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Ferrocene-triazole conjugates: do we know why
they are biologically active?

Mariola Koszytkowska-Stawinska* and Wtodzimierz Buchowicz = *

The bioorganometallic chemistry of ferrocene has been gaining significance in recent years. This review

presents ferrocene-triazole conjugates displaying significant biological properties. The conjugates have
been synthesized via azide—alkyne cycloaddition reactions. The data are summarized according to the
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1 Introduction

Ferrocene was serendipitously discovered in a laboratory 71
years ago."” This air-stable, sparingly water-soluble®* organo-
metallic compound is usually considered as exhibiting low
toxicity.>® While ferrocene derivatives have not been found in
nature, their bioorganometallic chemistry commenced with
the discovery of anticancer properties of ferrocene polyamides’
and cationic ferrocenium species.*® Ferroquine'® and
ferrocifens'''* are the most widely known ferrocene deriva-
tives displaying significant biological activity.

Ferrocene-triazole hybrids have attracted considerable
scientific attention since the ferrocene-benzotriazole conjugate
was found to possess antitumor activity in vivo.>®' Several
reasons for interest in 1H-1,2,3-triazoles might be emphasized.

From the preparative point of view, the 1H-1,2,3-triazole
platform can be easily prepared via the azide-alkyne cyclo-
addition of two readily accessible substrates.'® Owing to the
specific electron density, the 1H-1,2,3-triazole ring might serve
as an isostere of an amide or ester bond, or of a heterocyclic
moiety.17 1H-1,2,3-Triazoles can also be considered as isosteres
of a carboxylic acid moiety or rigid analogues of olefins.
Moreover, by H-bonding or n-n stacking interactions, the 1H-
1,2,3-triazole moiety might serve as a centre of interactions
with a biological target.’”'® There are also numerous examples
of 1H-1,2,3-triazoles with biological properties,'**" including
commercial or investigational drugs.*> The 1H-1,2,3-triazoles
are not metabolized.>® Thus, they can be considered as risk-
free building blocks in target drug candidates.
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type of activity (anticancer, antibacterial and/or antifungal, antiprotozoal, and other effects). The results of
studies concerning the understanding of the role of the ferrocene core in their biological activity are high-
lighted. While generally the mode of action of these organometallic species remains unclear, the impor-
tance of redox properties of ferrocene has been postulated in several cases.

The ferrocene-1H-1,2,3-triazole conjugates discussed in this
review have been synthesized using copper- or ruthenium-cata-
lysed azide-alkyne cycloaddition (click-chemistry), as shown in
Scheme 1. Two general approaches have been used: with a
ferrocene-bearing azide (method 1), or alternatively with a
ferrocene-bearing alkyne (method 2). In both cases, the azide/
alkyne group has been linked directly to ferrocene (methods
1a, 2a), or separated from ferrocene with a linker of variable
length and structure. These synthetic routes resulted in a con-
siderable variety of conjugates with diverse structures and
properties.

In this review the literature since 2012 has been covered.
Only sparse examples of biologically active ferrocene-1H-1,2,3-
triazole conjugates were collected in the previous review on
ferrocene-derived triazoles.** Recently, more general accounts
of the biological properties of ferrocene-organic hybrids have
also been found.***° Nonetheless, the concept of ferrocene-
1H-1,2,3-triazole conjugates was not discussed in detail in
these publications.

The biologically active conjugates are reviewed in
Tables 1-4 according to the type of their activity (anticancer,
antibacterial and/or antifungal, antiprotozoal, and other
effects). The synthetic route is also shown in the first column
of each table. The results of studies dealing with the mecha-
nism of action of the examined compounds (including the bio-
logical role of the ferrocene moiety) are presented in detail.

2 Conjugates with anticancer activity

By far the largest number of compounds was tested for anti-
cancer activity (Table 1). In a majority of reports covered in
this section, the following structural features were noted: (a) a
non-hydrolysing connection (i.e. other than ester or amide)
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Scheme 1 General synthetic approaches for ferrocene-1H-1,2,3-triazole conjugates of biological interest. CUAAC — copper catalysed azide—alkyne

cycloaddition. RUAAC — ruthenium catalysed azide—alkyne cycloaddition.

between ferrocene and the organic part of the molecule (for
exceptions, see entries 1.15, 1.16, 1.26 and 1.29), (b) mono-
substitution of ferrocene (for exceptions, see entries 1.11 and
1.18), or (c) the 1,4-disubstitution pattern of the 1H-1,2,3-tri-
azole ring (for a few conjugates with the 1,5-disubstitution
pattern, see entry 1.18; for an unusual conjugate with a 1,4,5-
trisubstituted-1H-1,2,3-triazole ring, see entry 1.20). Post click-
synthesized conjugates were surprisingly rare (entries 1.20 and
1.30). Interestingly, studies concerning conjugates bearing
structural motifs of natural origin were very ubiquitous
(entries 1.1 and 1.20 - polyhydroxy phenols; entries 1.11, 1.12,
1.13 and 1.14 - nucleobases; entry 1.18 — alkaloids; or entries
1.16, 1.26, 1.27 and 1.28 - carbohydrates). It is worth pointing
out entry 1.11 with an ansa[4]-ferrocene (ferrocenophane) con-
jugate that appeared more active than its unbridged counter-
part (entry 1.12).

The reported values of ICs, were in the micromolar range
with the highest anticancer activity determined for the amino-
quinoline conjugate (IC5, 0.37 pM, entry 1.19). We would like
to emphasize that the activities of several conjugates collected
in Table 1 are of the same order of magnitude as those of fer-
rocifen type derivatives."'™**

In a majority of studies, the mechanism of the observed
biological effect was not investigated, that is understanding of
the role of the ferrocene moiety is generally lacking. The
notable exceptions include the report by Maraci¢ et al.>* on
quinoline-ferrocene conjugates (entries 1.2, 1.6 and 1.7) where
low antioxidant activity of the most active compounds was

1502 | Dalton Trans., 2023, 52,1501-1517

determined (entries 1.2 and 1.7). Furthermore, the cell cycle
and intracellular generation of ROS (reactive oxygen species)
were studied revealing accumulation in the G0/G1 phase for
the two compounds. However, only one compound (entry 1.2)
was found to significantly increase the ROS generation in Raji
cells.”® The physicochemical properties, such as solubility and
metabolic stability in liver microsomes, of purine- and purine
isostere-tagged ferrocenes thoroughly investigated
(entries 1.3, 1.4, 1.5, 1.8, 1.9, 1.21).>> However, conclusions on
the mode of action of these cytotoxic conjugates were not
given.

