline in Mannich bases 229 (X = S or SO) (Fig. 42)
resulted in potent inhibition of HBV DNA replication (10- to 66-fold
compared to reference drug lamivudine) [349]. Analysis of SAR for
compounds 229 revealed that the presence of 4-fluorophenyl
moiety linked to sulfur in the side chain at position 2 of the quin-
oline scaffolds, in conjunction with amine moieties such as 1-
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Fig. 42. Phenolic Mannich bases inspired by arbidol and useful as anti-hepatitis B agents.
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methylpiperazinyl or morpholinyl) in the aminomethyl function
are required for good anti-HBV activity. Evaluation of Mannich
bases 230 (Fig. 42) derived from a tetracyclic ring system
comprising the quinoline scaffold fused with a benzothiopyrane
ring system that has various substitution patterns in the aromatic
ring identified a significant number of candidates with good inhi-
bition of HBV replication [350,351]. The search for anti-HBV agents
with similar structures continued with the evaluation of a series of
phenolic Mannich bases 231 (R! = CHs, C;Hs, CH(CH3)2, R =H or F,
X = S or SO) of 5-hydroxybenzimidazoles substituted at position 2
with 4-alkylmercaptophenyl residues (Fig. 42) [352]. These com-
pounds exhibited inhibitory effect on the secretion of HBsAg that
was superior to reference drug lamivudine, but lacked the ability to
inhibit the replication of HBV DNA in HepG2.2.15 cells at concen-
trations that were inferior to those corresponding to 50% of their
cytotoxicity. The presence of fluorine at position 6 of benzimidazole
scaffold and the presence of sulfinyl function appears to be critical
for the inhibition of HBsAg secretion of Mannich bases 231. Eval-
uation of another series of Mannich bases 232 (X = S, SO, SO»,
R! = H, 4-F, 4-OCH3, 4-CH3) of 5-hydroxybenzimidazoles (Fig. 42)
showed that the thioethers in this series did not inhibit the repli-
cation of HBV DNA, but the candidates with 4-methylpiperazin-1-yl
as amino moiety were good inhibitors of secretion of HBsAg, and
the inhibitory effect significantly decreased upon oxidation of sul-
fur in thioethers to sulfinyl and sulfonyl [353]. Phenolic Mannich
bases 233 (R! = H, 4-F, 4-Cl, 4-Br, 4-CH3, 3-OCH3) derived from 6-
bromo-8-hydroxyimidazo[1,2-a]pyridine-3-carboxylates (Fig. 42),
especially those having 4-morpholinyl or 4-methylpiperazin-1-yl
moieties in the aminomethyl function, inhibited the replication of
HBV DNA, but had no inhibitory effect on secretion of HBsAg or
HBeAg [354]. The nature of substituents in the arylmercapto res-
idue modulates the anti-HBV activity, as the decrease of bulkiness
of the substituents (from bromine to fluorine, for example) and the
presence of lipophilic substituents (e.g., a methyl group) enhance
the inhibition of replication of HBV DNA, whereas the presence of a
3-methoxy group further increases the activity.

Phenolic Mannich bases 125 derived from chlorokojic acid
(Fig. 23) have been evaluated against herpes simplex virus type-1
(HSV-1) and parainfluenza-3 virus (PI-3). Amongst the candidates
reported in one study, only two Mannich bases had inhibitory
concentration in the range of 0.1-0.8 pg/mL against HSV-1, whereas
all of the compounds were active in various degrees against PI-3
[152]. All of the Mannich bases 125 derived from 1-
arylpiperazines as amine reagents inhibited both HSV-1 and PI-3,
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and one candidate 125 (R = 4-(4-methoxyphenyl)piperazin-1-yl)
was as potent as reference drug acyclovir against HSV-1 [153]. In
addition, candidate 125 (R = 4-(3-chlorophenyl)piperazin-1-yl)
presented remarkable activity (0.025—0.4 ug/mL) against PI-3.
Other aminomethyl derivatives of various phenolic substrates
have been tested against different viruses. Only one phenolic
Mannich base 57 (R = NHCH3) of norvisnagin (Fig. 10) was
moderately active against HSV-1 [78]. Evaluation of amino-
methylated 7-hydroxycoumarin derivatives 234 (Fig. 43) against
Flaviviridae and other viruses led to mixed results [355]. Phenolic
Mannich bases 234 (R! = H, R? = H or CH3) were generally inactive
against bovine viral diarrhea virus (BVDV), yellow fever virus (YFV)
or respiratory syncytial virus (RSV), and a few other candidates that
were active against BVDV or YFW were also cytotoxic. O-Alkylated
phenolic Mannich bases 234 (Rl = n-C3Hy, R?2 = H or CHj3), and
especially candidates having a methyl group at position 4 of the
coumarin ring system, were active against BVDV, but they were
inactive against YFV or RSV. O-Acylated phenolic Mannich bases
234 (R! = COCgHs, R? = H or CH3) were generally inactive against all
three viruses, but one candidate 234 (R' = COCeHs, R*> = H,
NR; = 1,2,3,4-tetrahydroisoquinolin-2-yl) had a remarkable activity
against RSV, comparable to that of reference drug 6-azauridine, and
had also very low toxicity. Compounds 234 were not active against
a panel of viruses comprising HIV-1, coxsackievirus B2, SB-1 strain
of Marek's disease virus, vesicular stomatitis virus and a reovirus. In
addition, screening of an extensive library of compounds identified
Mannich bases 235 of 5-chloro-8-hydroxyquinoline (Fig. 43) as
reactivators of latent HIV-1, which could prove helpful in eradi-
cating the latent reservoir of HIV-1 in resting memory CD4+ T cells,
either alone or in combination with other treatments [356].
Antiviral activity of Mannich bases of isatin and its derivatives is
the topic of several investigations. Screening of twelve Mannich
bases 236 derived from semithiocarbazones of 5-nitroisatin
(Fig. 43) against a panel of other viruses afforded no compound
with antiviral properties, with the exception of candidate 236
(X =0, R! = allyl), which had weak activity against YFV (strain 17D)
at subtoxic concentrations. This candidate was more potent than
reference drug ribavirin, but was also more cytotoxic [357]. Based
on results of molecular studies aiming at designing inhibitors of
HIV reverse transcriptase, a series of Mannich bases 237 (Fig. 43)
have been synthesized [358]. Candidates 237 having secondary
aliphatic amino moieties in the aminomethyl function showed 92
to 69% inhibition of the enzyme, whereas Mannich bases 237
(NRz = NHCgH5) showed no inhibition. Aminomethylation of Schiff
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Fig. 43. Miscellaneous antiviral Mannich bases.
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bases obtained from 5-substituted isatins (R! = F, Cl, F) and lam-
ivudine using fluoroquinolones (R?> = ethyl, cyclopropyl; R® = H,
CH3s) as amine reagents gave Mannich bases 183 (Fig. 32), which
were less potent against HIV than the parent Schiff bases, and the
most potent candidates 183 (R' = F) were also 10-fold less potent
than lamivudine itself against HIV [273]. Starting from Schiff bases
of trimethoprim, Mannich bases 238 (Fig. 43) were obtained using
fluoroquinolones as amine reagents. Their evaluation against HIV
and hepatitis C virus (HCV) showed that Mannich bases 238
(R! = (1) inhibited replication of HIV in MT-4 cells at effective
concentrations (ECsp) ranging from 9.4 to 56 pg/mL, and most
compounds were active against HCV RNA replication (80% inhibi-
tion at 50 pg/mL) [162]. Mannich base 238 (R! = CHs, NR, = 4-(4-
chlorophenyl)piperazin-1-yl) and three Mannich bases 238
(R' = CH3) derived from fluoroquinolones as amine reagents
showed inhibition against replication of HIV in MT-4 cells at ECsq
ranging from 11.6 to 28.4 pg/mL [359]. In addition, all of the com-
pounds 238 (R! = CHs3) were active against HCV RNA replication
(65% inhibition at 50 pg/mL) [359]. Furthermore, a study reports
candidate 238 (R! = H, NR; = 4-(4-nitrophenyl)piperazin-1-yl) as
inhibitor of Japanese encephalitis virus and West Nile virus in vitro,
and a remarkable inhibitor of Japanese encephalitis virus in a
murine model [360].

Investigations into the antiviral activity of Mannich bases
derived from substrates other than phenols or isatins are available
in literature as well. The majority of Mannich bases 80 (R = Cl,
OCH3) (Fig. 14), obtained through N-aminomethylation of thiazo-
lidine-2,4-diones with morpholine, piperidine and variously 1-
substituted piperazines, showed no activity against severe acute
respiratory syndrome (SARS) coronavirus [103]. Also, all of these
Mannich bases had antiviral activity against types A and B of
influenza virus, but virus inhibition occurred almost at cytotoxic
concentration. Aminomethylation of the amide function in tetra-
cyclines using fluoroquinolones as amine reagents afforded Man-
nich bases 189 (Fig. 34), and four candidates derived from
tetracycline and one derived from minocycline were found to
inhibit HIV replication with ECsg values below 20 puM, while their
toxicity against mock infected CEM cell line was greater than
140 uM [287]. In addition, all Mannich bases 189 showed moderate
inhibition of both 3’-processing and strand transfer steps of HIV-1
integrase. Evaluation of efavirenz Mannich bases 191 (Fig. 34) led to
the discovery of three candidates that were at least as potent as the
parent compound against HIV [289]. A large number of indole
Mannich bases 239 (R = aminomethyl, 3-amino-1-propyn-1-yl)
(Fig. 43) derived from a pentacyclic core, along several acetylenic
Mannich bases with the same core, have been claimed to be active
against HCV and members of the Flaviviridae family of viruses [361].
None of the Mannich bases 240 (Fig. 43) derived from indophe-
nazine as substrate and sulfonamides, anthranilic acid or 2-
aminopyridine as amine reagents either showed any activity
against HIV above their cytotoxic concentrations, but some pre-
sented weak activity against HSV, VSV, or vaccinia virus [362].

8. Anticonvulsant activity

Anticonvulsants are drugs used in the treatment of seizures in
epilepsy, a common chronic neurological disorder that affects
around 50 million people of all ages worldwide. The discovery of
novel antiepileptic drugs relies either on rational design based on
the use of well-known pharmacophores (e.g., imides), or on
random screening of libraries of compounds.

Ketonic Mannich bases 8 (R' = 4-substituted aryloxy, 4-
substituted arylthio, R2 = H, NR, = N(CyH5s)y; R! = 4-
fluorophenyloxy, R? = H, NR, = dimethylamino, 1-piperidinyl, 4-
morpholinyl, 1-pyrrolidinyl) (Fig. 3) and the related piperidinols

14 (R! = 4-substituted aryloxy, R = CoHs) (Fig. 4) were examined for
anticonvulsant activity in the maximal electroshock (MES) and
subcutaneous pentylenetetrazole (scPTZ) screens [20]. None of the
compounds provided protection in the scPTZ screen, but several
candidates 8 and 14 demonstrated anticonvulsant activity in the
MES screen below their neurotoxic levels (30 mg/kg). Four ketonic
Mannich bases of type 8 derived from acetophenone or 4-
hydroxyacetophenone as substrates and common secondary
aliphatic amines as amine reagents, as well as the corresponding
azines 16 (Fig. 4), were assessed as anticonvulsants using the same
two tests. The results showed that anticonvulsant activity of can-
didates 8 was superior to that of azines 16, and compounds derived
from 4-hydroxyacetophenone were active at a dose of 300 mg/kg in
the MES test, but no candidate showed anticonvulsant activity in
the cPTZ test [363]. Bis-Mannich bases 13 (R' = H, 4-Cl, 4-CH3, 2-
thienyl, R = C,Hs) and the corresponding piperidinols 14 were
protective in the MES test at 30 mg/kg and/or above, while candi-
date 14 (R' = 4-Cl, R = CyH5) was protective in the scMet test at
300 mg/kg after 4 h [364]. The presence of a 4-chlorophenyl moiety
appears to be important for the anticonvulsant activity of these
compounds, and analogues having the same moiety were identified
as good anticonvulsant agents in a previous study [365].
Anticonvulsant activity of phenolic Mannich bases of 3-
hydroxy-4-pyranones has been investigated extensively by Ayte-
mir's group. Screening of derivatives of allomaltol 174 having a 4-
substituted piperazin-1-ylmethyl group (Fig. 30) using MES and
scPTZ tests showed that candidate 174 (R = 3-CF3CgH4) provided
excellent protection against pentylenetetrazole-induced seizures,
but was neurotoxic at high dose (300 mg/kg), while candidate 174
(R = 4-ClCgH4) had high anticonvulsant activity in MES test at all
doses after 30 min, without being neurotoxic [305]. Evaluation of
another series of Mannich bases of allomaltol revealed that candi-
date 174 (R = 2,3-(CH3),CgH3) was active in scPTZ test at 300 mg/kg
after 4 h, along with candidate 174 (R = 3-CICgHy4), which was active
in MES test at 300 mg/kg after 5 h [366]. Although Mannich bases of
allomaltol obtained using morpholine or 4-(1-piperidinyl)piperi-
dine as amine reagents had no anticonvulsant activity [366], a
subsequent study dealing with novel Mannich bases generated
from piperidines as amine reagents reported that candidates 124
(R! = 3-CH3, R*> = 5-CH3; R! = 4-HOCH,CH,, R®> = H; R! = 4-
CgHsCH,, R? = H) (Fig. 23) were protective in scPTZ test, while
only candidate 124 (R' = 4-HOCH,CH>, R? = H) provided protection
in MES test at 300 mg/kg [367]. Use of other piperidines as amine
reagent in the Mannich reaction with allomaltol as substrate led to
candidates 124 (R' = 4-(un)substituted phenyl, R> = OH, CN,
COCH3), and two of these Mannich bases (R! = 4-BrCgHg, R?> = OH;
R! =4-CICgH4, R = OH) were active in scPTZ test at 300 mg/kg after
4 h, while all of them were active in MES test either after 0.5 h or
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Fig. 44. Anticonvulsant Mannich bases derived from kojic acid, hydantoins and
succinimides.
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Fig. 45. Mannich bases with anticonvulsant activity derived from (thio)barbituric acid.

after 4 h [368]. In contrast, when allomaltol was replaced with kojic
acid as substrate in the Mannich reaction, but the same piperidines
were used as mine reagents, the resulting candidates 241
(NRy = 4,4-disubstituted piperidines) (Fig. 44) were all active in
scPTZ test either after 0.5 h or after 4 h, but only two of them
(R! =4-BrCgHy, R? = OH; R! =4-CICgH4, R? = OH) were active in the
MES test at 300 mg/kg after 0.5 h, and one candidate 241
(R' = CgHs, R? = COCH3) was active at any dose after 4 h [368].
Mannich bases 241 (NR;, = 4-substituted piperazines) of kojic acid
as substrate and piperazines as amine reagents were generally
better anticonvulsants than analogous Mannich bases 174 of allo-
maltol, or than Mannich bases 241 derived from kojic acid and 4,4-
disubstituted piperidines [369]. The authors tentatively explain the
enhanced anticonvulsant activity of Mannich bases of kojic acid
compared to the activity of Mannich bases of allomaltol through the
possible formation of an extra hydrogen bond in the former com-
pounds. However, Mannich bases derived from chlorokojic acid
were also good anticonvulsants, and they present, like Mannich
bases of allomaltol, only one hydrogen bond in their structure [154].

