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Synthesis and characterisation of the first macrocyclic Cu(I), Ag(I) and Au(I) tricarbene/urea N-heterocyclic
carbene (NHC) complexes is described and their fluorescence properties are compared to related tetracar-
bene complexes. The newly described silver and gold complexes show luminescence with emission max-
ima at Aemmax = 481 nm and Aemmax = 334 nm, respectively. Moreover, their ability to inhibit the growth
of bacteria (S. aureus and E. coli) and cancer cells (HeLa and MCF7) is investigated. A strong influence of
the metal is observed. While the copper and gold complexes are inactive against bacteria, the silver com-
plex depicts a moderate activity (MIC ~ 30 uM). The copper and silver complexes exhibit antiproliferative
activity in both cell lines, ranging from 25.1 uM to 3.03 pM.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The first isolable and stable N-heterocyclic carbene (NHC) com-
plexes were described by Wanzlick and Ofele in 1968, followed
by Arduengo, who synthesized the first isolable free carbene in
1991 [1-3]. At this point NHCs emerged as promising ligands for
transition metal complexes for various applications in laboratory
as well as in industry. [4] Originally they were mainly applied in
catalysis as promising replacements of phosphine ligands. In gen-
eral, NHCs are considered as strong o-donors, usually resulting in
strong metal bonds and a better oxidation and thermal stability,
compared to phosphines. [5] Moreover, the steric and electronic
properties of NHCs can be varied easily [4, 6-10]. Nowadays NHC
complexes of late transition metals such as Cu, Ag, Au, Pd or Pt
have also gained attention in the field of bioinorganic and medic-
inal chemistry as antibacterial or anticancer agents [11-14]. NHCs
exhibit distinct advantages compared to phosphines, since they are
nontoxic and exceptionally stable, also under physiological condi-
tions [13-16]. Due to the higher stability of Ag(I)-NHC complexes,
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the silver ions are released more slowly, thus, being therapeuti-
cally active for a longer time [17-20]. Gold complexes emerged
as promising alternatives due to their different mechanism of ac-
tion, compared to the well-established metallodrug cisplatin and
its derivatives [13, 20-22]. The antiproliferative properties of ac-
tive Au compounds are assigned to specific inhibition of thiore-
doxin reductase (TrxR), being overexpressed in many cancer cells.
[23, 24] Moreover, gold complexes can also inhibit the growth of
certain bacteria, attributable to a certain specificity to TrxR [25-
29]. Berners-Price et al. reported that Au(I)-bis-NHC complexes can
selectively accumulate in the mitochondrial membrane of cancer
cells due to their delocalized lipophilic cationic character (DLCs)
[30-32].

Recently, bi- or multi-dentate NHC complexes gained attention,
also in the field of bioinorganic chemistry, due to high stability
under physiological conditions and against thiols. This outstand-
ing stability might prevent a decomposition by blood proteins (e.g.
glutathione). [33, 34] Some of those complexes show luminescence
in solution due to d'°-d!0 interactions (aurophilic/argentophilic in-
teractions), being advantageous for cell imaging studies. [35, 36]
In contrast to the frequently applied modification with an organic
fluorophore substituent, which may affect the biological proper-
ties, the ligand is not modified. [37, 38] Recently, a 16-membered
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Scheme 1. Previously reported Cu(I), Ag(I) and Au(I) tetracarbene complexes [39, 41].

7
N N
N /= 7
—|4+ L{N\/,\LN N
P
N N |
@ @ Cu Cu T
<N > 4 PFg C”/L Cu
N
®\\ r@ 4 ™ -
&NVN\) '\‘[\2\‘ \N N
NAN\/N/
=~V
4 PFq
H4L(PFg)s {Ref
3+
O e, |
- —p+ dN/jl\gi/ N
NG LY
NS0 N 3prs | cu) ci  3PF
«N\\ —= > /[ Cu~~~(\o
@Nnggl) N //\< A
N N/ [
IL-N’\N\,N/
H3Lox(PFe)3
1
J i
3+ B 3+
y N/\N/ﬁNAT @NAN/\'LA/T
¥ A = \
e e
X iii AT
Ag’\A AS 3PFg /-\U\Au\éu\ 3 PFg
/\g//;{\~ \ /‘[N/\ //\<N_\C/){
N N A
N /" /N W AS/ N
NN, L—N\;;\] N/
2 3