Djakovi¢ et al. studied mono- and bis-ferrocene uracil con-
jugates (entries 1.13 and 1.14, respectively).’® Selected bis-
ferrocene derivatives (entry 1.14) were further evaluated for
intracellular ROS accumulation, mitochondrial membrane dys-
function activity, and apoptosis induction. The results
suggested that the activity might be due to the disruption of
the mitochondrial membrane potential and the ability to
induce apoptosis in cancer cells.

Detailed studies on the mechanism of cytotoxicity of ferro-
cenyl dipyridylamines, Zn(u) or Cu(u) complexes (entry 1.17),
revealed an increase in the number of cells in the S and G2/M
phase of the cell cycle. The authors concluded that the Cu(u)
complex did not interfere with DNA synthesis but induced
replication stress in the cancer cells, probably as a result of
complex-protein interactions.*®

A series of 1H-1,2,3-triazole-tethered hybrids 1-7 bearing a
cinchona alkaloid-ferrocene couple was designed and prepared

were

This journal is © The Royal Society of Chemistry 2023
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ICs or EC5o [pM] (cell line) number

Entry/synthesis? structure and number of compounds examined of cancer cell lines studied Ref.
1.1/1a gz R R' = H or OH 48.9 (HCC38) 31
R*=H or OH R'=H, R*=0H
R (2 compounds) 2 cell lines
N\\N/N\ Fc
1.2/1a° FaC, R =H, Me, Cl, Ph 7.9 + 0.6 (Raji) 32
(4 compounds) R=Cl
\_»_\ 4 cell lines
N\Fc
1.3/1a Xﬁ\ R' = H, NH, 9.07 + 1.21 (SW620) 33
R2 N R*=Cl, NH, R'=H,R*=Cl, X=CH
7 | — X=CHorN 4 cell lines
NYN Ny Ne<pc (4 compounds)
R1
1.4/1a N=\ 45.47 + 4.52 (SW620) 33
N 4 cell lines
N~
X
k c N& N\Fc
1.5/1a X=\ R=Horl 71.79 + 3.44 (HepG2) 33
N X=CHorN R=1,X=CH
— (3 compounds) 4 cell lines
Ny NFe
1.6/1b° R! = H, Me, Cl, Ph 95.89 + 2.4 (K562) 32
R®=H or Me R',R*=Me
_>_\ (8 compounds) 4 cell lines
Fc
1.7/1b°¢ R! = H, Me, Cl, Ph 7.73 + 2.4 (K562) 32
R*=H or Me R, R*=H
(4 compounds) 4 cell lines
% e
C
1.8/1b X=\ R!=H, Cl, NH, 14.38 + 3.02 (SW620) 33
2 R?*=H, Cl, NH, R, R*=H,R*=Cl, X=CH
R~ 3 .
\ — R X =CH, N 4 cell lines
N _N NQ /N—< R’ =H or Me
\( N Fc (8 compounds)
R1
1.9/1b N=\ R' = H or NH, 15.50 + 3.24 (SW620) 33
N R%*=H or Me R'=H, R*=Me
_§=\ R (3 compounds) 4 cell lines
N N—
Cl N7
N Fc
1.10/1b X=\ R'=Horl 53.55 + 5.05 (HepG2) 33
N R*=H or Me R}, R*=H, X =CH
— R? X=CHor N 4 cell lines

1
R Fc
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IC5, or ECsq [uM] (cell line) number

Entry/synthesis” structure and number of compounds examined of cancer cell lines studied Ref.
1.11/1b 0 10.9 + 1.7 (A549) 34
' | 3 cell lines
/ N Fe
el
Hoo O Ny N
1.12/1b O 28.5 + 2.2 (A549) 34
3 cell lines
4 EN
/N & _§=\ _/Fc
H © N\\N/N
1.13/1b° R! R' =H, Me, Cl, Br, I 11.9 + 6.4 (K562) 35
— R?*=H or Me R'=1,R*>=H
o N (10 compounds) 4 cell lines
N—< — R?
H/ O N N—<
N7 Fc
1.14/1b° R! R'=H, Me, Cl, Br, I 2.0 +0.8 (ZRajz) 35
— R%=H or Me R'=H, R*=Me
o N (10 compounds) 4 cell lines
N—< _5—_:\ R?2
[¢] Na /N—<
N
— R2 Fc
Na N
N
Fc
1.15/1b R =H or Me 46.17 + 9.65 (RD) 36
(2 compounds) 3 cell lines
R
} Z N/kFc
/
o/\ © N=N
1.16/1b — M = PdCl, or @ 5.73 + 0.03 (A549) 37
N/ (2 compounds) M=g
llxj 4 cell lines
" —
\N\\N/N
o O
Fc~< ",
o 672
1.17/1a or 72\ R = Fe, FcCH, or FcCH(CH3;) 14.0 + 1.4 (HeLa) 38
1b° o N (3 ligands, 6 complexes) R = FeCH(CH3), Cu®* complex
5 cell lines
N
</ \E %
o N N\\N/N\R
or Cu®*/Zn*" complexes
1.18/1b or Cain&qg%a 16 compounds for 0.7 £ 0.1 (HepG2) 39 and
1c€ \ details see Scheme 2 5 cell lines 40
Nf‘ :\N X
SN U o~ Fe
o
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IC5, or ECsq [uM] (cell line) number