Hydantoin represents the core structure of the old generation of
antiepileptic drugs, such as phenytoin, and substitution with an
aminomethyl moiety was shown to improve activity against MES
seizures in mice [370]. Evaluation of a library of N-Mannich bases
242 (Fig. 44) derived from 5-cyclopropyl-5-arylhydantoins having
4-substituted piperazines in the aminomethyl function showed
that the majority of candidates were effective in the MES or/and
scPTZ screens, and quantitative studies in rats after oral adminis-
tration showed that three Mannich bases 242 (R! = H, R* = CgHs,
CgHsCH>, 3-CH3CgH4CH;) were more potent than phenytoin in MES
test [371]. Results from another study [372] showed that candidates
242 were generally more active in MES test than in scPTZ screen,
and chlorine-substituted Mannich bases (R' = Cl) were generally
less active than those unsubstituted in the aromatic ring (R' = H),
whereas candidates derived from 1,2,3,4-tetrahydroisoquinoline as
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amine reagent in the Mannich reaction were less potent than those
derived from morpholine or piperazines. Compared to candidates
242 obtained from arylpiperazines as amine reagents, Mannich
bases having alkylene, alkenylene, carbonyl or ester linkers be-
tween the piperazine moiety and phenyl ring presented enhanced
anticonvulsant protection to pentylenetetrazole-induced seizures,
which was noticeable not only after 0.5 h, but after 4 h as well [372].
Taking into account the established anticonvulsant properties of
many spirohydantoins [373—375], Mannich bases 243 (X = NH) of
spirohydantoins (Fig. 44) have been synthesized and evaluated as
anticonvulsants, and while some of them were effective in MES or/
and scPTZ screens, and were more potent than reference drug
phenytoin, their high neurotoxicity precluded further testing [376].

Besides hydantoin, succinimide presents the structural re-
quirements for the core structure of good anticonvulsant agents
(namely, a nitrogen-containing heteroatomic system with a least
one carbonyl group), and the well-established drug ethosuximide is
an example for this class of antiepileptic drugs. The group of
Obniska has been developing novel anticonvulsants for a long time,
and Mannich bases derived from variously substituted succini-
mides has been one of the classes of compounds that provided
some of the most interesting results reported by these researchers.
Based on the significant number of candidates that have been
synthesized, aminomethylated derivatives 244 of 3-
phenylsuccinimides (Fig. 44) have been amongst the most inves-
tigated compounds within this class. Mannich bases of 3-
arylsuccinimides derived from 4-(substituted aryl)piperazines or
benzylpiperazines as amine reagents, such as 244 (R! = 2-CICgHa,
3-BrCgH,) [377], 244 (R' = 2-CH3CgHy4, 3-CF3CgHa) [378], 244
(R! = 3-CH3CgHa4) [379], 244 (R' = 2-CICgH4, 3-ClCgHa4, 4-CICgH4)
[380,381] or 244 (R! = 2-FCgHy, 2-BrCgHy4) [382], generally showed
protection in MES screen, but some of them were also effective in
ScPTZ screen. Moreover, a few candidates presented activity not
only 0.5 h after administration, but also after 4 or 5 h, which is
indicative of quick onset and long duration of anticonvulsant ac-
tivity. Mannich bases 244 of 3-arylsuccinimides derived from other
secondary aliphatic amines, such as morpholine, 4-
benzylpiperidine, 4-cyclohexylpiperazine, were generally effective
in both screens [381,382]. Despite the large number of compounds
evaluated in these studies, no consistent SARs could be established.
Compounds with good anticonvulsant properties emerged from
almost all of these studies, but none of these anticonvulsant
Mannich bases was deemed sufficiently promising to advance to
clinical studies. Aminomethylated spirosuccinimides have also
been investigated as anticonvulsants. Candidates 243 (X = CHy)
derived from 4-(3-trifluoromethylphenyl)piperazine and 4-(3-
chlorophenyl)piperazine as amine reagents in the Mannich reac-
tion were the most potent anticonvulsants in this series in MES test,
and replacement of substituted aryl with 2-hydroxyethyl rendered
the candidates active in both tests [376]. The activity of Mannich
bases 245 of simpler spirosuccinimides (Fig. 44) appears to depend
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Fig. 46. Anticonvulsant Mannich bases with an azepine scaffold.
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on the nature of the substituent at N-4 of the piperazine moiety.
Thus, candidates 245 (n = 1) derived from 4-(3-chlorophenyl)-, 4-
(2-methoxyphenyl)-, 4-(2-fluorophenyl)- and 4-(4-fluorophenyl)-
piperazine [377] and candidates 245 (n = 1 or 2) derived from 4-(2-
methylphenyl)piperazine [383] were devoid of anticonvulsant ac-
tivity. On the other hand, Mannich bases 245 (n = 1 or 2) obtained
from 4-(3-trifluoromethylphenyl)piperazine as amine reagent were
efficient in MES screen, but not in scPTZ screen [383]. Evaluation as
anticonvulsant agents of Mannich bases 246 of succinimides 3,3-
disubstituted with identical (R' = R?> = CH3 or CgHs) or different
(R! = CH3, R? = CgHs: R! = CH3, R? = CoHs: R! = CH3, R? = CoHs)
substituents (Fig. 44) has also been the topic of several recent pa-
pers [384—387]. Generally, Mannich bases obtained from 3,3-
diphenylsuccinimide were more potent than those obtained from
3-alkyl-3-phenylsuccinimides, which, in turn, were more potent
than Mannich bases derived from 3,3-dialkylsuccinimides, which
were actually inactive in most cases. Candidates generated from 4-
arylpiperazines as amine reagents in the Mannich reaction were
efficient only in MES test, and the nature and position of the sub-
stituent in the aromatic ring attached to piperazine modulate the
anticonvulsant activity of these compounds. However, Mannich
bases 246 derived from 4-(2-hydroxyethyl)piperazine or 4-
benzylpiperidine were efficient in both screens [384]. The effect
of Mannich bases 246 with potent anticonvulsant activity on Nay1.2
sodium channel currents was also investigated as a potential
mechanism of action for these compounds, and the results showed
that the anticonvulsant activity of these candidates correlates
nicely with their effectiveness as sodium channel blockers
[385,386]. In addition, there was no direct correlation between
anticonvulsant properties and 5-HT1 4, 5-HT24, 5-HT14 and/or 5-HT7
serotonin receptor affinity [383,387].

Besides hydantoins and succinimides, other substrates featuring
the ureido motif in their structure have been aminomethylated
with a view to obtain anticonvulsant agents. Barbituric acid and its
thio analogue have been subjected to the Mannich reaction with
two amine reagents having a quinazolinone moiety, and the
resulting candidates 247 and 248 (X = O or S, R = 6-Br, 6-1, 6,8-Br3)
(Fig. 45) provided good protection (40—80%, and 50—90%, respec-
tively) in both MES and scPTZ screens at a dose of 50 mg/kg, while
lacking neurotoxicity, or sedative and hypnotic effects [388].
Mannich bases 169 of 3-aryl-2-thioxo-2,3-dihydroquinazolin-
4(1H)-one (Fig. 29) showed significant anticonvulsant activity in
MES test, as some of these candidates afforded results comparable
to those obtain for reference drug phenytoin [240].

Several studies concerning the anticonvulsant activity of fused
seven-membered ring systems containing two heteroatoms are
available in literature. Aminomethylated 2,3-dihydro-1,5-
benzoxazepines 249 (Fig. 46) provided protection in the MES test
in the range of 30—90% at a dose of 30 mg/kg; candidate 249
(R! = 3-OCH3-4-OH, R?> = 2-OCH3) was equipotent to reference
drugs phenytoin and lamotrigine in MES screen, and was also
equipotent to reference drug valproate in scPTZ screen [389].
Another study allowed a direct comparison between the anticon-
vulsant activities of analogous aminomethylated 2,3-dihydro-1,5-

benzoxazepines 250 (X = 0O) and 2,3-dihydro-1,5-
benzothiazepines 250 (X = S) (Fig. 46) [390]. At a dose of 30 mg/
kg, the latter provided more protection (20—90%) in MES test than
the former, with Mannich base 250 (X = S, R! = 2-Cl, R? = OCHj3)
being the most active compound in this series. Ketonic Mannich
bases 251 (R = H, Cl, NOy; R'-R? R*—R*=(CHy)4 or
R! = R? = R® = CH3, R* = H) having a 2,3-dihydro-1,5-
benzodiazepine scaffold as the amino moiety (Fig. 46) were eval-
uated using a model in which the seizures were induced chemi-
cally, and some of these compounds provided protection after 0.5 h,
whereas only candidates 251 derived from acetophenone (R = H)
provided protection up to 2 h [391].

9. Anti-inflammatory activity

Inflammation is part of the complex, nonspecific immune
response of vascular tissue that occurs in reaction to any type of
injury, such as pathogens, irritants, damaged cells, etc. The initial
response of the body to harmful stimuli is initiated by cells already
present in all tissues, and is achieved by the increased movement of
plasma and leukocytes (especially granulocytes) from blood into
the injured tissue, where they release a series of cell-derived me-
diators, triggering afterwards a cascade of biochemical events that
propagate the inflammatory response. Nonsteroidal anti-
inflammatory drugs (NSAIDs) are commonly used for treatment
of inflammation, along with its symptoms (fever, pain, swelling),
but they present significant side effects after long-term usage, such
as gastrointestinal lesions, kidney injury, and cardiovascular risk.

Along with many other classes of compounds, Mannich bases of
various structures have been investigated as part of the ongoing
search for novel anti-inflammatory drugs. Ketonic Mannich bases
252 (R!' = H, CHs, SO,CH;) derived from 2-
arylidenecyclohexanones and aromatic amines (Fig. 47) have
been evaluated using Xxylene-induced ear swelling test and
carrageenan-induced paw edema, and candidate 252 (R = H) was
superior to reference drug ibuprofen in both tests, whereas several
candidates 252 (R = CH3) were less efficient, but still more effective
than ibuprofen, in the same tests [392]. Administration of ketonic
Mannich base 253 (Fig. 47) to rats with a chronic inflammatory
process induced by insertion of cotton pellets led to increased
phagocytic capacity of peripheric neutrophils, enhanced activity of
the serum complement system, and higher catalase activity, while a
slightly decrease in the activity of superoxide dismutase was
observed [393]. A few double Mannich bases 105 of 4,6-
dimethoxybenzofuran-3(2H)-one (Fig. 21) inhibited the produc-
tion of pro-inflammatory cytokines TNF-o and IL-6 by 76—100% at a
concentration of 10 uM, but they were more cytotoxic than refer-
ence drug dexamethasone, which had comparable effects with
candidates 105 on the production of the same cytokines at only
1 uM [134]. Investigation of the anti-inflammatory activity of
Mannich bases 254 (R = H, F, Cl, Br, OR%; R?> = OCH3 and OC4Hg-n)
having amino acids isoleucine and methionine as amine moieties
(Fig. 47) was performed using both carrageenan-induced paw
edema model and pellet-induced granuloma model, and resulted in

253 254

Fig. 47. Ketonic Mannich bases with anti-inflammatory activity.
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the discovery of two anti-inflammatory agents 254 (R = OCH3 and
0OC4Ho-n; R! = CH,CH,SCH3) derived from methionine [394]. At a
dose of 25 mg/kg, these two Mannich bases 254 had 81% and 71%,
respectively, of the efficiency of the reference drug diclofenac (dose
of 10 mg/kg) on the reduction of paw swelling. At the same dose,
these two candidates 254 also showed 88% and 79%, respectively, of
the activity of reference drug indomethacin (dose of 3 mg/kg) on
chronic inflammation. A continuation of this study was undertaken
with a view to broaden the nature of amino acids (cysteine, thre-
onine, methionine, isoleucine, asparagine, and glutamine) as amine
moieties in Mannich bases 254, and also the nature of the alkoxy
substituents in the aromatic ring, but these novel candidates had no
anti-inflammatory activity at 5 mg/kg, with the exception of two
candidates 254 (R = OCyHs; R! = CH,SH, CH,CONH;), which dis-
played mild activity in the acute inflammation model [395].

Only one example of Mannich bases obtained from simple
phenols as potential anti-inflammatory agents is available in recent
literature. Thus, evaluation of four phenolic Mannich bases 255
(Fig. 48) using formalin-induced acute inflammation model in mice
revealed that one candidate had reliable activity upon parenteral
administration (50 mg/kg), whereas reference drug diclofenac so-
dium exhibited only two-thirds of its activity, albeit at 8 mg/kg
[396]. Phenolic Mannich bases 256 of resveratrol analogues con-
taining a pyridinyl moiety and either one, two or three amino-
methyl residues (Fig. 48) were tested using xylene-induced ear
edema in mice at 200 mg/kg, and two of them had 80% of the ef-
ficiency of reference drug ibuprofen, whereas the remaining can-
didates were less potent [397]. The anti-inflammatory activity of
Mannich bases of polyhydroxylic phenols was also investigated. At
a dose of 10 mg/kg, two candidates 113 (NR'R? = 1-piperidinyl and
4-morpholinyl) derived from 4,6-diacetylresorcinol (Fig. 22) had a
slightly lower activity than that of reference drug indomethacin in
carrageenan-induced paw edema [398]. Three candidates 257
(R! = 3-Cl, NR, = 4-methylpiperazin-1-yl; R! = 2-Br, NR; = 1-
piperidinyl or 1-pyrrolidinyl) (Fig. 48) were more efficient at
inhibiting the production of TNF-a. at a concentration of 10 M than
reference drug dexamethasone at 1 uM [399]; under the same
experimental conditions, most Mannich bases in the study were
also more efficient at inhibiting the production of IL-6 than dexa-
methasone. The same researchers also investigated the action on
enzymes that are involved in inflammation (such as cyclo-
oxygenases (COX), trypsin and B-glucuronidase) of phenolic Man-
nich bases 258 (R! = 2-F, 2-Cl, 2-Br, 3-F, 3-Cl, 3-Br) of chalcone
analogues (Fig. 48) having the same substitution pattern in ring A as
candidates 257 [400]. With one exception, none of the candidates
inhibited the activity of trypsin, whereas most Mannich bases in
this study inhibited the activity of f-glucuronidase. Candidates 258
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derived from chalcone analogues having a halogen at position 3 of
the B ring were generally more potent than those derived from
chalcone analogues having a halogen at position 2 of the B ring. In
addition, a few Mannich bases 258 were poor inhibitors of COX-1,
but excellent inhibitors of COX-2, and the majority of the candi-
dates were more efficient at inhibiting COX-2 than reference drug
aspirin. In a different study [401], two out of four phenolic Mannich
bases of other chalcone analogues were found to reduce rat paw
edema induced by carrageenan, and although these compounds
were found to be good inhibitors of trypsin this time, no satisfac-
tory correlation with their antioxidant, free radical scavenging, or
lipooxygenase inhibition could be established. Because inducible
nitric oxide synthase (iNOS) generates high levels of nitric oxide
that modulates inflammations through multiple pathways, the in-
hibition of this enzyme by phenolic Mannich bases of heterocyclic
analogues of chalcones with various structures was also investi-
gated. This type of phenolic Mannich bases was found to strongly
inhibit NO production, with ICsq values ranging between 10.5 and
0.018 uM [402]. Benzoxazines 117 (Fig. 22), easily obtained from 4-
hydroxyacetophenones through a double Mannich reaction,
inhibited the swelling of rat paw in various degrees when admin-
istered orally in doses equimolar to 20 mg/kg of indomethacin
[145]; compared to indomethacin, one candidate 117 (R = 4-F) was
more efficient, while another candidate 117 (R = 4-OCH3) was
equipotent. Chalcone analogues 259 (R = 4-OCHj3 or 4-CH3) derived
from these benzoxazines (Fig. 48) had a more pronounced anti-
inflammatory activity compared to candidates 117, and all of
them displayed 70—90% of the efficiency of reference drug indo-
methacin [403]. Phenolic Mannich bases of naturally-occurring
benzopyranones have also been tested as anti-inflammatory
agents. Most Mannich bases 260 derived from 7-
hydroxycoumarin (Fig. 48) were superior to reference drug indo-
methacin at reducing rat paw edema induced by carrageenan, and
two candidates 260 (NR, = 4-morpholinyl, 1-piperazinyl) were 1.6
times more efficient than indomethacin at 10 um without signifi-
cant inhibition of COX-1 [404]. Irisolidone is an isoflavone which
was isolated from Pueraria spp., and was found to exert its anti-
inflammatory action through suppression of iNOS gene expres-
sion and pro-inflammatory cytokines in activated microglia [405].
Chemical modification of irisolidone by means of the Mannich re-
action using primary aliphatic and aromatic amines as amine re-
agents led to candidates 261 (Fig. 48) with enhanced ability to
inhibit nitric oxide production compared to parent irisolidone
[406].