Entry/synthesis” structure and number of compounds examined of cancer cell lines studied Ref.
1.19/1b n 0.37 (HeLa)m=2,n=5 41
N/ N\_NH O/}_\ Fe 1 cell line
Ns N
Cl o
m =1 or 2; n=2-6,8 (5 compounds)
1.20/2a Fec R? R' = H or OH 15.3 (HCC38) 31
— R R?>=H or OH R'=H,R*=OH,R’=H
Ny N R® = H or C¢H,-OH-4¢ 2 cell lines
N (5 compounds)
R2
R1
1.21/2a R R = Cl, pyrrolidin-1-yl, morpholin-1-  45.78 + 9.11 (CFPAC-1) 33
X~ P yl _
Fe </ |N X =CH or N (6 compounds) R = morpholin-1-yl, X = CH
N ) 4 cell lines
—\ N
N\\ /N\//
N
1.22/2a Fe N R = Me, Et, Ph 48.71 + 3.55 (MS) 42
(3 compounds) R=Me
3 cell lines
1.23/2a° Fc Sugar = protected: (A) 5-deoxy-p-p- 5.3 (MDA-MBA-23) 43
>:\ ribofuranos-5-yl, (B) 5-deoxy-o-p- R=A
Na N<gugar xylofuranos-5-yl, (C) 6-deoxy-o-p- 5 cell lines
N 9 glucofuranos-6-yl, (D) 6-deoxy-o-p-
galactopyranos-6-yl
1.24/2a0r2b R! R' = Fc or FcCH, / 38 + 0.5 (MCF-7) 44
V\N_Rz R = CH,SCF; or C(CF;),0H R' = FcCH,, R? = G(CF;),0H
=y (3 compounds) 4 cell lines
1.25/2a or 2b R3 R'=Fe, 20.26 (MDA-MB-231) 45
o Fe R' = FcCH,OCH,, R* = Me, R* = Br
[ | 2 cell lines
R{ HO,
N N " g2 ©
N 0 N0 ke
R> = Me or Bn; R® = H, Cl, Br, Me (24 compounds)
1.26/2b 0 2.82 + 0.14 (MDA-MB-231) 46
Fc’/< R= R=A
HN O or o] 4 cell lines
/?:\N BnO X RS o . OMe
W ol e
(A) (B)
o L
1.27/2b R = CH,Ph (&) 9.0 + 0.03 (MCF-7) 47
= OAc R=B
Ny N~g 3 cell lines
N o (o]
o AcO
Fe " ome  AC OAc
o
(B) (C)
This journal is © The Royal Society of Chemistry 2023 Dalton Trans., 2023, 52,1501-1517 | 1505
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IC5, or ECsq [uM] (cell line) number

Entry/synthesis” structure and number of compounds examined of cancer cell lines studied Ref.
1.28/2b Fc\ R = Ph f{.Q J;O;(ZS (:549) 48
(A) 0 =B,X=>5e
X < 4 cell lines
— o ome HO "
Na N— 3 :
SR 5 6\/Z _
(B) ©)
X =S or Se (6 compounds)
1.29/2b°¢ o o (7 compounds, for details 5+ 1 (A2780, DU-145) 49-51
\B/@/\ ~/< see Scheme 3) 3 cell lines
/ (0]
0 N
Fc/ —
N\\N/N\R
1.30/2¢ . o 20 + 7 (MCF-7) 52 and
R O\B/®/\OJ< R!, R? = Me,C-CMe,, R® = °F, 53
] N—X OH X=
2
R°O FC/ }:\ HO OH
Ny N o
N R3
R, R?2=H
R'R? = (CH3);C-C(CHa), X = CH, or 5 cell lines
R3 = 18F or 19F
(6 compounds)
1.31% o 5.4 (HeLa) 54
Fc J_?N 4 cell lines
N\\N/N

“ICso or ECs, [uM] for the most active compound for the selected cell line is given. ”See Scheme 1 for general click-chemistry synthetic
approaches. °See text for details on the mechanism of action. ¢ Synthesized by the post-click C-H arylation.  These compounds displayed also
antimicrobial activity (R = C; MIC = 4.68 mg mL ™", Micrococuc luteus).” The corresponding ruthenocenes were also obtained and found to display
comparable activity. £ Synthesized using post-click amide coupling. Fc = ferrocenyl.

(entry 1.18; Scheme 2).>*° Interestingly, besides the 1,4-disub-
stitution pattern of the 1H-1,2,3-triazole scaffold, 1,5-isomers
(compounds 1) were also employed. It is worth noting that the
1,5-isomer (compound 1d, IC5, = 9.9 + 0.5 uM) was less active
than the corresponding 1,4-isomer (compound 2d, IC5, = 0.7 +
0.1 pM). Taking into account the connectivity between ferro-
cene and 1H-1,2,3-triazole, three groups of derivatives could be
classified: (a) compounds 1-3 with an ortho- or para-substi-
tuted chalcone linker, (b) derivatives 4-6 with a methylene
linker, and (c) derivative 7 without any linker. Examination of
all the derivatives in terms of their in vitro cytostatic effect
toward hepatocellular carcinoma (HepG2) cells or colon cancer
(HT-29) cells revealed high inhibitory activity of the chalcone-
containing compounds 1-3 with ICs, values ranging from 0.7
+ 0.1 pM (compound 1d) to 14.3 + 14.5 pM (compound 2b) in
the HepG2 cell line, or 1.5 + 0.2 uM (compound 1d) to 6.6 =
7.7 uM (compound 3d) in the HT-29 cell line.*® It is worth
mentioning that the observed inhibitory activity of compounds

1506 | Dalton Trans., 2023, 52, 1501-1517

1-3 was much higher than that of their parent ferrocene-chal-
cone azides. This observation might suggest a considerable
contribution of the cinchona alkaloid moiety to the inhibitory
effect of hybrids 1-3. Next, further examination of compounds
2a-d addressed their activity against multidrug resistant
(MDR) cancer cell lines of non-small cell lung carcinoma NCI-
H460/R, colorectal carcinoma DLDI-TxR or glioblastoma U87-
TxR.*® Compounds 2c and 2d were the most interesting among
the tested derivatives because they showed significantly higher
cytotoxicity towards MDR glioblastoma U87-TxR cells (2¢, ICs,
3.13 + 0.06 pM; 2d, ICso 2.30 = 0.02 pM) or colorectal carci-
noma DLD1-TxR cells (2d, ICs, 4.43 = 0.06 pM) than towards
the corresponding sensitive counterparts of the evaluated
cancer cells. The anticancer activity of compound 2d was pos-
tulated to be a consequence of its pro-oxidative effect, reflected
by the extreme increase in the hydrogen peroxide and peroxy-
nitrite anion concentrations in colorectal carcinoma DLDI-TxR
cells or glioblastoma U87-TxR cells.

This journal is © The Royal Society of Chemistry 2023
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R R
= = =
7, N 7, N 7,
N\N/ N\N/ N\N/ N
F F F —
= c = c c XN
Fc N //N
o) o) o) ~"">N
1(R=cord) 2 (R=a-d) 3 (R=a-d) 4(R=a,c,d)

74 N/\© Fe —
N N3 F¢© N
5(R=d) 6 (R=d) (R=c)

Scheme 2 1H-1,2,3-Triazole-tethered cinchona alkaloid-ferrocene hybrids (Table 1, entry 1.18).3%4° Fc = ferrocenyl.

Ses

N

o 0~ o /\ NF, M

‘\/N OMe NEt,

a b c d

COo,H MPPhB ©
4

e f 9

Scheme 3 N-Alkylaminoferrocene-based prodrugs targeting the lysosomes of cancer cells (compound 8a“°) or mitochondria of cancer cells
(compounds 8b-g >%%%). Table 1, entry 1.29.
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Mokhir and co-workers developed a group of
N-alkylaminoferrocene-based prodrugs 8 (entry 1.29; Scheme 3)
targeting the lysosomes of cancer cells (compound 8a*°) or
mitochondria of cancer cells (compounds 8b-g°%").
Compound 8a was toxic towards BL-2 cells (ICso 27 + 3 pM).
Coumarin-induced ROS quenching was postulated to play a role
in the moderate cytotoxicity of this compound. Accumulation of
compound 8a in cancer cell-specific lysosomes and its acti-
vation in these organelles was detected.’” Among compounds
8b-e, bearing a clinically approved drug carboplatin, conjugate
8b was found to accumulate in the mitochondria of 42780 cells
more efficiently than the parent carboplatin.®® This was
reflected by the substantially higher anticancer effect of conju-
gate 8b towards A2780 cells than that of carboplatin at all incu-
bation times (e.g. IC5o at 96 h: 20 + 1 vs >82 + 7 pM, respect-
ively). The synergistic effect of the platinum and the ferrocene
components was postulated for compound 8b owing to the fact
that its activity was significantly higher than that of an equi-
molar mixture of reference compound 8c and carboplatin.
Compound 8f exhibited higher efficiency of cellular uptake (BL-
2 cell line) than reference compound 8c. Moreover, it exerted
overall stronger effects on the cell viability in all studied cancer
cell lines (BL-2, A2780, DU-145) than the reference compound
8c, compound 8g, or ferrocene, but it was less potent than an
unspecific positive control (i.e. a mixture of FeCl; and 8-hydroxy-
quinoline).”* Analogous to the reference compound 8c¢ and
butyltriphenylphosphonium iodide, compound 8f was found to
kill the cancer cells mostly via necrosis and apoptosis with the
former cell death phenotype being more prominent. All
tested compounds were more active than ferrocene used as a
control.

3 Conjugates with antibacterial and/
or antifungal activity

Ferrocene-1H-1,2,3-triazole conjugates have been tested for
antimicrobial activity in a limited number of studies (Table 2).
In view of their structural features, molecules combining ferro-
cene and a scaffold with well-established antitubercular
activity, such as isatin (entries 2.1 and 2.3) or isatin oxime
(entry 2.7), are worth noting.

The mechanism of action of compounds summarized in
Table 2 was not studied. Some conjugates were reported to
show higher (entry 2.6) or comparable activity (entries 2.6
and 2.7) as the reference drugs (streptomycin sulphate for anti-
bacterial activity or fluconazole for antifungal activity). The
contribution of the ferrocene core to the antimicrobial activity
of the conjugates was revealed by comparative assays employ-
ing a structurally resembling non-ferrocene counterpart
(entry 2.7).°® Moreover, the authors concluded that suitable
substitution of the isatin oxime ring plays an important role in
the observed activity. The same research group reported also
several 3-ferrocenylidene-2-oxoindole conjugates with moder-
ate antibacterial activity.®> Weak, ultrasound-assisted antibac-
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terial activity (E. coli) was also reported for a ferrocene-triazole-
linked porphyrin.®®

With the exception of a dendrimer (Table 1, entry 1.31), all
examples presented here thus far belonged to the category of
small molecules. A different approach was adopted by
Lakouraj et al. who obtained a ferrocene-embedded polymer
11 containing azine and xanthone scaffolds as potential phar-
macophores (Scheme 4).°* A click-chemistry approach was
used to assemble the target polymer 11 from monomers 9
and 10. Polymer 11 showed antibacterial activity towards
E. coli, P. aeruginosa, K. pneumoniae, B. subtilis, and S. aureus
with a MIC concentration of 125 pg mL™" and MBC concen-
trations ranging from 250 to 500 pg mL~'. Additionally, at
100 pg mL™" polymer 11 showed a 20-40% decrease in the
viability of HeLa cells, MCF-7 cells, or Saos cells. Based on its
unique antibacterial characteristics, potential industrial appli-
cations of polymer 11 were suggested, for instance, as a com-
ponent of chemical coatings in medical devices used in
hospitals.