Anti-inflammatory activity of Mannich bases of 2,3-dihydro-
1,2,4-triazole-3-thiones has also been investigated. Several candi-
dates 133f (Table 1) have been evaluated using carrageenan-
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Fig. 48. Phenolic Mannich bases and 1,3-oxazines as anti-inflammatory agents.
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Fig. 49. Anti-inflammatory Mannich bases of 2,3-dihydro-1,2,4-triazole-3-thiones, 2,3-dihydro-1,3,4-oxadiazole-2-thiones and 2-benzoxazolinones.

induced rat paw edema model, and the activity of one of them
(133f, R? = 2-CH3CgHa4, NR; = 4-morpholinyl) was comparable to
that of reference drug ibuprofen [171]. Mannich bases 133i with
secondary aliphatic amino moieties (dimethylamino, diethylamino,
1-pyrrolidinyl) in the aminomethyl function were as efficient as
reference drug celecoxib in reducing rat paw edema both after 1 h
and after 2 h, and they also had lower ICsqg values (around 1 nM) for
the inhibition of COX-2 compared to celecoxib (1.9 nM) [407]. As far
as 5-substituted ~ 2-aminomethyl-4-arylideneamino-2H-2,3-
dihydro-1,2,4-triazole-3-thiones 134 (Table 1) are concerned, the
majority of Mannich bases 134¢ had, upon administration of either
20 mg/kg or 40 mg/kg, a lower anti-inflammatory activity in
carrageenan-induced rat paw edema model than reference drug
indomethacin (5 mg/kg), although one candidate (134¢, R? = 2,6-
Cl,CeH3, NRy = 4-phenylpiperazin-1-yl) inhibited edema forma-
tion at the higher dose almost as efficiently as indomethacin [182].
Starting from ibuprofen, two separate studies reported the syn-
thesis and anti-inflammatory activity of Mannich bases 262 having
different arylideneamino moieties at position 4 of the 2,3-dihydro-
1,2,4-triazole-3-thione scaffold (Fig. 49). The most potent com-
pounds in this series were those having either a 4-morpholinyl or a
4-methylpiperazin-1-yl residue in the aminomethyl function.
When common 4-substituted benzaldehydes (R? = 4-CICgHy, 4-
CH3CgHy, 4-BrCgHy4, 4-NO,CgH4) were used to generate the azo-
methine moiety, several candidates 262 had anti-inflammatory
activity comparable with that of reference drug diclofenac, and
were generally more efficient than ibuprofen at every time interval
up to 3 h [408]. Also, the most potent compounds in this series were
those having either a 4-morpholinyl or a 4-methylpiperazin-1-yl
residue in the aminomethyl function. On the other hand, when 3-
aryl-4-formylsydnones were used to generate the azomethine
moiety, the resulting Mannich bases 262 were consistently more
potent than the analogues in the previously mentioned series of
compounds, but all of these candidates were less efficient than
reference drug indomethacin in reducing rat paw edema [409].

Several Mannich bases 134h showed a peak in their anti-
inflammatory activity at 1 h post-injection (from 50% to 130%
edema inhibition compared to indomethacin), whereas the anti-
inflammatory activity of other candidates 134h peaked at 4 h
post-injection (from 84% to 100% edema inhibition compared to
indomethacin) [186]. All of the Mannich bases 263 (Fig. 49) had
only moderate anti-inflammatory activity, with the most potent
compound in the series showing approximately 80% of the effi-
ciency of reference drug indomethacin [410]. A few Mannich bases
264 and other structurally related aminomethylated 2,3-dihydro-
1,2,4-triazole-3-thiones (Fig. 49) reduced significantly the inflam-
matory response (maximum inhibition between 30 and 59%)
compared to reference drug diclofenac (inhibition between 42 and
63%), and some of them presented fast onset of their anti-
inflammatory action, while others had a long-lasting anti-inflam-
matory effect [411].

The anti-inflammatory activity of Mannich bases of 2,3-dihydro-
1,3,4-oxadiazole-2-thiones has been scarcely examined. Several
Mannich bases 139a (Table 2), especially those derived from
ibuprofen as starting material for the 1,3,4-oxadiazole-2-thione
substrate and generated from 4-arylpiperazines as amine re-
agents in the aminomethylation step, were as efficient as reference
drug diclofenac at reducing rat paw edema [193]. Also, Mannich
base 265 (Fig. 49) had anti-inflammatory activity comparable to
that of reference drug indomethacin in carrageenan-induced rat
paw edema test [412].

Several papers published by Gokhan's group have reported the
anti-inflammatory  activity of Mannich bases of 2-
benzoxazolinones. One of their studies showed that candidates
266 (R' = CH3, R* = 2- or 4-CICgH4CO) having an acyl moiety at
position 6 of the benzoxazolidinone scaffold were more potent
than their analogues 266 (R = 2- or 4-CICgH4CO, R? = H) with the
same acyl group at position 5 (Fig. 49); in addition, the anti-
inflammatory activity of two of these candidates was equipotent
to that of reference drug indomethacin [413]. Substitution with

s>\‘ o
NH R?
/N-NH Y N /N‘N )§N
m Vg2 H N N
—_ V% A\ R1
"\‘\ © g E © o)\Q @N%
NR, NR, kNR2
267 268 269

Fig. 50. Mannich bases with anti-inflammatory activity derived from isatin derivatives and benzimidazoles.
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Fig. 51. Anti-inflammatory Mannich bases derived from miscellaneous substrates.

fluorine in the phenyl ring of the acyl moiety appears to be less
favorable for the anti-inflammatory activity of candidates 266
(R' = H, R? = difluorobenzoyl) [414]. Mannich bases 266 (R' = CHs,
R?> = H) having 4-arylpiperazine residues in the aminomethyl
function were all less potent than reference drug indomethacin in
carrageenan-induced rat paw edema test, but the results suggest
that the nature of the substituent in the aryl group of piperazines
plays an important role in the anti-inflammatory activity of these
compounds [415]. A few Mannich bases 266 (R! = NO,, R? = H) had
an anti-inflammatory effect comparable to that of reference drug
indomethacin 3 h after administration, but their efficiency in
reducing the swelling reached a plateau afterwards, whereas that of
indomethacin continued to increase in time [416].

Two studies have reported the anti-inflammatory activity of
Mannich bases of isatins. Aminomethylation of derivatives of 5-
methylisatin thiosemicarbazone afforded Mannich bases 267
(R' = R = H or CH3s, NR, = secondary aliphatic amines) (Fig. 50),
which showed moderate anti-inflammatory activity (18—44% in-
hibition of edema at a dose of 100 mg/kg) compared to reference
drug diclofenac (65% inhibition of edema at a dose of 45 mg/kg)
[417]. Several Mannich bases 268 (Fig. 50), which were obtained
from a derivative of isatin hydrazone, had anti-inflammatory ac-
tivity comparable to that of reference drug diclofenac, and the
highest level of activity was observed after 2 h [418]. A correlation
in this series between anti-inflammatory activity and the nature of
the amino moiety in the aminomethyl function was noticed, as the
activity decreased with the increasing lipophilicity of the amino
group.

A series of N-Mannich bases 269 of benzimidazole derivatives
(Fig. 50) were evaluated as anti-inflammatory agents using
formalin-induced paw edema method. Compared with reference
drug diclofenac (50 mg/kg), they all caused significant reduction of
paw edema, albeit at different doses (200 mg/kg for Mannich base
269 (R' = H or CH3) and 40 mg/kg for Mannich bases 269 of 2-
styrylbenzimidazole) [419]. Also, several Mannich bases 269
(Rl = CyHs), derived from both secondary aliphatic amines and
primary arylamines, showed moderate anti-inflammatory activity
4 h after administration (33—57% of the activity of reference drug
aspirin at the same dose of 100 mg/kg) [420].

Mannich bases obtained from substrates other than those
mentioned so far have been examined as anti-inflammatory agents
as well. Thus, N-Mannich bases 270 (NR, = 1-pyrrolidinyl, 1-
piperidinyl, 4-morpholinyl) of pyrimido[1,6-aJazepine derivatives
(Fig. 51) had moderate activity (46—58% reduction of edema

compared to that recorded for reference drug diclofenac) [421],
whereas N-Mannich bases 271 of a tricyclic system derived from
pyrimido[1,6-aJazepine (Fig. 51) were less potent (anti-inflamma-
tory activity of approximately 40% of that of diclofenac) [422]. Two
aminomethylated pyridazinones bearing a thiophene ring, namely
compounds 272 and 273 (Fig. 51), showed 65% and 95% reduction of
rat paw edema, respectively, compared to reference drug indo-
methacin [423]. Even when administered in a higher doses relative
to that of reference drug, none of the Mannich bases 274 (R = H,
CHj3, OCH3, Cl, X = O or CH;) derived from isoxazolines (Fig. 51) was
as efficient as indomethacin in reducing rat paw edema [424]. Out
of the two acetylenic Mannich bases 275 (X = O or CH,) with a
betulonic acid scaffold (Fig. 51) that were investigated as anti-
inflammatory agents, only the piperidine derivative was almost as
efficient as reference drug indomethacin in reducing rat paw
edema; the morpholine analogue had only half of the activity of the
piperidine Mannich base [425].

10. Analgesic activity

As pain is a symptom of inflammation, the anti-inflammatory
and analgesic activities of novel candidates are usually evaluated
at the same time. Therefore, it is not surprising that many of the
studies that report the anti-inflammatory activity of Mannich bases
also offer information on their analgesic potential.

Several ketonic Mannich bases 252 (R' = H, CHs3, SO,CHs)
derived from 2-arylidenecyclohexanones and aromatic amines
(Fig. 47) were equipotent to reference drug ibuprofen in both acetic
acid-induced writhing test and hot plate test [392]. One of the most
potent candidate was compound 252 (R = R! = H) derived from p-
toluidine, but a few Mannich bases derived from 2-(4-
methylsulfonylbenzylidene)cyclohexanone were also efficient as
pain relievers.

Phenolic Mannich bases of 1- and 2-naphthols substituted in
either rings of naphthalene system with various functions, which
were synthesized using preformed aminomethylation reagents
(e.g., imonium salts obtained from aromatic aldehydes and sec-
ondary aliphatic amines), were claimed to have analgesic activity
[426]. The claim is difficult to assess, because only two candidates
have been evaluated, and no comparison with established analge-
sics was provided. In addition, while candidate 276 (X = CHj)
(Fig. 52) was efficient (92% inhibition of the writhing reaction), the
second candidate 276 (X = O) offered only modest protection
against pain (30% inhibition of the writhing reaction).
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Fig. 52. Analgesic Mannich bases derived from 2-naphthol and 2H-4,6-dimethyl-3-
oxo-2,3-dihydroisothiazolo[5,4-b]pyridine.

Mannich bases of 2,3-dihydro-1,2,4-triazole-3-thiones with
analgesic activity have been reported in several studies. Candidates
133f (R?> = 2-CH3CgHy4, NRy = 4-morpholinyl; R? = 4-CH30CgH4,
NR, = 4-methylpiperazinyl) (Table 1), which had good anti-
inflammatory activity, were also tested for analgesic activity;
their efficiency, determined using tail flick method in albino rats,
was comparable to that of reference drug ibuprofen [171]. Several
Mannich bases 262 (Fig. 49) showed analgesic activity (tail flick
latency between 6.8 and 7.1 s) that was comparable with that of
reference drug pentazocine (tail flick latency of 7.45 s), while the
rest of the compounds were moderately active [409]. Mannich
bases 263 (Fig. 49) were less efficient in the tail flick test, as the
reaction time for the most potent compound in the series was
approximately 80% of the latency provided by reference drug
pentazocine [410]. Two candidates 139a (Table 2), both derived
from ibuprofen as starting material for the 2,3-dihydro-1,3,4-
oxadiazole-2-thione substrate and generated using either ethyl
piperidine-4-carboxylate or 4-(4-fluorophenyl)piperazine as amine
reagents in the aminomethylation step, were more efficient anal-
gesics than reference drug diclofenac in hot plate test [193], while
Mannich base 265 (Fig. 49) was equipotent to reference drug
diclofenac in acetic acid-induced writhing test [412].

Analgesic activity of Mannich bases of 2-benzoxazolinones was
also determined for the same candidates that were investigated for
anti-inflammatory activity. In the library of Mannich bases 266
derived from 2-benzoxazolinones (Fig. 49) carrying a benzoyl
moiety in the aromatic ring (R! or R?> = substituted benzoyl), no
significant difference in analgesic activity between the 5-
benzoylated and the 6-benzoylated analogues could be observed
[413]. Although most candidates provided moderate to low pro-
tection in either tests used to determine their analgesic activity
(namely acetic acid-induced writhing test and p-benzoquinone-
induced abdominal constriction test), two Mannich bases derived
from 6-(substituted benzoyl)-2-benzoxazolinones were found to be
as efficient as reference drug aspirin. Thus, analgesic activity of
Mannich base 266 (R' = H, R*> = 2,6-F,C¢H3CO, NRy = 4-(4-
acetylphenyl)piperazin-1-yl) was equipotent to that of aspirin
[414], while analgesic activity of Mannich base 266 (R' = CHjs,
R? = 4-CICgH3CO, NR; = 4-(4-fluorophenyl)piperazin-1-yl) was
slightly poorer than that of aspirin [413]. In the series of Mannich
bases 266 derived from 5-methyl-2-benzoxazolinone, several
compounds showed better analgesic activity compared to reference
drug aspirin, and the analgesic activity for all the compounds was
consistently higher than their anti-inflammatory activity, suggest-
ing that these Mannich bases might exert their analgesic activity
centrally [415]. Two Mannich bases 266 derived from 5-nitro-2-
benzoxazolinone were also found to possess analgesic activity
comparable to that of aspirin [416].

Mannich bases 267 of derivatives of 5-methylisatin thio-
semicarbazone (Fig. 50) were moderately efficient (16—53% pro-
tection) in preventing acetic acid-induced writhing in mice at a
dose of 100 mg/kg, while reference drug diclofenac provided 74%
protection in the same test at a dose of only 45 mg/kg [417].
Mannich bases 268 of isatin hydrazone (Fig. 50) carrying a

quinazoline moiety and derived from acyclic secondary aliphatic
amines (dimethylamine, diethylamine) were the most potent; their
analgesic effect was superior or comparable to that of reference
drug diclofenac 2 h after administration, but it decreased rapidly
afterwards [418].

N-Mannich bases 269 (Fig. 50) obtained from benzimidazole
using dimethylamine or diethylamine as amine reagents were
found to be moderate analgesics at a dose of 200 mg/kg relative to
paracetamol (100 mg/kg), while Mannich base 269 derived from 2-
methylbenzimidazole as substrate and diphenylamine as amine
reagent was a poor analgesic candidate [419]. Owing to their
toxicity, Mannich bases derived from 2-styrylbenzimidazole were
administered at a lower dose (20 and 40 mg/kg), and their analgesic
activity ranged from moderate (NRy = 4-morpholinyl) to very good
(NRy = diethylamino or 1-piperidinyl) when compared to para-
cetamol [419]. N-Mannich bases 269 of 2-ethylbenzimidazole had
analgesic activity comparable to that of reference drug pentazocine
only when administered in doses that were 25 times greater than
that of pentazocine [420]. Other Mannich bases 269 derived from
2-substituted benzimidazoles (R1 = CH;NHNHCgH5 or 2-HOCgH4)
also showed moderate to good analgesic activity in acetic-acid-
induced writhing test (62—84% of the analgesic activity of diclofe-
nac at the same dose) [427].