4 Conjugates with antiprotozoa
activity

Ferroquine completed the second phase of clinical trials with
patients suffering from uncomplicated P. falciparum malaria.®®
Therefore, constant interest in potential ferrocene-antimalarial
drugs bearing the 7-chloro-4-quinolinyl moiety has been
observed (Table 3, entries 3.1, 3.2 and 3.3). Studies devoted to
antiprotozoa activity (including antimalarial activity) of the
isatin- or isatin derivative-bearing conjugates could be con-
sidered as a promising field (entries 3.4, 3.5, 3.6 and 3.7).

The study of a library of conjugates combining the 7-chloro-
4-quinolinyl moiety and a ferrocene chalcone (in its ferrocene
carboxaldehyde-originated variant, entries 3.1, 3.2, and 3.3)
allowed the identification of the carbon chain as the most
advantageous linker between these two pharmacophores
(entry 3.1 vs. entries 3.2 and 3.3).*' Although the most promis-
ing conjugates did not reach antiprotozoa activity of chloro-
quine or ferroquine, some of them showed IC5, < 1 pM.

Evaluating several isatin-bearing conjugates as potential
agents against T. vaginalis (entries 3.5, 3.6 and 3.7), Singh
et al. found the isatin substitution pattern as the key factor
determining the activity of the assayed conjugates (entry 3.7 vs.
entries 3.5 and 3.6).°” The conjugates were not active against
normal human flora consisting of non-pathogenic strains:
Lactobacillus reuteri (ATCC 23272), Lactobacillus acidophilus
(ATCC 43560), and Lactobacillus rhamnosus (ATCC 53103).
However, none of them was as active as the reference
metronidazole.

A significantly different approach by Singh et al. resulted in
ferrocene-chalcones linked through 1H-1,2,3-triazole to orga-
nosilatranes. These structurally unique compounds possessed
strong activity against G. lamblia (entry 3.8). The same com-
pounds were also tested against some bacterial and fungal
strains, but showed only weak activity (see Table 2, entry 2.8).

This journal is © The Royal Society of Chemistry 2023
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Table 2 Ferrocene-1H-1,2,3-triazole conjugates with antibacterial and/or antifungal activity”

Entry/synthesis” structure and number of compounds examined Activity (bacterial or fungal strain) Ref.
2.1/2a Q o R =H, F, Me, Cl MIC = 105-211 uM (M. tuberculosis mc*7000) 55
Fe n=2or3 R=ClLn=3
u /—< (8 compounds)
N_ ~N
R T,): \N/
2.2/2a R 0 R=H,Cl, Br MIC = 26.67 + 1.67 pM (M. tuberculosis mc°6230) 56
o n=2-6,8 R=Br,n=3o0r6
4 NH (18 compounds)
- N
N\\N/N\M,, S
2.3/2b o MIC > 155 pM (M. tuberculosis mc®7000) 55
S ~Fc R=ClLn=3
O,
O
_ O
No-N_ _N
R M N
R =H, F, Me, Cl, n =2 or 3 (8 compounds)
2.4/2b OH 0 Active in vitro as ampicillin against E. coli or S. aureus 57
~ 2 bacterial strains
HO o Fe 2 fungal strains
HO
OH ~
hﬁN
B-Glu,-Gal, a-Man \N;N
2.5/2b FC“\ 15 mm growth inhibition zone (C. guilliermondii IBA 155) 58
Q N R=(S}Me,n=1
>-<< >¥\ o 15 bacterial strains
— R) N\\N/N\/\N | 6 yeast strains
O)\N
H
R =H or (5)-Me; n = 1-3 (4 compounds)
2.6/2b o} MIC = 7.81 pg mL™" (S. aureus) 59
R /:—‘( N=—\ R=4-F
N_ ~N Fc 4 bacterial strains
N 1 fungal strain
R = H, 4-F, 4-Cl, 4-Br, 4-CF;, 4-OMe, 3-CF;, 3-Cl
(8 compounds)
2.7/2b HO_ Q MIC = 4 pgmL™" 60
/N o Fe (e.g- B. subtilis, M. smegmatis, E. coli, or C. albicans)
o N s n =3: R=Me or OMe
R N — >]/ n = 4: R = Me or Cl, 8 bacterial strains
\H/N\N//N o 2 fungal strains
n
R = Me, OMe, Cl, F, Br; n = 3 or 4 (10 compounds)
2.8/2b /\N 31.25 pM (C. albicans) 61
0 3 j R = OMe-4, X = (-CH=C(0)-)-3
1 .
R § __ Si:g Z {)untgal_ s}ratlng
acterial strains
el N\\N/N\/\/
Fc—X"“—

R = H or OMe; X = -C(O)=CH- or -CH=C(O)-
(6 compounds)

“ Representative values of MIC for each class of compounds if given by the authors. ?See Scheme 1 for general click-chemistry synthetic

approaches. Fc = ferrocenyl.
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Scheme 4 Click-assembled polymer 11 composed of ferrocene, azine and xanthone scaffolds as potential pharmacophores.®.

5 Conjugates with other types of
activity

This section includes conjugates evaluated as inhibitors of
cancer-associated enzymes (Table 4 entries 4.3 and 4.4) or
HIV-1-associated enzymes (entry 4.5), and neuroprotective or
anti-inflammatory agents (entry 4.6). Among these structurally
diverse conjugates, a broad panel of benzenesulfonamides
(entry 4.7) or oligopeptides (entry 4.5) are worth noting.

Salmon et al. showed the significant contribution of the fer-
rocenyl group to the activity of the benzenesulfonamide-
bearing conjugates (Table 4, entry 4.7) towards selected carbo-
nic anhydrases when compared to the corresponding ferrocene
lacking counterparts, that is phenyl-containing compounds.””
Moreover, several ruthenocene analogues were also studied to
reveal higher or comparable activity of ruthenocene vs. ferro-
cene systems. The 1,5-disubstitution pattern of the 1H-1,2,3-tri-
azole ring was identified as one of the factors determining
high enzyme inhibitory activity. The benzene substitution
pattern of the conjugates affected their enzyme inhibitory
activity. However, water solubility and in vitro metabolic stabi-
lity did not have an effect on their lipophilicity or in vitro
permeability.

Peptide mimetic 12 (entry 4.5, Scheme 5) with nanomolar
affinity for the HIV-1 surface protein gp120 and strong
potency for inhibiting host cell infection was designed by
the research group of Chaiken.”® This compound was then
used to identify the minimum-length active dual-antagonist
sequence 13 *° and a family of inhibitors of HIV-1 entry into
host cells, including short-peptides 14-16 and cyclopeptides
17 and 18.”"7* The docking examination of the identified
inhibitors suggested the crucial role of the ferrocene moiety
in their binding to protein gp120.”> The examined inhibi-
tor-protein complexes were stable when their ferrocene
moiety was buried in the protein site 2 hydrophobic cavity

1510 | Dalton Trans., 2023, 52, 1501-1517

by several hydrophobic interactions with the protein resi-
dues. Interestingly, the 1,5-disubstituted 1H-1,2,3-triazole
analogue of peptide p1 was inactive. In the light of in silico
recognized instability of the corresponding peptide-protein
complex, these experimental findings confirmed the impor-
tance of the 1,4-disubstituted 1,2,3-triazole pattern to retain
the ferrocene moiety inside the protein site 2 hydrophobic
cavity. Cyclopeptides 17 and 18 greatly resisted in vitro pro-
teolysis as demonstrated by their stability against trypsin
and chymotrypsin.”*

6 Challenges and outlook

The preparative versatility of the regioselective 1H-1,2,3-triazole-
forming click-reaction can be considered as one of the factors
stimulating the recent advances in the field of ferrocene-orig-
inating drug development. The undoubtedly broad synthetic
scope of this approach has been employed to obtain a variety of
new conjugates resulting from the attachment of ferrocene to a
medically important molecule (e.g. isatin, a nucleobase, a carbo-
hydrate, or an alkaloid framework), or by combining ferrocene
(or a ferrocene-based privileged structure, such as ferrocene
chalcones) with a structural unit(s) with well-documented phar-
macophore activity (e.g. sulfonamide group or polyhydroxyben-
zene moiety). The latter strategy afforded a variety of structurally
diverse de novo conjugates. The majority of new molecular enti-
ties discussed in this review have been evaluated for their anti-
cancer potency. In general, the data summarized in this review
suggest the advisability of comparative studies on structure-
activity optimizations in terms of (a) the ferrocene-1H-1,2,3-tri-
azole distance, (b) the construction of a ferrocene-1H-1,2,3-tri-
azole linker (when present), and (c) the 1H-1,2,3-triazole ring
orientation/substitution pattern.

The 1,5-disubstitution of the 1H-1,2,3-triazole ring could be
considered as a worthwhile option since certain conjugates

This journal is © The Royal Society of Chemistry 2023
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Table 3 Ferrocene-1H-1,2,3-triazole conjugates with antiprotozoa activity”
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Entry/synthesis” structure and number of compounds examined ICso (M) (protozoa strain) Ref.
3.1/1b Cl 0.37 £ 0.03 pM (P. falciparum W2) m=2,n=75 41
o Fc
N "N - N °
2R S
m=1or 2;n=2-6,8 (12 compounds)
3.2/1b i/ \g C>_>_\ 2.55 + 0.25 (P. falciparum W2) n =2 41
N /
n =2-6, 8 (6 compounds)
3.3/1b _5_\ Fc 1.16 + 0.04 (P. falciparum W2) n = 8 41
AO:% p e M o)
n=2-6,8 6 (6 compounds)
3.4/2a R=H,F,Cl,Men=2,3 3.76 (P. falciparum 3D7) R=F,n=3 66

(7 compounds)

o Fc
N —
0o H;N\N/ N
3.5/2b Fc, R' = Me, Bn
— R?=H, Cl, Br, Me
0 (8 compounds)
RZ
OH /_(_ o
R! N N{ 2N
Y N
3.6/2b R? R' = Me, Bn
R? = H, Cl, Br, Me
/Fe (8 compounds)
OH /__( ©
RN N_ N
X N
3.7/2b O R=H,F,Cl,Men=2-6,8
R /—Fc (24 compounds)
o] o
o=
n N\N//N
3.8/2b N

R = H or OMe; X = -C(O)=CH- or -CH=C(O)- (6 compounds)

2 protozoa strains

28.9 (T. vaginalis) R* = Bn, R* = Me 67
27.0 (T. vaginalis) R' = Bn, R* = Cl 67
2.26 (T. vaginalis) R=Me,n =5 68
0.57 (G. lamblia) R = H, X = -CH=C(0)- 61

ortho isomer
2 protozoa strains

“ Representative values of ICs, (uM) for each class of compounds. ”See Scheme 1 for general click-chemistry synthetic approaches. Fc =

ferrocenyl.
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Table 4 Ferrocene-1H-1,2,3-triazole conjugates with other biological effects?