Evaluation of a first series of N-Mannich bases 277 derived from
2H-4,6-dimethyl-3-0x0-2,3-dihydroisothiazolo[5,4-b]pyridine
(Fig. 52) led to identification of weak to moderate analgesic agents
[428]. Amongst them, candidates derived from 4-aryl- or 4-
benzylpiperidine and those having a 4-(2-substituted phenyl)
piperazine as the amine moiety were the most efficient analgesics
in writhing and hot plate tests. A second series of Mannich bases
277 was subsequently synthesized, and some of the candidates
displayed significant activity in the writhing test, with analgesic
activity 2 to 10 times more potent than that of aspirin and 1.5 to 10
times weaker than that of morphine, used as reference drugs in the
study [429].

11. Antioxidant activity

Excess of reactive oxygen species produced in living organisms
can cause oxidative stress and damage cells by initiating chain re-
actions that lead to lipid peroxidation, DNA damage or protein
oxidation. Besides the complex system of antioxidant metabolites
and enzymes that naturally prevent cell damage, exogenous anti-
oxidants may sometimes be required to keep reactive oxygen
species at an optimum level. Use of the Mannich reaction to
generate novel chemical entities capable of acting as antioxidants is
presented in this section.

Ketonic Mannich bases 109 and 110 (Fig. 21), which were ob-
tained from arylamines as amine reagents and 3-acetylcoumarine
and 2-acetylbenzofuran as substrates, respectively, were tested
for antioxidant activity by evaluating their ability to scavenge 1,1-
diphenyl-picrylhydrazyl (DPPH) radical [138]. The most efficient
candidates in each series, namely 109 (R = H) and 110
(R = N(CHs)2), showed moderate potency in scavenging DPPH
radical (approximately 65%) compared to standard butylated
hydroxytoluene (90%). Substitution of the aromatic ring with
electron-withdrawing groups appears to reduce the antioxidant
ability of these Mannich bases.

A large number of phenolic Mannich bases have been reported
in the literature as potential antioxidants. Antioxidant activity of
two phenolic Mannich bases 278 derived from thymol (Fig. 53) has
been assessed by means of xanthine oxidase inhibition test for the
cell-free system, and by inhibition of lipid peroxidation using rat-
liver homogenate [430]. Both candidates, and especially Mannich
base 278 having morpholine as amine moiety, presented enhanced
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Fig. 53. Antioxidant Mannich bases generated from various substrates.

antioxidant activity in both tests compared to parent thymol. Three
phenolic Mannich bases 114 (NR'R®> = 4-CH30CgH4NH, 1-
piperidinyl and  4-morpholinyl) derived from  4,6-
diacetylresorcinol (Fig. 22), designed primarily as anti-
inflammatory agents, were also evaluated for their ability to
inhibit lipid peroxidation; results showed that these candidates
were more efficient than indomethacin at preventing lipid perox-
idation, and that the antioxidant activity may be correlated with
their ulcerogenic activity [398]. Only three Mannich bases 257
(Fig. 48), all of them having piperidine as the amine moiety
(NR, = 1-piperidinyl), showed moderate to high ability in scav-
enging DPPH radical (49—74% of DPPH scavenging ability of stan-
dard gallic acid), while the rest of the candidates were either poor
scavengers of DPPH radical, or failed to react with DPPH radical at
all [399]. Although all of the phenolic Mannich bases 197 showed
efficiency as antioxidants in various degrees, candidates 197
(NRy = diphenylamino, 4-morpholinyl, 1-piperazinyl) (Fig. 36)
were the most potent scavengers of hydrogen peroxide, their ac-
tivity being comparable to that of standard ascorbic acid, but
inferior to that of standard butylated hydroxyanisole [302].
Selected tacrine—8-hydroxyquinoline hybrids 279 (R! = R*> = H,
n=7;R'=CHs, R®*=H,n=6;R! =H, R? = Cl, n = 7) (Fig. 53), that
were developed primarily as agents for the treatment of Alz-
heimer's disease, exhibited also potent peroxyl radical absorbance
capacities (2.6—4.7 Trolox equivalents/umol of Mannich base), as
determined by means of ORAC-FL method (oxygen radical absor-
bance capacity by fluorescence) [431].

Phenolic Mannich bases of natural flavanones have been
designed and synthesized with the view to improve antioxidant
efficiency, bioavailability and water solubility of parent flavanones.
Only three Mannich bases 41 (R = OH, R! = H, R? = 1-pyrrolidinyl,
diethylamino or diisopropylamino) of apigenin (Fig. 7) exhibited
antioxidant activity greater than that of apigenin, while the rest of
candidates 41 presented antioxidant activity comparable to that of
apigenin [58]. Antioxidant activity of these apigenin derivatives
was concentration-dependent, and DPPH radical scavenging ability
of the most potent Mannich bases 41 was almost the same as that of
the standard ascorbic acid at a concentration of 1.25 mg/mL. Scu-
tellarein was also aminomethylated to give Mannich bases 41
(R=R! = OH, R? = aminomethyl), which had the ability to scavenge
50% of DPPH radical in the sample at concentrations ranging from
24 to 33 puM, but no comparison with a well-established antioxidant
was provided in the study [432]. Mono- and bis-Mannich bases 280
(NR; = 4-morpholinyl, 6,7-dihydroxyisoquinolin-2-yl,

Z—CHy—quercetin, where Z = piperazine, N,N'-dimethylethylene-
diamine) of quercetin (Fig. 53) were synthesized and evaluated as
inhibitors of photooxidation of A2E (a pigment of the lipofuscin of
retinal pigment cells, thought to play a role in macular degenera-
tion) [433]. These candidates showed sufficient antioxidant ability
to inhibit noncellular and intracellular photooxidation of A2E, and
were superior as antioxidants to quercetin itself. On the other hand,
phenolic Mannich bases obtained from other known antioxidants
such as sesamol or 1-(2-hydroxy-4-methoxyphenyl)-3-
phenylprop-2-en-1-one were ineffective inhibitors of A2E photo-
oxidation at 200 pM [433].

Phenolic Mannich bases of chalcone analogues such as candi-
dates 258 (R! = 2-F, 2-Cl, 2-Br, 3-F, 3-Cl, 3-Br) (Fig. 48) were modest
to poor scavengers of DPPH radical (3—58% reduction of DPPH ab-
sorption) compared to standard quercetin (86% reduction of DPPH
absorption) [400]. Results for DPPH scavenging ability of phenolic
Mannich bases derived from other chalcone analogues obtained in
a different study are also in line with the antioxidant data recorded
for Mannich bases 258, as the greatest reduction of DPPH absorp-
tion was only 13% at concentrations as high as 1 mM of Mannich
base [401]. However, one candidate in this series scavenged su-
peroxide radical efficiently, while another candidate was a potent
inhibitor of heme dependent lipid peroxidation [401].

Several Mannich bases 133g derived from 5-(2-thienyl)-2,3-
dihydro-1,2,4-triazol-3-thiones (Table 1) were as efficient antioxi-
dants as standard ascorbic acid (over 90% reduction of DPPH
radical), and showed enhanced antioxidant activity over the parent
2,3-dihydro-1,2,4-triazole-3-thiones [172]. A series of Mannich
bases 139  (R! = 2,3-dihydrobenzo[b][1,4]dioxin-6-y],
NR; = substituted primary arylamines) (Table 2) were designed as
antioxidant agents, and were evaluated using scavenging DPPH
radical assay, scavenging 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) radical cation (ABTS) assay, and ferric reducing
antioxidant power assay [434]. More than half of these Mannich
bases showed greater DPPH radical scavenging ability than butyl-
ated hydroxytoluene (IC59 = 44 uM), and seven of them exhibited
greater antioxidant activity than Trolox (ICs¢p = 30 uM) in the same
assay. A few candidates 139 with high DPPH scavenging activity,
along with other Mannich bases 139, were also very good scaven-
gers of ABTS radical cation (their activity was greater than that of
Trolox). In ferric reducing antioxidant power assay, three Mannich
bases 139 showed better activity than Trolox, and other seven were
more potent than butylated hydroxytoluene. Mannich bases 139
(R! = 2,3-dihydrobenzo[b][1,4]dioxin-6-yl, NRy = 2,6-F,CgH4 or



792

NR, = 3,4,5-F3CgH3) were the only compounds to exhibit high
potency in all three assays, and they were also more efficient than
Trolox in inhibiting lipid peroxidation in mice liver microsomes
homogenate [434].

N-Mannich bases 149 of succinimide (R' = H or phenyl,
NR, = NHCgHs, 2-pyridinyl) (Fig. 27) and an N-Mannich base of
phthalimide showed moderate DPPH scavenging activity compared
to standards vitamin C and vitamin E, while their ability to inhibit
peroxidation of linoleic acid was moderate to weak [215]. Also,
several N-Mannich bases 166 of saccharin (Fig. 29) were antioxi-
dants as potent as standard ascorbic acid in the ABTS assay, and
more potent antioxidants than saccharin itself [237]. N-Mannich
base 281 derived from a 3,5-disubstituted pyrazoline (Fig. 53) had
DPPH scavenging and nitric oxide scavenging activities comparable
to standard antioxidants ascorbic acid and rutin; the presence of
the phenolic hydroxyl group could be responsible for the antioxi-
dant activity of this compound [435]. Finally, antioxidant activity of
two C-Mannich bases 282 of uracil (Fig. 53) was determined by
means of measuring the rate of oxidation of 2-propanol [436];
addition of compounds 282 to the reaction mixture reduces the rate
of oxidation to levels comparable to the rate of oxidation in the
presence of butylated hydroxytoluene.

12. Agents for blood pressure regulation

A small number of studies deal with the investigation of Man-
nich bases as antihypertensive agents. Phenolic Mannich bases
appear to be particularly remarkable as blood pressure-lowering
substances. Several single and double Mannich bases of various
phenols and having thiomorpholine as amine moiety showed a
gradual effect on systolic, diastolic and mean arterial pressure,
starting at a dose 0.1 mg/kg; in the case of reference drugs captopril,
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losartan and omapatrilat, the same effect was noticeable at
0.001 mg/kg [437]. In a manner similar to the aforementioned
reference drugs, these phenolic Mannich bases also induced a
gradual (but significant) reduction of heart rate in anesthetized
mice. Double Mannich base 283 (Fig. 54) emerged as a valuable
candidate, with one of the lowest effective dosage in this collection,
while exhibiting the highest antihypertensive activity in conscious
spontaneous hypertensive rat model [437]. The same researchers
examined the antihypertensive effect of double Mannich base 284
with a 1,4-dihydropyridine moiety in its structure (Fig. 54), but the
results showed that the activity of this candidate was inferior to
that of double Mannich base 283, presumably due to the change in
bulkiness of the substituent para to the phenolic hydroxyl [438].
The presence of two aminomethyl functions in the structure of 284
may have been essential in preserving the antihypertensive activity
of this candidate to a reasonable level, while replacement of thio-
morpholine in 283 with morpholine in 284 could be also the cause
for the poorer antihypertensive properties of candidate 284 relative
to those of Mannich base 283.

In an attempt to synthesize aminomethylated 4-(naphthyloxy)
butanoic acids (e.g., compound 285, Fig. 54) as analogues of pro-
pranolol, Tandon et al. claim to have obtained O-Mannich bases 286
of 2-naphthol (Fig. 54) instead of the desired compound in the case
of 4-(naphthalen-2-yloxy)butanoic acid; however, amino acids 285
were obtained when 4-(naphthalen-1-yloxy)butanoic acid was
subjected to aminomethylation [439]. At a concentration of 5 mg/
kg, candidate 285 (NR, = 1-piperidinyl) lowered blood pressure in
anesthetized cats similarly to propranolol, while compound 286
(NRy = 4-phenylpiperazin-1-yl) was superior to propanolol at the
same dose (fall of blood pressure of 60 mm Hg, duration of the
effect of 120 min). It is also worth mentioning that the antihyper-
tensive effect of a C-Mannich base of 2-naphthol, namely 1-
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Fig. 54. Mannich bases as agents for blood pressure regulation.
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pyrrolidinylmethyl-2-naphthol 287 (Fig. 54), was reported in an
earlier publication [440].

A large collection of Mannich bases 288 (Rl = H, CHs, C3Hs,
CH,CH(CH3),, CgHs, OCH3, Cl) (Fig. 54) was evaluated for antihy-
pertensive activity by the non-invasive tail cuff method, and several
candidates were found to significantly reduce mean arterial blood
pressure, albeit at higher doses than reference drug hydralazine
[441]. The presence of alkyl groups as substituent R! seems to be
favorable for the antihypertensive activity, whereas the nature of
the amine moiety does not appear to influence the activity.

Several Mannich bases 289 (R! = CH3, CoHs, n-C4Hog, CH2CgHs;
R? = CHs, C¢Hs) of imidazo[1,2-a]benzimidazoles (Fig. 54) were
found to reduce arterial blood pressure in anesthetized rats with
20% at doses that were lower than the dose at which reference drug
dibazole produces the same effect (22 mg/kg) [442]. Analogous
aminomethylated imidazo[1,2-a]benzimidazoles 290 (R! = CH3, n-
C4Hg, CHyCgHs) (Fig. 54) were more efficient antihypertensive
agents than Mannich bases 289, as they reduce arterial blood
pressure with 20% at doses lower than those recorded for candi-
dates 289.

Several octahydroquinazoline derivatives 291 (R = H, 2-F, 4-F, 4-
Cl, 4-Br, 4-CHs, 4-OH) (Fig. 54) were obtained through a double
Mannich reaction starting from 3-(4-chlorophenylamino)-5,5-
dimethyl-2-cyclohexenone and arylamines, and were shown to
produce insignificant changes in both arterial blood pressure and
heart rate at a dose of 5 mg/kg [443]. However, derivatives 291
(R = OCH,CONHN=CHCgH4R, R! = H, 4-CH3, 4-NO,) of a candidate
in the initial series afforded significant decreases in both systolic
and diastolic arterial blood pressure, with rapid onset of action
(5 min) and minor decrease of heart rate in anesthetized male adult
albino rats [443]. On the other hand, candidate 291 (R = 4-Cl)
produced a time-dependent significant increase in both systolic
and diastolic arterial blood pressure, without causing tachycardia
for 30 min, which makes this compound useful for treatment of
hypotension.

13. Antiparasitic activity

A small number of studies report the activity of Mannich bases
against parasites other than Plasmodium spp. Among these para-
sites, which are the cause of parasitic infections especially in
developing countries, different species from the Trypanosomatidae
family are pathogenic to humans and cause African trypanosomi-
asis  (sleeping sickness, Trypanosoma brucei), American
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trypanosomiasis (Chagas' disease, Trypanosoma cruzi) or leish-
maniasis (Leishmania spp.). In addition, one study investigated the
activity of Mannich bases against Entamoeba histolytica, and one
study reported the anti-Schistosoma activity of Mannich bases
derived from praziquantel.