Entry/synthesis” structure and number of compounds

examined Effect/object of study Ref.
4.1/1a o) Inhibitory activity towards enzymes of the estrogen biosynthesis: the 69
steroid/( cytochrome P450-dependent aromatase, steroid sulfatase (STS),
” 17p-hydroxysteroid dehydrogenases type 1 (173-HSD1) relative conversion =
/§:\ —<F° 65 + 13% (17p-HSD1) steroid = 4-aza-5a-androst-16-en-3-one-17-yl
Ny _N
N Me
Steroid = 4-aza-5a-androst-16-en-3-one-17-yl
or 3-methoxy-estra-1,3,5(10),16-tetraene-17-yl
4.2/1b steroid Inhibitory activity towards enzymes of the estrogen biosynthesis: the 69
— Fc cytochrome P450-dependent aromatase, steroid sulfatase (STS),
N /N—< 17p-hydroxysteroid dehydrogenases type 1 (173-HSD1) ICs, 0.0350 +
N R 0.0058 pM (STS) steroid = 3,17p-dihydroxy-estra-1,3,5(10)-triene-17a-yl R =
Steroid = estradiol-17a-yl, 3,17B-dihydroxy- Me
estra-1,3,5(10)-triene-17a-yl, 17f-hydroxy-18a-
homo-19-nor-androst-4-ene-3-one-17o-yl R =
H or Me (3 compounds)
4.3/2a Fc Inhibitory activity towards enzymes of the estrogen biosynthesis: the 69
— cytochrome P450-dependent aromatase, steroid sulfatase (STS),
Ny _N—steroid 17p-hydroxysteroid dehydrogenases type 1 (173-HSD1) ICs;, 4.63 + 1.51 pM
, (STS) steroid = 3a-hydroxy-5a-androstane-17-one-2f-yl
Steroid = 3a-hydroxy-5a-androstane-17-one-
2p-yl or 17a-hydroxy5a-androstane-16f-yl
4.4/2a° o Inhibition of histone deacetylase (HDAC1, HDAC2, HDAC3 or HDAC6) ICs, 70
/\/\/\/[L 0.0026 + (0.0002) uM (HDAC6)
o ‘(/\N NHOH
|
N=N
¢ s . .
4.5/2a Fe N Inhibitory activity towards protein gp120 71-74
T
N
(0]
INEN
N
Asn-Asn-lle—N Y NH,
° ) =
NH
(11 compounds, lead structure shown, for
details see Scheme 5)
4.6/2a Fc R'=H, NO, Low toxicity, non-inflammatory effect (BV-2 cells, RMC cells) 75 and
R4 _ R*=H, Cl and antioxidant activity (RMC cells) 76
N R®=H, F, Br
NNV R*=H or -C¢H,~NO,-4
(5 compounds)
R® R'
R2
4.7/2a inhibition of carbonic anhydrase K; 3.2 nM + 5-10% 77
or2b° @“2"”2 R=Foor Fo. X\, A (CATI) R = 5-Fc, 3-S0,NH,
DR
(6}
N X=NHorO
N\ \> n=1-3
N—7"R
3-SO,NH, or 4-SO,NH, (13 compounds)
4.8/2¢ In vitro accumulation in A2780 cells, in vivo accumulation 78

Fc
N
o:<¥ HN—ocyanine
dye
o N\\N/N+/j3 y

1512 | Dalton Trans., 2023, 52, 1501-1517

in tumours (AR42] or PC-3 tumour-bearing mice)
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Table 4 (Contd.)

Entry/synthesis” structure and number of compounds

examined Effect/object of study Ref.
4.9/2¢ EtO,C 0 Inhibitory activity towards enzymes of the estrogen biosynthesis: the 69
ﬂ cytochrome P450-dependent aromatase, steroid sulfatase (STS),
Fc N 17p-hydroxysteroid dehydrogenases type 1 (173-HSD1) ICs 2.39 + 1.10 pM

H w:\ (STS) steroid = 17a-hydroxy-5a-androstane-164-yl
N& _N—steroid
N
Steroid = 3a-hydroxy-5a-androstan-17-one-
2p-yl, 3a,5a-dihydroxyandrostan-17-one-6f-yl,
17a-hydroxy-5a-androstane-164-yl

“ Representative examples of activity. ” See Scheme 1 for general click-chemistry synthetic approaches. ¢ See the text for details on the mechanism
of action. Fc = ferrocenyl.

Fc N\ Fe N\
A
Ty )
N

o] o
NI N
N
Arg-lle-Asn-lle—N Y Ser-Glu-Ala—Met-MetNH, Asn-Asn-lle—N Y NH,

o) o)
" NH ~NH

12 13

O
HQ&
Cit-Asn-Asn-lle—N Y SerNH, p-lle-p-Asn-p-Asn-o-lle—N

(0]
H\)J\
N
Y SerNH,
o o) 2

=
X s

14: a, X=N; b, X=S 15

o
H
lle-Asn-Asn-lle—N N\;)]\NHz X=’§/j© }j@ z/ji) A@\
o E\ N /N S OH

X H
16 a b c d
o 0o

HoNY %5 /\X\NHz - o :)LNHZ

H : H H
HN/,I‘ N/\[(Nhj/fv HoN,, N/\[(N//"
H 2
o) Fc H o} Fc
(0] N . S

N 07N /\(
1) . "N o N
0% “NH 0 & N~ \H Ox A =N
b g
HN*-_/ >
T~7 "NH =
NH, A NH
o o]
17 18

Scheme 5 Peptide mimetics with nanomolar affinity for the HIV-1 surface protein gpl20 and strong potency for inhibiting host cell infection
(Table 4, entry 4.5).”*~7# Fc = ferrocenyl.
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with this structural motif were reported to show greater bio-
logical potency than their 1,4-disubstituted counterparts.
Interestingly, conjugates with more complex substitution pat-
terns of the ferrocene scaffold than mono-substitution (includ-
ing 1,1'-disubstitution or ansa-ferrocene, for instance) were
infrequent. The activity of the ansa-ferrocene conjugate®*
suggested that structural modifications of the ferrocene core
are an attractive route to new biologically active entities.

The effect of individual structural components of the conju-
gates on their biological activity was studied rather occasion-
ally. When the ferrocene effect was examined, comparative
in vitro SAR studies involved ferrocene-lacking counterparts of
the target conjugates or their analogues with an aromatic sub-
stitute of ferrocene.®®®%’” On the other hand, SAR studies eval-
uating a potential contribution of the 1H-1,2,3-triazole moiety
employed the 1H-1,2,3-triazole-lacking counterpart® of the
target conjugates or their amide or carbamide analogs.*®*”""”
In some cases, a comparison of the results seems rather
difficult owing to the significant structural differences between
the assayed conjugates (for instance, 1H-1,2,3-triazole-contain-
ing conjugates vs. chalcone-containing conjugates”?).