All parasitic protozoa belonging to Trypanosoma spp. have a
unique thiol metabolism based on the flavoenzyme trypanothione
reductase. This enzyme could be therefore considered a promising
target for rational drug design against African sleeping sickness,
Chagas' disease, and different forms of leishmaniasis, owing to its
absence of in the mammalian host, the structural differences to
related host enzymes, and its essential role for parasite survival.
Because unsaturated ketonic Mannich bases react readily with
thiols, and because several such compounds were shown to be
efficient mechanism-based inhibitors of P. falciparum thioredoxin
reductase [338], a study concerning the ability of these compounds
to interact with both trypanothione reductase and free trypano-
thione was undertaken [444]. Candidates 292
(NR; = dimethylamino, 1-piperidinyl, 4-morpholinyl) (Fig. 55)
inactivated trypanothione reductase, but only in the presence of
NADPH, suggesting that reduction of this enzyme prior to its
interaction with the Mannich base is essential. The divinyl ketone
arising from the deamination of candidates 292 is the actual in-
hibitor, and its activity against trypanothione reductase was higher
than that of parent Mannich bases; unfortunately, this divinyl ke-
tone was also too reactive to be considered a drug candidate.
Mannich bases 292 displayed only modest activity against all
strains of intracellular parasites, which may be explained by reac-
tion with glutathione present in millimolar concentrations in the
cytosol of the mammalian host cells. Nonetheless, they showed a
significant effect against extracellular T. b. rhodesiense, which might
(at least partially) be due to their high reactivity toward trypano-
thione reductase and trypanothione. With trypanothione reductase
validated as a drug target in trypanosomiasis, design and synthesis
of novel unsaturated Mannich bases based on melaminophenyl
arsenical drug melarsoprol was subsequently pursued [445]. Can-
didates 293 (R' = Cl, H, CH3) (Fig. 55) were efficient in vitro try-
panothione reductase inhibitors, and while they did not display any
significant activity in cell-based assays against T. cruzi, they were
active towards T. brucei. The presence of the melamine residue para
to the enone motif did not result in any improvement in the try-
panocidal potency of 293 (R! = CI) compared to hit compounds 292.
However, the presence of the melamine residue meta to the enone
motif significantly lowered the ICsg values of Mannich bases 293
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Fig. 55. Antiparasitic Mannich bases.
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against the human cell line used in the study, which is indicative of
these compounds' high cytotoxicity. On the other hand, phenolic
Mannich base 294 (Fig. 55) was basically inactive towards all par-
asites. Mannich bases 293 were taken up effectively into cells
despite the absence of P2 and HAPT1 carriers, which suggests that
the main route of entry for these compounds was not through
aminopurine transporters.

Stemming from the observation that heterocyclic pyrazolopyr-
idine ring system can be considered analogous to quinoline, and
because aminoquinoline derivatives are efficient antimalarials,
several derivatives featuring the pyrazolopyridine scaffold were
designed and tested against Leishmania amazonensis, in the evol-
utive form of promastigotes [446]. Thus, both Mannich bases 295
(R! = CgHs, R?> = CH3, CgHs) (Fig. 55) are active antileishmanial
agents with ICsg values of 390 and 120 nM, whereas aminoquino-
line derivative amodiaquine had IC5g = 890 nM. From the struc-
ture—activity point of view, the results suggest that
pyrazolopyridine ring system is a bioisostere of quinoline, and that
the presence of the carbethoxy group in the structure of candidates
295 does not influence significantly the biological activity.

Amebiasis is a contagious disease of the human gastrointestinal
tract that is caused by parasitic protozoa E. histolytica. All the can-
didates in a small library of piperazine Mannich bases 139d of 5-(4-
pyridinyl)-2,3-dihydro-1,3,4-oxadiazole-2-thione (Table 2) were
active against HM1:IMSS strain of E. histolytica, but only three of
them were more potent than reference drug metronidazole
(ICsp = 1.81 uM) [447]. The amine residues in the aminomethyl
function of these active Mannich bases were 4-ethylpiperazin-1-yl
(ICs5p = 327 nM), 4-(4-fluorophenyl)piperazin-1-yl (IC5g = 245 nM),
and 4-(2-methoxyphenyl)piperazin-1-yl (IC59 = 1.06 uM). In addi-
tion, cytotoxicity of these antiamoebic candidates was low (in the
concentration range of 2.5—250 uM).

Out of four newly synthesized Mannich bases 296 of prazi-
quantel (Fig. 55), two candidates (NR, = N(CsH7-n); and
NHCH,CH,0H) exhibited significant in vitro anti-Schistosoma ac-
tivity (100% worm killing at 40 pM and 30 pM, respectively), but
they were not as efficient as praziquantel itself (100% worm killing
at 10 pM) [448].

14. Inhibitors of platelet aggregation

Platelets are crucial for hemostasis, as they connect to one
another through receptor bridges, form aggregates, and finally plug
the tear in the interrupted endothelium. However, the aggregation
of platelets leading to formation of clots can also be triggered by
irregularities on the vessel wall, resulting in abnormal clot forma-
tion, which is the primary factor in the development of thrombotic
disorders such as unstable angina, myocardial infarction, stroke and
peripheral vascular diseases, especially when it occurs in the cor-
onary artery. Platelet aggregation is also initiated by endogenous
substances, such as collagen, thrombin, prostaglandin endoperox-
ides, thromboxanes, arachidonic acid, adenosine diphosphate
(ADP), etc. Inhibition of platelet aggregation represents a promising
strategy for the treatment of thrombotic diseases, and several
studies have reported the activity of Mannich bases as inhibitors of
platelet aggregation.

Several types of phenolic Mannich bases represented by struc-
tures 24—32 (Fig. 6) were also evaluated as inhibitors of platelet
aggregation induced by ADP or collagen at concentrations of 20 pM
or 10 pg/mL, respectively [449]. Numerous candidates having
various structures showed good inhibitory effects and were more
potent than reference drug clopidogrel, whereas nine compounds
in this collection exhibited inhibitory activity in the range of
90—100% in both models. Good platelet aggregation inhibitory ac-
tivity was associated with the presence of a pyridyl moiety as ring B

in the structure of chalcone analogues, and also by the presence in
ring A of a hydroxy group meta to the carbonyl function.

Phenolic Mannich bases 41 (R = R! = OH, R?> = aminomethyl) of
scutellarein (Fig. 7) were investigated as thrombin inhibitors, and
their influence on several parameters such as prothrombin time,
activated partial thromboplastin time, thrombin time and fibrin-
ogen was determined [432]. All of these candidates showed greater
thrombin inhibitory activity compared to parent scutellarein.
Mannich base derived from scutellarein and containing a mor-
pholinyl residue in the aminomethyl function was the most potent
of all, and was subsequently selected for molecular docking ex-
periments with thrombin. These experiments revealed that the
morpholinylmethyl group occupies deep pocket S3 of the thrombin
binding site, whereas the scutellarein part of the inhibitor's mole-
cule is anchored by three hydrogen bonds within the active site.

The effect of Mannich bases 289 (R! = CHs, CoHs, n-C4Ho,
CHzCGHs: RZ = CH3, C5H5) and 290 (Rl = CH3, Tl—C4H9, CH2C5H5:
R? = H, COOC,Hs) of imidazo[1,2-a]benzimidazoles (Fig. 54) on
ADP-induced aggregation of rabbit thrombocytes was studied
in vitro [442]. Several candidates 289 and most candidates 290
were found to have lower effective concentrations (ECsg) at which
they decrease the degree of aggregation by half than reference drug
acetylsalicylic acid.

Cellular effects of thrombin, including platelet aggregation,
are mediated through the activation of thrombin receptor PAR-1
belonging to the family of four G-protein-coupled receptors
called protease-activated receptors. PAR-1 has become an
attractive drug discovery target, and peptide-mimetics or small
organic molecules with PAR-1 antagonist properties have already
been designed and synthesized. An indole Mannich base motif
has been incorporated in the structure of a series of novel
peptide-mimetics 297 (R = 4-CH30CgH4CH;, 3,4-F>CgH3CHoy,
naphthalen-1-ylmethyl, naphthalen-2-ylmethyl) (Fig. 56)
capable to bind to PAR-1 [450]. The ability of these candidates to
inhibit PAR-1-induced platelet aggregation has been tested by
measuring the degree of aggregation of human platelets, and also
by establishing the degree of inhibition of contraction of aortic
rings. Compounds 297 (R = 4-CH30CgH4CH,, 3,4-F,CgH3CH3)
belonging to the series of 6-aminoindole derivatives were the
most potent candidates, with values of inhibitory concentration
that were about 5 times lower than reference compound
RW]J54003 for 75% inhibition of platelet aggregation. In addition,
these results were confirmed by the enhanced inhibitory activity
of these two candidates on the contraction of aorta rings when
compared to the activity of RWJ54003, an effect that became
more evident with the increase of PAR-1 dose. Candidates in the
series of 5-aminoindole derivatives were found inactive or weak
inhibitors in both assays.

15. Anti-ulcer activity

Anti-ulcer agents are a class of drugs used to treat ulcers in the
stomach and the upper part of the small intestine. Acid peptic
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Fig. 56. Inhibitor of PAR-1-induced platelet aggregation 289.
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Fig. 57. Various Mannich bases as antiulcer agents.

disease is a chronic pathology that affects millions of people
worldwide, and it has been estimated that 10% of the world pop-
ulation will develop this condition in their lifetime [451]. An
imbalance between aggressive factors (such as gastric acid, Heli-
cobacter pylori infection, excessive intake of anti-inflammatory
drugs, immoderate consumption of alcohol, high concentrations
of reactive oxygen species) on one hand, and protective factors (e.g.,
mucus, bicarbonate anion, prostaglandins, good blood flow, effi-
cient cellular repair, endogenous and exogenous antioxidants) on
the other hand is considered to be the cause of ulcers. Treatment of
ulcers and their symptoms relies on pain relievers, antiacids and
cytoprotective agents to allow the healing of ulcers, and agents to
prevent the recurrence of ulcers, such as proton pump inhibitors,
muscarinic antagonist pirenzepine or H2 receptor antagonist
cimetidine.

The ability of Mannich bases to act as anti-ulcer agents has been
reported in a small number of studies. Anti-ulcer activity of S-
aminomethyl derivatives 170 generated from 4,6-diaryl-2-
mercaptopyrimidines (Fig. 29) as substrates and secondary
aliphatic amines as amine reagents in the Mannich reaction was
evaluated in vivo using aspirin-induced ulcer model in albino rats
[241]. Based on the ulcer score, the mean ulcer index and the de-
gree of protection were calculated and compared to those of
reference drug omeprazole. Five candidates 170 (R! = 4-CICgHa,
R! = 3-NO,CgH, or 4-CH30CgH,) offered more than 50% protection,
while other five Mannich bases 170 (R! = 4-CICgHg4, R = 4-CICgHa,
3-NO,CgHy4 or 4-(H3C);NCgHy4) had only moderate anti-ulcer ac-
tivity (approximately 30% protection) compared to omeprazole
(99% protection).

Aminomethylation of 1,4-dihydropyrimidines with sulfanil-
amide as amine reagent afforded Mannich bases 298 (Fig. 57),
whose ability to reduce the volume of acid secretion was deter-
mined by pyloric ligation method [452]. Three candidates 298
(R = 4-CH30CgH4, 3-CH30-4-HOCgH3, 2-furyl) presented good anti-
ulcer activity (ulcer indices in the range of 0.18—0.35 at a dose of
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10 mg/kg), while reference drug omeprazole had an ulcer index of
0.08 at a dose of 1 mg/kg.

A small number of furo|[3,2-g]flavones of type 299 (R! = CgHs, 4-
ClCgH4, 3-pyridinyl; R? = H or CH3) and 300 (R! = CgHs, 3-pyridinyl)
(Fig. 57), aminomethylated either at position 6 or 9, have been
evaluated as gastroprotective agents using the ethanol-induced
gastric ulcer model in rats [453]. The mean values of the protec-
tion index for these Mannich bases were in the range of 20—44%,
and no comparison with an anti-ulcer reference drug was provided
in the study. The best three candidates 299 (R! = 3-pyridinyl,
R%? = CH3, NRy = 4-methylpiperazin-1-yl), 300 (R! = 3-pyridinyl,
R? = OCH3, NR; = 4-methylpiperazin-1-yl) and 300 (R! = CgHs,
R% = H, NR; = 4-morpholinyl) have a methoxy group at position 4
as a common structural feature; the corresponding Mannich bases
having a hydroxyl group instead of methoxy were significantly less
active.

16. Agents for treatment of mental disorders

Mental disorders comprise a broad range of problems, with
different symptoms, generally characterized by some combination
of abnormal thoughts, emotions, behavior and relationships with
others. Common neurological conditions labeled as mental disor-
ders include depression and anxiety, while schizophrenia and bi-
polar disorder stand out as mental disorders that are severe and
disabling. Untreated mental, neurological and substance use dis-
orders exact a high toll, accounting for 13% of the total global
burden of disease, while unipolar depressive disorder is the third
leading cause of disease burden, accounting for 4.3% of the global
burden of disease. Current predictions indicate that depression will
be the leading cause of disease burden globally by 2030 [454]. A
range of different types of treatment for mental disorders are
available, and the most suitable treatment depends both on the
disorder and on the individual. A major option for many mental
disorders is psychotherapy, while another option is psychiatric
medication. Amongst several groups of drugs that are currently
employed in psychiatric medication, antidepressants treat clinical
depression as well as anxiety and a range of other disorders, an-
xiolytics (including sedatives) are used for anxiety disorders and
related problems such as insomnia, mood stabilizers are used pri-
marily in bipolar disorder, and antipsychotics are used for psychotic
disorders, notably for positive symptoms in schizophrenia.

Selective serotonin reuptake inhibitors (SSRIs) play an impor-
tant role in pharmacotherapeutic treatment of depression. In an
attempt to modify the general SSRI structural motif of y-phenox-
ypropylamine, two ketonic Mannich bases 301 (R = Cl, Br) (Fig. 58)
derived from 4-chloro- and 4-bromoacetophenone as substrates
and 4-benzylpiperidine as amine reagent were synthesized, the

o

Q\ N\J
NTN
S/JQN ]

302 303

305

Fig. 58. Mannich bases as agents for treatment of mental disorders.
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carbonyl function in these amino ketones was subsequently
reduced, and the resulting secondary hydroxyl was then converted
into an ether group through reaction with 1-chloro-4-
trifluoromethylbenzene [455]. Although the designed SSRI ana-
logues targeted in this study showed no antidepressant activity, the
intermediate ketone Mannich bases 301 were as effective as
reference drugs fluoxetine, sertraline or imipramine at similar
dosage in a validated experimental model of depression in mice
such as the forced swimming test.

An innovative computer-assisted approach based on the Pre-
diction of Activity Spectra for Substances (PASS) has been applied
for the discovery of new anxiolytics [456]. An initial database
comprising 5494 structures was generated by virtual combinatorial
design of highly diverse chemical compounds, including different
types of heterocycles such as thiazoles, pyrazoles, isatins, fused
imidazoles, with the view to increase the probability of finding new
chemical entities as anxiolytics. Out of the eight hits obtained from
this database, four candidates were Mannich bases. Ketonic Man-
nich base 302, Mannich base 303 derived from an imidazo[2,1-b]
benzo[d]thiazole and two Mannich bases 304 (R' = F, R> = CHj;
R! = NO,, R? = CgH5) derived from imidazo[1,2-a]pyridines (Fig. 58)
were synthesized and tested as potential anxiolytics using the
conflict situation test. All of the candidates showed an anxiolytic
effect that was comparable or greater than that of reference drug
medazepam. Mannich base 304 (R! = NO,, R? = CgHs) was the most
potent anxiolytic in this study, being two times more potent than
medazepam.

A collection of compounds sharing a benzoxepin scaffold as
common structural feature was evaluated for their seda-
tive—hypnotic effect using phenobarbital-induced sleep test [457].
Among these compounds, three ketonic Mannich bases 305
(NR, = 1-piperidinyl, 4-methylpiperazin-1-yl, 4-morpholinyl)
(Fig. 58) decreased the onset of phenobarbital-induced sleep and
prolonged the duration of hypnosis when administered in a dose
equimolar to that of reference drug phenobarbital. The hypnotic

R
N/\/X\/\N z
H H

312

Cl N//
Ly
(o)
313

activity of candidates 305 (NR; = 1-piperidinyl, 4-methylpiperazin-
1-yl) was comparable to that of phenobarbital, while Mannich base
305 (NR, = dimethylamino) exhibited only moderate activity, and
Mannich base 305 (NR, = 4-(2-chlorophenyl)piperazin-1-yl) was
virtually inactive. Therefore, the nature of the amino residue in
these Mannich bases seems to have a significant impact on their
hypnotic activity.