Assays evaluating ferrocene-containing intermediates
(azide****>® or alkyne,”® or their precursor'’*®) were also
reported. Interestingly, Kocsis et al. gained a considerable
increase in the cytostatic effect of the moderately active ferro-
cene-containing azide by linking it with cinchona alkaloid
(Scheme 2, compound 1d, IC5, = 0.7 + 0.1 pM vs ferrocene-con-
taining azide, ICs, = 19.1 + 1.3 pM).*® Studies on conjugates
with promising activity resulting from combining inactive
ferrocene-originating 1H-1,2,3-triazole precursors with natural
compounds (carbohydrates or nucleobases) are worth
highlighting.?**"*%*® However, the ineffectiveness of ferrocene
linking with an active also
reported.’”>

Unfortunately, studies on the mode of action of these conju-
gates were not routine, that is, in many cases the biological
results were limited to simple screening of the selected cell lines.
Mechanistic investigations were pursued only for some classes of
compounds displaying anticancer activity (Table 1). In most
cases, the results suggested that the redox properties of the ferro-
cene core were important for the activity. In particular, Mokhir
and co-workers identified N-alkylaminoferrocenium cations as
active anticancer species.*””" This finding recalls the results of
the first successful biological studies on ferrocenes that revealed
the anticancer activity of some cationic derivatives.®’

The redox properties of the ferrocene-triazole conjugates
have been examined by cyclic voltammetry in several
studies.?!33:37,38:43,47,54,59,60,75,76  Thjg  technique has been
employed mainly as a tool to characterize the new compounds
rather than to find the relationship between the oxidation
potential and biological activity. In two reports antioxidant
activities were correlated with oxidation potentials.®*”®
However, in other studies such correlation was explicitly not
observed*! or not discussed.

Although infrequent, in silico studies of the mechanism of
action of active conjugates brought added value to bioassay-

conjugate precursor was

1514 | Dalton Trans., 2023, 52, 1501-1517
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based screening. Molecular docking analyses revealed a con-
siderable contribution of ferrocene and 1H-1,2,3-triazole cores
to the biological activity of the conjugates. Chaiken et. al
suggested hydrophobic interactions of both ferrocene and 1H-
1,2,3-triazole with Env gp120 protein residues.”” On the other
hand, Khan et al. detected H-bonding interactions of 1H-1,2,3-
triazole with cyclooxygenase-2 or cPLA2 protein residues.”®
Furthermore, H-bonding interactions between ferrocene and
cPLA2 protein residues via the ferrocene iron atom were also
suggested.

Having in mind an approximate character of such analysis
at the current stage of these studies, we inspected the collected
conjugates in terms of their potential to be selected as a hit
compound in the early drug discovery process. The assayed
series of compounds discussed in our review was rather small.
For this reason, our selection was based on one-digit micromo-
lar potency as a cut-off, in contrast to the 1 pM potency com-
monly employed in a real hit identification process.®’* In the
light of the above criterion, within compounds reported to
display anticancer activity, undoubtedly promising potency
was exhibited by conjugates derived from quinoline (entries
1.2 and 1.19), deazapurine (entry 1.3), 4-quinolone (entry 1.7),
uracil (entry 1.14), pyridine (entry 1.16), cinchona alkaloids
(entry 1.18), carbohydrates (entries 1.23, 1.26, 1.27 and 1.28),
phenylboronic acid (entry 1.29) and the polyamide dendrimer
(entry 1.31). Interestingly, linking uracil with ansa-ferrocene
(entry 1.11) or 5-iodouracil with ferrocene (entry 1.13) afforded
conjugates endowed with promising potential exemplified by
their ca. 10 pM potency. Fluorophenyl- (entry 2.6) and isatin
oxime-bearing conjugates (entry 2.7) were noted as worth con-
sidering in the field of antibacterial drug development. On the
other hand, ferrocene-conjugated derivatives of quinoline
(entries 3.1-3.3), isatin (entries 3.4 and 3.7) and silatrane
(entry 3.8) were found to possess antiprotozoa potency.
Indisputably, our observation that quinoline- and isatin-
bearing conjugates were reported to display a broad spectrum
of biological activity (anticancer, antibacterial and antiproto-
zoa) might be an incentive to intensify research on ferrocene
derivatives as potential drugs.

Taking into account that some contradictory data on the
cytotoxicity of ferrocene have been reported,>®43:46:31:33 jt
seems reasonable that ferrocene or its simple derivatives
should be used as reference compounds in biological studies

to facilitate the discovery of promising structural
modifications.

Abbreviations

Asn Asparagine

D-Asn p-Asparagine

AR42] Rat pancreatic cancer cells

Arg Arginine

A2780 Human ovarian adenocarcinoma cells

A549 Lung carcinoma cell line

BL-2 Burkitt lymphoma cells
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BV-2

Cit
CFPAC-1
DLD1-TxR

DU-145

Glu

HCC38
HelLa
HepG2
HL-60
HT-29

Ile

p-lle

K562

Met

MCEF-7
MDA-MB-231
MS
NCI-H460/R

PC-3
Raji

RD
RMC
ROS
SAR

Ser

Saos
SW620
U87-TxR

Murine microglial cell line

Citrulline

Pancreatic carcinoma cell line

Multidrug resistant colorectal carcinoma cell
line

Human prostate carcinoma cells

Glutamic acid

Breast carcinoma cell line

Cervical carcinoma cell line

Human hepatocyte carcinoma cell line
Human promyelocytic leukemia cell line
Colon cancer

Isoleucine

p-Isoleucine

Chronic myelogenous leukemia cell line
Methionine

Hormone-dependent breast cancer cell line
Hormone-independent breast cancer cell line
Melanoma cell line

Multidrug resistant non-small cell lung carci-
noma cell line

Human prostate cancer cell line

Burkitt’s lymphoma cell line
Rhabdomyosarcoma cell line

Rat mesangial cells

Reactive oxygen species

Structure-activity relationship

Serine

Human osteosarcoma cell line

Colorectal carcinoma cell line

Multidrug resistant glioblastoma cell line
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