17. Miscellaneous biological activities

In addition to biological activities of Mannich bases presented so
far, isolated studies were found to report various other biological
activities for Mannich bases. These singular results are covered in
this section, without any attempt to arrange them in a systematic
order.

Two phenolic Mannich bases derived from 2,4- and 2,6-di-t-
butylphenol as substrates and dimethylamine as amine reagent
were evaluated as hepatoprotective agents against experimental
toxic hepatitis induced by tetrachloromethane. The degree of liver
damage was evaluated in terms of alanine aminotransferase ac-
tivity in blood serum and malonic dialdehyde content in liver ho-
mogenates. Even at a dose of 10% of the corresponding LDsg, the
ability of these two candidates to diminish the hepatotoxic action of
tetrachloromethane was superior to that of reference compound
emoxypine [458]. In addition, in an assay using the same
tetrachloromethane-induced hepatitis model, two acetylenic
Mannich bases 275 (X = O or CH;) with a betulonic acid scaffold
(Fig. 51) were shown to decrease alkaline phosphatase activity and
lower alanine aminotransferase and aspartate aminotransferase
activities in blood serum compared to control [425].

Acetylenic Mannich base 306 (Fig. 59) was tested on guinea pig
spontaneously beating atria with a view to evaluate its negative
chronotropic activity, but the potency of this candidate was
approximately four times lower than that of bradycardic agent
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Fig. 60. Mannich bases as inhibitors of cholinesterases.
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zatebradine, and was therefore excluded from subsequent testing
as blocker of hyperpolarization-activated current [459].

Ondansetron analogues 307 (R! = CHs) having a piperazine
moiety instead of imidazole (Fig. 59) were synthesized and evalu-
ated as anti-emetic agents using a retching model [460]. All the
candidates were effective to some extent when administered at a
dose of 8 mg/kg, but only Mannich base 307 (R = 2-pyrimidinyl)
had anti-emetic activity comparable to that of reference drug
ondansetron at low dosage (2 mg/kg).

Several 7-aminomethylated p-thujaplicin analogues 308
(Fig. 59) were tested against oxidative stress-induced death of HT22
cells following exposure to glutamate [461]. Piperazine-containing
Mannich bases 308 were more potent than parent B-thujaplicin in
protecting glutamate-challenged HT22 cells, with ECso values
ranging from 0.08 to 1.7 uM. Because the most potent candidates
were those having a chroman moiety as substituent at N4 in the
piperazine residue, the high in vitro neuroprotective activity of
these Mannich bases may be due to the potent antioxidant effect
imparted by the chroman moiety. Analogous morpholine Mannich
base 308 was also active in protecting HT22 cells from oxytosis, but
it was less active than the piperazine-containing B-thujaplicin de-
rivatives. The presence of the isopropyl group also seems to be
important for the neuroprotective activity of these compounds,
since an analogous Mannich base derived from tropolone was not
active.

Estrogen deficiency after menopause is one of the most common
causes of osteoporosis. Hormone replacement therapy is widely
used to prevent bone loss, although it presents potential drawbacks
such as increased risk of uterine bleeding and/or hyperplasia,
increased risk of endometrial, breast or ovarian cancer, higher
occurrence of myocardial infarction, cardiovascular disease, etc.
Conjugate 309 of 17B-estradiol and iminodiacetic acid (Fig. 59) was
designed as an estrogen-containing, bone-seeking agent that could
prevent bone loss with lesser side effects, and was subsequently
synthesized by means of the Mannich reaction [462]. Mannich base
309 showed significant affinity for bone, but lower affinity for ovary
and uterus than 17B-estradiol, while it maintained 92% of the af-
finity of 17f-estradiol for osteoblast estrogen receptors. Candidate
309 did not induce uterine hypertrophy, and lower levels of
biochemical markers of bone turnover (e.g., osteocalcin, alkaline
phosphatase, C-terminal telopeptide fragment of type I collagen C-
terminus) were found in the group of rats treated with 309 than in
ovariectomized rats, which suggests decreased bone turnover.
Administration of candidate 309 improved bone mineral density
and trabecular architecture after ovariectomy, but did not suppress
body weight increase. These results suggest that compound 309 is
effective in preventing ovariectomy-induced bone loss while
exhibiting exhibited fewer adverse side effects than 17B-estradiol,
making Mannich base 309 a better choice for the prevention of
postmenopausal osteoporosis.

Three bis-P-Mannich bases 310 (R! = R? = CH3; R'—R? = (CH)3;
R'—R? = (CHy)4) (Fig. 59), derived from diethyl phosphite as sub-
strate and amino acids as amine reagents in the Mannich reaction,
have been used to investigate the induction of adipogenic or
osteogenic differentiation of mesenchymal stem cells isolated from
human adipose tissue (hMADS cells) [463]. Candidates 310 did not
affect the adipocyte differentiation, but induced the inhibition of
osteoblast formation without any detectable cytotoxic effect,
whereas reference drug sodium alendronate elicited a cytotoxic
effect even at the lowest concentration used in the study (10~7 M).

Therapeutic efficacy and toxicity profiles of ketonic double
Mannich base 311 (Fig. 59), a putative immunosuppressant which
preferentially inhibited JAK3 as opposed to several other kinases,
were examined [464]. Candidate 311 blocked IL-2-induced activa-
tion of JAK3 and its downstream substrates STAT5a/b, while it failed

to inhibit several other enzymes, including growth factor receptor
tyrosine kinases, Src family members, and serine/threonine protein
kinases. Mannich base 311 alone prolonged kidney allograft sur-
vival and induced transplantation tolerance, and its combination
with cyclosporin A presented therapeutic synergism. Candidate 311
showed no nephrotoxicity, did not affect hematopoiesis or lipid
metabolism, and was not metabolized by the cytochrome P450 3A4
isoform. Therefore, because Mannich base 311 prolongs allograft
survival without several toxic effects associated with current
immunosuppressive drugs, it may provide significant clinical ben-
efits for transplant patients.

18. Mannich bases as enzyme inhibitors

An important number of studies report the activity of Mannich
bases as enzyme inhibitors. Although the studies covered in this
section usually validate the importance of the topic through a
rational and evidence-supported connection between the enzyme
under scrutiny and a certain medical condition, they only examine
the action of Mannich bases as enzyme inhibitors, and do not
provide any experimental evidence that these Mannich bases could
be actually useful agents for the treatment of specific medical
conditions.

18.1. Inhibitors of cholinesterases

Starting from tacrine, the first drug approved for the treatment
of Alzheimer's disease and a potent inhibitor of both acetylcho-
linesterase (AChE) and butyrylcholinesterase (BuChE), multifunc-
tional compounds 279 (Fig. 53) that combine neuroprotective,
antioxidant, metal-binding properties, and dual inhibition of AChE
and BuChE in a single small molecule have been designed and
synthesized through the Mannich reaction [431]. Tacrine—8-
hydroxyquinoline hybrids 279 were potent inhibitors of both
AchE and BuChE of bovine origin with ICs¢ ranging from sub-
micromolar to nanomolar concentrations. Candidates containing
an unsubstituted 8-hydroxyquinoline moiety and a methylene
tether of 7—10 carbon atoms had the most potent inhibitory ac-
tivities. Selected Mannich bases 279 were evaluated as inhibitors of
human cholinesterases, and they exhibited ICsq values in the range
of 0.5—5.5 nM against AChE, and in the range of 6.5—-55 nM against
BuChE. Mannich base 279 (R! = R* = H, n = 7) was the most potent
dual inhibitor of human AChE and BuChE in this library [431].

Other Mannich base hybrids 312 (Fig. 60) were designed as dual
binding site inhibitors of AChE by combining tacrine (a recognized
inhibitor of catalytic binding site of AChE) with the indanone
moiety of donepezil (known to be responsible for the binding of
this drug to the peripheral site of AChE) [465]. Their evaluation as
inhibitors of AChE (bovine erythrocyte) and BuChE (human serum)
using Ellman's method showed that the activity of two of these
candidates was modest, while the third candidate 312 (Z = H,
R = OCHj3, X=(CHy)3) exhibited moderate activity against AChE
(25 nM) and good activity against BuChE (0.6 nM). Apparently, the
difference in activity between these candidates is due to the
lengthening by one methylene group of the alkyl chain linking the
tacrine and indanone moieties.

2-Benzoxazolone mono-Mannich bases 313 (Fig. 60) derived
from secondary aliphatic amines or primary arylamines, and bis-
Mannich bases 314 derived either from primary aliphatic amines
(X = NR, R = CoHs, R1CgH4CH,CH,, R! = H, 4-Cl, 3,4-(CH30)) or
piperazine have been evaluated for AChE inhibitory activity using
Ellman's method. The degree of inhibition was in the range of
70—82% at a concentration of 1 mM, but decreased to 8—34% at
0.1 mM, whereas the degree of AChE inhibition by tacrine was
virtually the same at both concentrations (greater than 99%) [466].
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The most potent inhibitor in this series at both concentration was
bis-Mannich base 314 derived from piperazine.

Inhibitory activity against AChE and BuChE of phenolic Mannich
bases 58 (R! = H, CHs, allyl, prenyl; NRy = N(CH3)z, N(CoHs)p, 1-
pyrrolidinyl, 1-piperidinyl, 4-morpholinyl) of xanthone de-
rivatives (Fig. 10) was found to be moderate to good compared to
that of reference drug galantamine [467]. Candidates 58 derived
from diethylamine as amine reagent in the Mannich reaction were
generally the most potent inhibitors of both enzymes. The nature of
alkyl moiety R! modulates the selectivity of inhibitors 58 towards
one of these enzymes; thus, the most potent inhibitors of AChE
feature a methyl group as R!, whereas the increasing bulkiness of
this substituent appears to favor the inhibition of BuChE. Mannich
base 58 (R! = prenyl, NR, = N(CyHs),) was the most potent dual
inhibitor in this series, and molecular docking studies were per-
formed with the view to garner information on the binding mode of
this inhibitor with both enzymes.

18.2. Inhibitors of a-glucosidase

Several phenolic Mannich bases 315 of naturally occurring
flavanone oroxylin A (Fig. 61) were more potent inhibitors of in-
testinal a-glucosidase than parent oroxylin A, but the same candi-
dates were less potent than oroxylin A against yeast a-glucosidase
[468]. Nonetheless, the most potent inhibitor of intestinal o-
glucosidase in this series was still 5.5 less potent than reference
drug acarbose. Because all of the candidates 315 which failed to
inhibit both enzymes were derived from acyclic secondary amines
as amine reagents in the Mannich reaction, the alicyclic nature of
secondary amines may responsible for the good inhibitory activity
against a-glucosidases in this series.

Ketonic Mannich bases 316 derived from nabumetone (Fig. 61)
possess modest inhibitory activity against intestinal a-glucosidase
(approximately 20 mM), in addition to modest inhibitory activity
against another therapeutic target for type 2 diabetes mellitus,
obesity and related states of insulin resistance, namely protein-
tyrosine phosphatase 1B [469]. However, two Mannich bases 316
(R = H or 4-OH) were good agonists of peroxisome proliferator-
activated receptors, which are major regulators of lipid and
glucose metabolism. A novel series of inhibitors was designed by
retaining the nabumetone moiety, while sulfanilamide and 3-
amino-5-methylisoxazole served as amine reagents in the synthe-
sis of ketonic Mannich bases of type 317 and 318, respectively
(Fig.61)[470]. Candidates 317 were generally more potent inhibitors
of a-glucosidase than analogous 318, suggesting that sulfonamide
moiety is a more potent pharmacophore than aminoisoxazole.
Mannich base 317 (R = 4-Br) inhibited 80% of a-glucosidase activity
at a dose of 10 pg/mL. Replacement of the sulfonamide moiety with

4-aminobenzoic acid, with a view to mimic the acidic, hydrophilic
part of molecules with known antidiabetic activity, led to a novel
series of Mannich bases 319 (R' = H). A second series of candidates
319 (R! = CyH;) (Fig. 61) was also evaluated as a-glucosidase in-
hibitors, but their activity was generally poorer than that of Mannich
bases 319 (R! = H) derived from 4-aminobenzoic acid [471]. For
example, the most potent a-glucosidase inhibitor (67% inhibition) in
the series derived from 4-aminobenzoic acid was candidate 319
(R = 4-Cl, R! = H), while the degree of a-glucosidase inhibition of
analogous 319 (R = 4-Cl, R! = C,Hs) derived from ethyl 4-
aminobenzoate reached only 24%. As part of their search for anti-
diabetic agents within this type of ketonic Mannich bases, Yang et al.
also published a series of less accessible studies in Chinese, which
are referenced in the aforementioned articles.

18.3. Inhibitors of purine nucleoside phosphorylase

Purine nucleoside phosphorylase (PNP) catalyzes the phospho-
rolytic cleavage of inosine, guanosine and their 2’-deoxy analogues
to (deoxy)ribose 1-phosphate and hypoxanthine or guanine.
Genetical deficiency in PNP leads to complete T-cell deficiency early
in life and eventual death of infants from virus infections, and PNP
has been identified as a target for the treatment of T-cell lym-
phoma, rheumatoid arthritis, psoriasis, multiple sclerosis, and
other T-cell mediated disorders. A transition state analogue is a
compound that occupies the catalytic site of an enzyme and in-
duces the slow conformational changes that would normally occur
to place the catalytic site in the appropriate geometry for the search
that would locate the transition state with the normal substrate of
the enzyme. Schramm et al. have developed a series of Mannich
bases of 9-deazahypoxanthine as transition state analogues for
purine nucleoside phosphorylase inhibition, generally called
immucilins. Although aminomethylated purines and analogues
have been present within the first- and second-generation of PNP
inhibitors [472,473], they have been obtained through reductive
amination, and not through direct Mannich reaction. Because a
more expeditious synthesis of second-generation PNP inhibitors by
means of the Mannich reaction has been later developed [474], the
third generation of these inhibitors included several examples of
Mannich bases 320 (Fig. 62) obtained through direct amino-
methylation of substrate 9-deazahypoxanthine with amino alco-
hols such as ethanolamine, 3-amino-propan-1-ol, 4-amino-butan-
1-ol, diethanolamine and 3-(2-hydroxyethylamino)propan-1-ol as
amine reagents [475]. Unfortunately, all these candidates obtained
through direct aminomethylation proved to be modest or poor
inhibitors of PNP (dissociation constants K; in the range of 780 to
120,000 pM) compared to other Mannich bases previously inves-
tigated, such as 321 (DADMe-immucilinH, Kj = 8.5 pM) or 322
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Fig. 61. Mannich bases as inhibitors of a-glucosidase.
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(DADMe-immucilinG, K; = 7.0 pM) (Fig. 62). Nonetheless, this study
identified two acyclic, simplified alternatives of immucilin ana-
logues, namely 323 (K; = 9.0 pM) having an open-chain amino
alcohol with two asymmetric carbon atoms, and 324 (Kj = 5.0 pM)
derived from achiral dihydroxyaminoalcohol seramide (Fig. 62), as
potent inhibitors of PNP. Because the enantiomers of both immu-
cilinH and DADMe-immucilinH 321 have been shown to have PNP
binding properties that differ considerably [476], and since access
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to enantiomerically pure starting azasugar employed for the gen-
eration of 322 requires a suitable enzyme-based route, the dis-
covery of the two simpler Mannich bases 323 and 324 represents a
significant step forward in the development of clinically useful PNP
inhibitors. Sulfur-containing transition state analogues have been
developed as well, originally as specific inhibitor of PNP from
P. falciparum, but it was later shown that sulfur-containing candi-
dates analogous to DADMe-immucilinH 320 or Mannich base 323
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Fig. 63. Mannich bases as inhibitors of various enzymes.
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also bind to human native PNP [477]. Although human PNP toler-
ates substitution of 5’-hydroxyl in transition state analogues 321
and 324 with alkylthio and arylthio groups, the slow-onset nature
of inhibition is lost, and inhibitor dissociation constants increase by
two to three orders of magnitude. Fluorine-containing analogue
325 (Fig. 62) of DADMe-immucilinH 321 has also been evaluated as
human PNP inhibitor, and its enantiomers exhibit slow-onset
binding constants of 32 pM for [(35,45)-325] and 1.82 nM for
[(3R,4R)-325] [478]. In addition, direct Mannich reaction has been
used to generate in a similar fashion potent transition state in-
hibitors for other enzymes, such as methylthioadenosine phos-
phorylase methylthioadenosine nucleosidase [479,480] or purine
specific nucleoside hydrolase [481].

18.4. Inhibitors of various other enzymes

A large library of a-, B- and y-amino ketones was screened with
aview to discover inhibitors of transglutaminase, but only f-amino
ketones (ketonic Mannich bases) strongly inhibited this enzyme
[482]. Mannich bases derived from aliphatic ketones as substrates,
or those derived from alkyl aryl ketones as substrates and primary
amines as amine reagents were weak inhibitors (IC59 > 30 M) of
transglutaminase. Potent transglutaminase inhibitory activity
resided with ketonic Mannich bases derived from alkyl aryl ketones
as substrates and secondary aliphatic amines as amine reagents.
Both the nature of the aryl moiety in the substrate and the nature of
the alkyl groups attached to the nitrogen atom influenced trans-
glutaminase inhibitory activity of these candidates. Generally,
heteroaryl-substituted substrates (2-thienyl, 2-benzothienyl, 2-
furyl, 3-furyl, pyridinyls, pyrazinyl) fared better than substrates
having aryl moieties (phenyl, naphthyls), and t-butyl, isopropyl,
benzyl or 2-hydroxyethyl groups (but not phenyl) as alkyl substit-
uent at nitrogen afforded potent transglutaminase inhibitors, such
as candidate 326 (ICsp = 81 nM) (Fig. 63). Because disulfides are
well-known transglutaminase inhibitors, a novel series of f-amino
ketones 327 (R=H, n=0; R=CO0OCH3,n =0; R=COOCHs3,n=1)
(Fig. 63) derived from cystamine, dimethyl cystine ester, and
dimethyl homocystine ester as amine reagents in the Mannich re-
action were synthesized and found to be approximately 300 times
more active than the starting disulfides [483]. Mannich bases
derived from 2-acetylthiophenes were once more the most potent
inhibitors in this series, while the nature of the disulfide-containing
amine moiety did not significantly influence the activity of candi-
dates 327 having the same heterocyclic or carbocyclic moiety R.

Mannich bases 328 derived from 3,4-dimethylphenol (Fig. 63)
have been evaluated in vitro as inhibitors of two human carbonic
anhydrase (hCA, EC 4.2.1.1) isozymes I and II using the hydratase
and esterase assays, respectively [484]. Only two candidates exhibit
weak hCA II inhibitory effects on esterase activity, whereas other
two Mannich bases 328 could be used as carbonic anhydrase
activators.

Phenolic Mannich bases 280 derived from quercetin (Fig. 53),
329 derived from baicalein and 330 derived from 1-(2-hydroxy-4-
methoxyphenyl)-3-phenylprop-2-en-1-one  (Fig. 63) were
screened for inhibition of cyclin-dependent kinases using a
biochemical assay method based on fluorescence resonance energy
transfer [485]. Candidates 280 and 330 are essentially devoid of
inhibitory activity of cyclin-dependent kinases; on the other hand,
baicalein Mannich bases 329 were 6—20 times more potent than
the parent flavone, suggesting that the presence of a nitrogen atom
at C-8 is crucial for the inhibition of cyclin-dependent kinases,
while the presence of a second heteroatom in the amine moiety
(e.g., oxygen in morpholine, sulfur in thiomorpholine, nitrogen in
N-methylpiperazine) further increases the potency of these
candidates.

Virtual screening of a commercial library containing drugs and
drug-like molecules against a 3D model of heparanase led to the
identification of several candidates with high scores for binding
affinity; they were subsequently tested in NMR competitive inhi-
bition experiments using suramine as a known heparanase inhib-
itor [486]. One of these candidates is amodiaquine 201 (Fig. 38), and
a subset of fourteen representative compounds that retained the
characteristic 4-phenylamino-chloroquinoline scaffold of amodia-
quine, but presented different functional groups in the phenyl-
amino moiety, was further selected for NMR competitive inhibition
experiments. Although no candidate with improved heparanase
inhibitory activity over that of amodiaquine emerged from this
subset, several structural requirements for the binding of an in-
hibitor to the active site of the enzyme were obtained.

Four Mannich bases 331 of nitroxoline (Fig. 63) were found to
inhibit efficiently the activity of methionine aminopeptidase-1
from Burkholderia pseudomallei with IC50 values ranging from
low micromolar to 30 nM, and a few candidates in this series also
showed in vitro growth inhibition of Burkholderia thailandensis
[487].

Hexacyclic indole Mannich bases 332 (R! = H or CHjs,
NR, = N(CoHs),, 1-pyrrolidinyl) and 333 (R' = CHs, NR, = 4-
morpholinyl) derived from annelated maleimidoindolodiazepines
(Fig. 63) were tested against a panel of 25 human protein kinases,
but they were inactive against all of the tested enzymes at micro-
molar concentrations [488].

Out of four synthesized acetylenic Mannich bases 334
(NRz = N(CgHs), 1-pyrrolidinyl, N-allyl-N-methyl, N-(2-
dimethylaminoethyl)-N-methyl) derived from 7-(prop-2-ynyloxy)
chromen-2-one (Fig. 63), three were inhibitors of squalene-hopene
cyclase [489]. Candidate 334 (NR, = N-allyl-N-methyl) was half as
potent as the Hoffman—La Roche's anticholesteremic drug Ro 48-
8071, which is an effective inhibitor of both squalene- and oxi-
dosqualene cyclases that features the same secondary amino group
in its structure.

Thiazolidinone C-Mannich bases 335 (R! = 4-CH3;CgHa, 4-
NO,CgHg, 2—fury1, 3,4,5—(CH3)3C6H2; NR, = N(C2H5)2, 4-
morpholinyl, 4-methylpiperazinyl) (Fig. 63) were evaluated as in-
hibitors of Schistosoma mansoni cercarial elastase, but they were all
inactive [490].

Oxadiazolethione N-Mannich bases 336 having a naphthalen-1-
ylmethyl residue at C-5 (Fig. 63) were all active against mushroom
tyrosinase, and 6 to 10 times more potent than reference com-
pound kojic acid [491]. The presence of a thione group able to
chelate with copper, and the ability of the cyclic secondary amine to
form extensive hydrophobic contacts within the binding site of
tyrosinase appear to be responsible for the activity. Another
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Fig. 64. Mannich bases as ligands of 5-hydroxytryptamine receptors.
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oxadiazolethione N-Mannich base, namely 139m (Table 2), pre-
sented moderate inhibitory activity against urease within the series
of compounds investigated, but no comparison with the activity of
a well-established urease inhibitor was provided [201].

19. Mannich bases as receptor ligands
19.1. Ligands of 5-hydroxytryptamine receptors

5-Hydroxytryptamine receptors (5-HT receptors), also known as
serotonin receptors, belong to the group of G protein-coupled re-
ceptors (with the exception of 5-HT3, which is a ligand-gated ion
channel). They are found in the central and peripheral nervous
systems, and their function is to mediate both excitatory and
inhibitory neurotransmission. 5-HT receptors are activated by their
natural ligand, the neurotransmitter serotonin.

Mannich bases 245 (n = 1 or 2) (Fig. 44) were evaluated as li-
gands for the types of 5-HT receptors that could be involved in the
mediation of the anticonvulsant effect of these compounds, but the
candidates exhibited only moderate to low affinity for both 5-HT
(Ki = 81—-370 nM) and 5-HT;4 receptors (K; = 126—1370 nM) [383].
The nature of the spiranic cycloalkyl group did not influence se-
rotonin receptor affinity significantly, although cyclohexyl-
substituted candidates 245 were slightly more active than
cyclopentyl-substituted analogues. The nature of the substituent in
the aryl moiety at N-4 of piperazine ring modulates the selectivity
towards one of these 5-HT receptors; thus, Mannich bases 245
(R = 2-OCH3) showed the highest affinity for 5HT4 receptors and
the lowest affinity for 5-HT»a receptors, while the highest 5-HT4
receptor affinity was shown by Mannich bases 245 (R = 3-CF3). In
addition, computer-aided design of novel Mannich bases of imi-
dazoline-2,4-diones led to the identification of several compounds
with potential dual affinity for 5HT;s receptors and
serotonin transporter, whose synthesis and evaluation finally led to
candidates 337 (R = H or F) (Fig. 64) having the desired pharma-
cological profile [492].

A series of quinoxaline-2-carboxamides N-substituted with
phenolic Mannich bases moieties having either one or two ami-
nomethyl functions have been synthesized and tested for 5-HT3
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receptor antagonistic activity in longitudinal muscle-myenteric
plexus preparation from guinea pig ileum against 5-HT3 agonist,
2-methyl-5-HT [493,494]. Candidates 338 (R! = Cl) (Fig. 64)
exhibited mild to moderate antagonist activity, and double Man-
nich bases were generally less potent than their mono-Mannich
bases counterparts, but Mannich base 338 (R! = CI, R = H,
NR; = 4-methylpiperazin-1-yl) had 5-HT3; receptor antagonistic
activity comparable to that of reference compound ondansetron
[493]. Replacement of chlorine with methoxy led to less potent
candidates 338 (R' = OCH3), whereas candidates with an ethoxy
group at position 3 of quinoxaline ring were even less potent [494].
The presence of piperazines in the aminomethyl moiety of candi-
dates 338 seemed to be more favorable for 5-HT3 receptor antag-
onistic activity than the presence of other cyclic secondary amines.

19.2. Ligands of dopamine receptors

Dopamine receptors are G protein-coupled receptors that are
widely distributed in the brain, and whose primary endogenous
ligand is the neurotransmitter dopamine. There are at least five
subtypes of dopamine receptors, but D1_; receptor subtypes usually
predominate, as they are 10—100 times more numerous than Ds3_5
subtypes.

Discovery of L-745,870 339 [495] and FAUC 113 340 [496]
(Fig. 65) as potent and selective D4 receptor ligands has fueled
the search for novel chemical entities having the ability to bind to
dopamine receptors. Based on the observation that these two li-
gands and many other dopamine receptor ligands feature a meth-
ylene bridge between the piperazine ring and the (hetero)aromatic
part of the molecule, various analogues have been designed and
synthesized. However, the majority of these analogues were ob-
tained either through nucleophilic displacement by an appropri-
ately substituted piperazine of a halogen atom from a halomethyl
derivative of a selected (hetero)aromatic substrate, or through
reductive amination of a formyl-substituted (hetero)aromatic
substrate in the presence of a piperazine. Literature search revealed
a few examples when the Mannich reaction was employed to
synthesize the ligands to be evaluated for dopamine receptor
binding ability. In addition to pyrrolo[2,3-b]pyridine and pyrazolo
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Fig. 65. Piperazine Mannich bases as ligands of dopamine receptors.
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[1,5-a]pyridine ring systems used to in the generation of ligands
339 and 340, imidazo[1,2-a]pyridine is another example of an
azaindole ring system that was aminomethylated to yield Mannich
bases 341 (Fig. 65) [497]. Receptor binding profiles of candidates
341 and several mono-Mannich bases 342 derived from pyrrole
(Fig. 65) were determined in vitro by measuring their ability to
compete with [*H]spiperone for the cloned human dopamine re-
ceptor subtypes D3 jong, D2 short, D3 and D44, while D receptor af-
finities were measured employing an assay that used D selective
ligand [>H]|SCH 23390 and porcine striatal membranes. All of the
Mannich bases 341 and 342 were selective ligands for the D4 re-
ceptor subtype, and the candidates with an imidazo[1,2-a]pyridine
scaffold were more potent than their counterparts having a pyrrole
ring. The most potent Mannich bases 341 (R = 2-C,H50, 2,3-Cly, 3-
CF3) showed an affinity for the dopamine D4 receptor in the low
nanomolar range, and their selectivity for this receptor subtype
exceeded that of reference drug clozapine [497].

Several small series of candidates comprising Mannich bases
343, 344 and 345 (R! = H or Cl) having a pyrrolo[2,3-d]pyrimidine
scaffold (Fig. 65) were designed and evaluated as ligands for
dopamine receptor subtypes D1, Dy jong, D2 short, D3 and Da4, but
they had no appreciable affinity for any of the dopamine receptors
tested [498]. The strongest binding in these series was recorded for
candidates 343 (R = 2-CH30) and 345 (R! = H, R = 2-CH30) at
dopamine Dg4 receptor, with K; values of 2.4 and 1.9 nM,
respectively.

Novel heteroaromatic scaffolds have been employed in the
synthesis of Mannich bases 346, 347 and 348 (Fig. 65) as potential
D4 receptor ligands [499]. Candidate 346 derived from pyrrolo[2,3-
c]pyridine ring system bound selectively at Ds4 receptor
(Ki = 6.4 nM). Evaluation of Mannich bases 347 generated from
imidazo[1,2-c]pyrimidines and having various substituents at po-
sitions 2, 5 and 7 led to different results, depending on the nature
and number of these substituents. Thus, Mannich base 347
(R! = R? = R® = H) derived from the unsubstituted scaffold and all
of the Mannich bases 347 (R! = CHs, R? = R3 = H) obtained from 7-
methylimidazo[1,2-c]pyrimidine had no effect on dopamine D4
receptor. The results for the binding assay for Mannich bases
derived from dimethyl-substituted imidazo[1,2-c]pyrimidines
showed that candidates 347 (R' = R? = CH3, R? = H) have binding
affinities to dopamine D4 receptor in the range of reference drug
clozapine, while candidate 347 (R' = R* = CH3, R® = H) is a weak
ligand. Further modifications, such as introduction of a carbethoxy
group in the structure of candidates 347 (R' = R®> = CHjs,
R3 = COOC3H5s), or two methoxy groups in Mannich bases 347
(R! = R? = OCH3, R? = H), led to compounds without affinity for
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dopamine D4 receptor. In the series of Mannich bases derived from
2,5,7-trimethylimidazo[1,2-c]pyrimidine, only candidate 347
(R! = R? = R® = CH3, R = 2-OCH3) had good binding properties for
the dopamine D4 receptor, whereas another candidate 347
(R! = R? = R? = CH3, R = 4-OCH3) exhibited a slight selectivity for
dopamine D3 receptor. Use of pyrrolo[3,2-d]pyrimidine as scaffold
led to some of the most potent ligands of dopamine D4 receptor in
this study (K; values between 2.4 and 3.8 nM). The nature of the
amino group at position 2 of pyrrolo[3,2-d]pyrimidine scaffold
modulates the activity; thus, Mannich bases 348 (NR, 1-
pyrrolidinyl) had good affinities for dopamine D4 receptor, but
replacement of pyrrolidine with morpholine resulted in significant
loss of dopamine D4 receptor binding affinity.

Two novel indole Mannich bases 59 (R = 2-C;H50CgH4, 2,3-
Cl,C¢H3) (Fig. 11) were synthesized through direct amino-
methylation and evaluated as ligands for several dopamine recep-
tor subtypes, along with other heteroarylmethylpiperazines [500].
Both candidates were potent and selective dopamine D4 receptor
ligands, and Mannich base 59 (R = 2-C;H50CgH4) was the most
potent compound in this library (K; = 0.03 nM). In addition, Man-
nich base 59 (R = 2,3-Cl;CgH3) was the most potent candidate
having a 4-(2,3-dichlorophenyl)piperazine moiety, suggesting the
importance of indole as (hetero)aromatic moiety in this type of
dopamine D4 receptor ligands.

The effect on the affinity to Dy, D3 and D4 dopamine receptor
subtypes of replacement of 4-arylpiperazinyl in Mannich bases
with other monocyclic or bicyclic amine residues was also inves-
tigated [501]. Mannich bases 349 (X = CH or N) (Fig. 66) derived
from 3-(4-chlorophenyl)-8-azabicyclo[3.2.1]octan-3-0]l as amine
reagent in the Mannich reaction had modest affinity and moderate
selectivity for dopamine D3 receptor subtype compared to D, and
D4 receptor subtypes. Pyrrolidinol analogues 350 (X = CH or N)
(Fig. 66) had poor binding affinities to all subtypes of dopamine
receptors, while homopiperazine analogue 351 (Fig. 66) had mod-
erate binding affinity to dopamine D4 receptor subtype
(K; = 18.6 nM). Candidate 352 derived from 3,9-diazabicyclo[4.2.1]
nonane ring system as amine reagent in the Mannich reaction
(Fig. 66) bound poorly to all types of dopamine receptor investi-
gated in this study. Although candidate 353 (Fig. 66) derived from
2,5-diazabicyclo[2.2.1]heptane ring system as amine reagent in the
Mannich reaction had the highest D3 receptor affinity of all the
compounds tested in this paper (Ki = 11 nM), it also had poor
selectivity towards D3 (Kj p2 = 62 nM, Kj p4 = 69 nM). Mannich base
354 derived from 2-(2-pyrimidinyl)piperazine (Fig. 66) had modest
binding affinity to dopamine D4 receptor subtype (K; = 56 nM), but
good selectivity over D, and D3 subtypes.

351

354

Fig. 66. (Aza)indole Mannich bases derived from various amines as ligands of dopamine receptors.
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19.3. Inhibitors of the interaction between thyroid receptors and
their coregulators

Thyroid receptors are nuclear receptors belonging to a super-
family whose members function as hormone activated transcrip-
tion factors. The regulation of transcription for thyroid receptors is
controlled by their natural ligand, the thyroid hormone. Both
unliganded and liganded thyroid receptors can bind to and regulate
genes under the control of thyroid response elements, but the
liganded thyroid receptor complex can also recruit a particular
coactivator protein out of many available, with a view to steer the
course of transcriptional regulation. High-throughput screening of
a library of compounds identified a number of hits for inhibitors of
the interaction between thyroid receptor and its coactivator SRC2
(steroid receptor coactivator 2), and two of these hit compounds
were ketonic Mannich bases 355 and 356 (Fig. 67) [502]. These
candidates represent a new class of thyroid receptor antagonists
that have exceptional selectivity towards f isoform and are active in
the presence of thyroid hormone, while being able to silence its
signaling. Mannich bases 355 and 356 are most likely covalently
bound to thyroid receptor as a result of an alkylation process, thus
inhibiting its hormone-induced gene transcription. Subsequent
preliminary SAR showed that a hydrophobic moiety para to the
ketone function in other ketonic Mannich bases analogous to 355
and 356 is an important structural feature of potent inhibitors of
the thyroid receptor—coactivator interaction [503]. A second series
of candidates explored the effect that the nature of the amino group
in ketonic Mannich bases analogous to 355 and derived from 4-n-
hexylacetophenone has on the interaction between coregulatory
protein SRC2 and both isoforms of thyroid receptors. All the syn-
thesized candidates inhibited the interaction in the low micromolar
range, with a roughly 2-fold selectivity towards isoform B. These
ketonic Mannich bases most likely function as prodrugs for the true
active species, namely the o,B-unsaturated Kketones resulted
through deamination. Therefore, a collection of enones having
various substituents at the carbon—carbon double bond was also
tested with a view to provide an insight on the mechanism of action
of ketonic Mannich bases as inhibitors of this interaction. The re-
sults showed that the inhibition of the interaction between thyroid
receptor and coactivator protein SRC2 depends strongly on the
substitution pattern at the carbon—carbon double bond in these
a,p-unsaturated ketones. The most potent was the unsubstituted
enone 357 (Fig. 67), which formally arises from 355 through
deamination, whereas all other substituted enones were weaker
inhibitors than 357. Subsequent investigations confirmed that
enone 357 is the actual inhibitor, and that compound 357 is
generated within the binding site, where it remains bound until it
reacts with one of the local cysteine residues [504]. In addition, an
attempt to examine a complex between thyroid receptor § and
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Mannich base 355 by X-ray crystallography led to the detection in
the activation function-2 cleft of thyroid receptor B of enone 357
instead of Mannich base 355. Although enone 357 did not react
rapidly with thyroid hormone, it positioned close to several
cysteine residues. Several other experiments showed that, once
formed, enone 357 slowly alkylates nearby Cys298 residue to
occlude activation function-2 pocket of thyroid receptor . Signifi-
cant improvement of pharmacological properties (especially po-
tency and therapeutic index) of inhibitors of thyroid hormone
receptor coactivator binding based on ketonic Mannich bases was
achieved with a series of novel candidates having in the aromatic
ring electron withdrawing substituents associated with high effi-
cacy, and a sulfonyl group to reduce cytotoxicity. Also, piperazinone
and 4-acetylpiperazine were used as preferred amine moieties with
a view to minimize ion channel activity of these inhibitors [505].
The most potent compounds 358 and 359 (R = 2,3-Cl, or 2,5-Cly)
(Fig. 67) showed outstanding thyroid hormone receptor coactivator
interaction inhibitory potency, good therapeutic index, while no
inhibition of KCl-stimulated depolarization of HEK293-hERG cells
was observed for these Mannich bases.

19.4. Ligands of various receptors

Androgen receptor is a ligand-regulated transcription factor in
the nuclear receptor superfamily. The receptor, which represents an
important molecular target for the treatment of prostate cancer, is
activated through the binding of its two natural endogenous li-
gands, testosterone or 5o-dihydrotestosterone. Subsequent activa-
tion of androgen-responsive genes can be blocked by androgen
receptor antagonists through competitive inhibition. High-
throughput screening of a structurally diverse chemical library
comprising 16,000 synthetic and natural compounds led to the
identification of 130 hit compounds that exhibited more than 85%
competitive inhibition of 5a-dihydrotestosterone binding to
androgen receptor [506]. Mannich base 360 (R! = R?> = CHj,
R3 = CgHs) (Fig. 68) was selected for further development owing to
its consistent androgen receptor antagonist activities in a cell-
based assay using monkey kidney fibroblast CV-1 cells, and forty-
nine analogues were designed based on its f-amino ketone core
structure. Nine of these analogues showed higher binding affinity
to androgen receptor than 5¢-dihydrotestosterone, and evaluation
of the enantiomers of candidate 360 (R' = NO,, R = Cl, R® = 2-
furyl) showed that the androgen receptor-modulating activity and
binding resided with the dextrorotatory isomer. SAR within this
library of ketonic Mannich bases revealed that the presence of
chlorine as substituent R?, preferably para to the amino group, is
important for androgen receptor antagonistic effects, while the
presence of an electron-withdrawing group as substituent R! is
crucial for high-affinity binding to the receptor. Good androgen
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Fig. 67. Mannich bases as inhibitors of the interaction between thyroid receptors and their coregulators.
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receptor binding activity was found among analogues having
phenyl, 2-furyl and 2-thienyl as substituent R3, and Mannich bases
with heteroaryl moiety exhibited less cytotoxicity towards HelLa
cells than Mannich bases with R3 = (substituted )phenyl. Candidate
360 (R! = NO,, R? = Cl, R® = 2-furyl) inhibited the growth of SC3
cells (a mouse mammary cell line that responds well to androgens),
while its effects on the proliferation of PC3 cells (a human prostate
cancer cell line that lacks measurable androgen receptors) were
very weak. Mannich bases of type 360 were subsequently disclosed
as selective non-steroidal antagonists of another member of the
nuclear receptor superfamily, namely progesterone receptor, and
SAR within a collection of Mannich bases 360 showed that coor-
dinating effects of substituents R! and R® can modulate the potency
and selectivity for progesterone receptor over androgen receptor
[507].

Mannich bases that modulate the activity of acetylcholine re-
ceptors have been the topic of two recent studies. Two quaternary
salts 361 (R = CHjs, allyl) derived from bis-aminomethylated pyr-
azinodiindole (Fig. 68) were synthesized in order to probe their
binding to the allosteric binding domain of muscarinic receptor M
[508]. These quaternary salts showed only slightly higher binding
affinity to muscarinic M, receptor subtype than the corresponding
parent double Mannich bases, which in turn exhibited relatively
poor allosteric potency. Due to the structural similarity of candi-
dates 361 and neuromuscular-blocking agents, their binding af-
finity to the muscle-type of the nicotinic acetylcholine receptors
was also determined. Thus, compound 361 (R = CH3) had a 34-fold
higher affinity for the muscle type nicotinic acetylcholine receptor
than for the allosteric site of M, receptors. Double Mannich bases
362 (NR; 1-piperidinyl, 2-methyl-1-piperidinyl, 1-azepanyl)
derived from phthalamide (Fig. 68) had a competitive antagonistic
effect to acetylcholine on isolated guinea pig ileum that was poorer
than that of reference compound atropine, and behaved as non-
competitive antagonists at higher concentration [509]. In addi-
tion, candidates 362 (NR, = 1-piperidinyl, 2-methyl-1-piperidinyl,
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1-azepanyl) antagonize the motor effect of oxotremorine in mice,
while Mannich base 362 (NR, = 2,6-dimethyl-1-piperidinyl) was
inactive in both tests.

Indole Mannich base 59 (R = phenethyl) (Fig. 11) had moderate
binding affinity to both sigma-1 (K; 14.2 nM) and sigma-2
(Ki = 55.8 nM) receptors, and can be considered as a potent, but
non-selective ligand for sigma receptors [80]. Ketonic Mannich
bases 363 (Fig. 68) derived from cyclic ketones such as a-tetralone
(X = CH,CH3), chromanone (X = OCHj), indanone (X = CH;) or
benzosuberone (X=(CH;);) as substrates and either 4-
benzylpiperidine (Z = CH;) or 4-benzylpiperazine (Z N) as
amine reagents in the Mannich reaction were also evaluated for
their affinity towards sigma-1 and sigma-2 receptors [510].
Generally, 4-benzylpiperazine-containing Mannich bases were
higher-affinity sigma receptor ligands than the corresponding 4-
benzylpiperidine-containing analogues. Compared to other alkyl-
piperidines or alkylpiperazines that were evaluated in this study,
ketonic Mannich bases 363 had only moderate affinity for sigma
receptors. The presence of the carbonyl group in their structure
appears to be detrimental, especially for the affinity to sigma-1
receptors, and the binding affinity seems to be influenced by the
size of the saturated ring fused to the aromatic ring. Thus, six-
membered candidates 363 are more potent than Mannich bases
363 derived from indanone or benzosuberone. However, candidate
363 (X = CHyCH,, Z = CHy) was one of the most selective com-
pounds in this study, with a selectivity towards sigma-2 receptors
of approximately 0.1 (Ki.g1 = 24 nM, Kj.s2 = 3.4 nM). In contrast,
Mannich bases 363 derived from 4-benzylpiperazine were consis-
tently better ligands for sigma-1 than for sigma-2 receptors.

Mannich bases of indoles substituted in the carbocyclic ring
with a carboxamide group were evaluated as human histamine Hs
receptor antagonists [511]. Preliminary analysis of the binding af-
finity of candidates 364 (R = i-C3H7, c-C4H7, X = CH>, O, NC3H7-i,
NC4H7-c) (Fig. 68) to human Hs receptor with respect to different
positional isomers within this series established a correlation
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between the 3,6-substitution pattern in 364 and good human Hs
receptor affinity, while the 3,4-substitution pattern was the least
favorable for H3 receptor binding affinity. The presence of piperi-
dine and morpholine in the aminomethyl group led to compounds
with excellent histamine H3 receptor affinity, whereas the presence
of 4-substituted piperazines in the aminomethyl group was not
well tolerated. Several Mannich bases 364 of indoles with a 3,7-
substitution pattern also presented reasonable potency as human
Hs antagonists; in this case, the presence of a cyclobutyl residue in
the piperazine ring in the carboxamide group seems to be more
favorable for human histamine Hs binding affinity than substitu-
tion with an isopropyl residue.

In the search for new ligands able to discriminate among the
three o;-adrenergic receptor subtypes, a series of Mannich bases
365 (R = CHs, n-C3H7 CH»CgHs, CHyCgH11-c, C5H5) derived from
1,2,3,4-tetrahydro-4H-carbazol-4-ones (Fig. 68), that are structur-
ally related to the potent aq-adrenergic receptor antagonist HEAT,
were synthesized and evaluated [512]. As a general trend, all can-
didates showed lower affinities than HEAT for all three o4-adren-
ergic receptor subtypes, and replacement of tyramine with 4-(2-
substituted phenyl)piperazines did not enhance the affinity to-
wards any subtype in particular. In addition, Mannich bases 366
derived from 3-acetylindole and the same amines (Fig. 68) were
designed as “open chain” analogues of candidates 365, and their
evaluation showed a slight improvement in the affinity for all three
aq-adrenergic receptor subtypes.

Starting from a hit obtained by screening a large library of
compounds, and employing subsequent stepwise refinement of
structural features, a series of Mannich bases 367 (R = (substituted)
phenyl) of pyrazolones (Fig. 68) was designed as ligands of CC
chemokine receptor 3 (CCR3), a potential molecular target for
treatment of allergic asthma [513]. The evaluation of binding to
human CCR3 receptor of candidates 367 showed that most com-
pounds display ICsg values around 100 nM, and that only two of
these Mannich bases (R = 4-FCgH,4 and 2-pyridinyl) bound more
tightly to CCR3 than the initial hit compound (ICsp = 32 nM).
Because the lead compound 367 (R = 4-FCgHy, IC50 = 20 nM) suf-
fered from poor water solubility and metabolic stability, less lipo-
philic analogues were prepared by the introduction of ionizable
groups in different parts of the molecule. Replacement in the
structure of 367 (R = 4-FCgHy4) of the 4-chlorophenyl moiety with
4-fluorophenyl,  4-nitrophenyl, 4-sulfonamidophenyl,  4-
aminophenyl or pyridinyl moieties, as well as substitution of the
2,6-diflurophenyl moiety with pyridinyl or pyridinyl-N-oxide led to
a second series of pyrazolone Mannich bases 368 (Fig. 68) with
improved solubility in water and enhanced metabolic stability.
Although structural modulations in the R' moiety generally
decreased the binding affinity of candidates 368 to CCR3, modifi-
cations in the R? part afforded potent compounds (IC5p = 12 nM).

Two N-Mannich bases 369 (R = H or F) of a pyrazole derivative
(Fig. 68) were reported in a study that examined the interaction of a
series of 4-heteroaryl-2-phenylquinolines with neurokinin NK-2
and NK-3 receptors, but they were inactive (K > 10 pM) [514].

20. Conclusions

Throughout the last decade, a large number of novel Mannich
bases have been synthesized and evaluated as potential treatments
for a multitude of diseases and medical conditions, as prodrugs, or
as molecules eliciting a response from biological targets. The vast
amount of data concerning the structure—activity relationship for
Mannich bases derived from structurally diverse substrates has
added to previous knowledge, thus allowing better insight into the
design of more effective drug candidates based on the amino-
methylation reaction in the future. Tremendous progress has been

made in the field of anticancer agents and antimicrobials, and the
last decade has witnessed the chemical modification of many
biologically-active, naturally-occurring substrates or well estab-
lished drugs by means of the Mannich reaction with a view to
improve their biological activity. As such, the Mannich reaction has
earned its rightful place as a powerful tool in medicinal chemistry,
both for the synthesis of novel chemical entities endowed with
various and interesting biological properties, and for the modifi-
cation of physico-chemical properties of a candidate, that ulti-
mately influence the candidate's biodisponibility, performance and
pharmacological activity as a drug.
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