Scheme 2. synthesis of complexes 1, 2 and 3. i) according to the respective litera-
ture procedure [41], ii: 3.0 equiv. Ag0, r.t., 16 h in MeCN (44% yield): iii) 1.1 equiv.
Au(tht)Cl r.t. 16 h in MeCN (61% yield).

macrocyclic imidazolylidene tetracarbene ligand H4L(PFg)4 and its
corresponding linear molecular box-type copper(I)-, silver(I)- and
gold(I)-complexes were synthesized (scheme 1) [39-41]. Only the
gold complex is reported to exhibit photoluminescence with an
emission maximum at Aemmax = 442 nm and presents a moder-
ate cytotoxicity against various cell lines (IC5g-values ranging from
445 pM in Hela cancer cells to 99.7 uM in MCF7 breast cancer
cells after 48 h incubation time). [39, 42]

The corresponding Cu(Ill) and Au(Ill) complexes of the same lig-
and feature a square planar structure of the ligand, as observed
for the Fe(Il/IlI), Co(IlI), Ni(II), Pd(Il) and Pt(Il) derivatives. [41, 43,
44] [39, 45] Interestingly, upon reaction of the Cu(Ill) complex
with acetic acid, one imidazole moiety is oxidized to a cyclic urea,
forming a tricationic macrocyclic imidazolium salt H3Lgx(PFg)3
(scheme 2). [41] Although, a variety of different macrocyclic lig-
ands is reported, the amount of cyclic ligands bearing three NHCs
is scarce, since they cannot be obtained by simple condensation
reactions of two bis-imidazoles, making H3Lgyx(PFg)3 an interesting
motif for further investigations. So far, only the Cu(I) NHC complex
1 is reported with this type of ligand. Besides copper NHC bonds

the compound also features interactions between copper and the
oxygen atoms of the cyclic urea moieties (scheme 2). However, no
application for this type of complexes has been reported yet. [41]
In this work, the synthesis and characterization of the related
Ag(I) and Au(I) complexes as well as the assessment of their cy-
totoxic and antibacterial properties is reported. These three M(I)
NHC complexes (M = Cu (1); Ag (2); and Au (3)) are tested against
two common cancer cell lines (MCF7 breast- and HeLa cervix- car-
cinoma cells) and two bacteria strains (Escherichia coli (E. coli) and
methicillin-resistant Staphylococcus aureus (S. aureus)). To investi-
gate the influence of the cyclic urea ligand Loy compared to L on
the photoluminescence properties as well as d0-d!0 interactions,
UV/Vis and fluorescence spectra of all compounds are reported.

2. Results and Discussion

The silver (I) complex 2 is synthesized by reacting the imida-
zolium salt H3Lgx(PFg)3 with Ag,0 (scheme 2). Absence of the im-
idazolium proton resonances in the "H-NMR spectrum and charac-
teristic Ag-carbene resonances in the range 186 ppm - 183 ppm in
the 13C-NMR spectrum support the successful complex formation.
For each carbene two resonances are observed, due to coupling
with the two silver isotopes with relative abundances of 51.8%
(107Ag, S = 1/2) and 48.2% (199Ag, S = 1/2). [46] The resonances of
the backbone- and methylene bridge protons are slightly high-field
shifted compared to the imidazolium salt ligand precursor H3Loy.
[41] Owing to the formation of the molecular box-type complex
and the resulting rigid conformation the protons of the methy-
lene bridges and imidazole backbones are not equivalent, leading
to additional resonances in the "H-NMR spectrum. Every signal is
observed as a doublet, due to the 3Jyy-coupling of the backbones
and the geminal 2Jyy-coupling of the methylene bridges. However,
many resonances are overlapping. The resonance splitting is in ac-
cord with the already reported Cu(l) complex 1. The carbene res-
onances in the 3C-NMR spectrum are slightly downfield shifted
compared to the copper complex 1 and are in the typical range for
Ag-carbenes. [17, 47] Regarding the silver carbene resonances no
notable difference is observed compared to 2Ref, ESI-MS and ele-
mental analysis are in accordance with the theoretical values for
the complex 2 and thus, prove the successful formation.

The gold complex 3 is formed by transmetallation of the re-
spective silver complex 2 (scheme 2). In the TH-NMR spectrum
the above mentioned signal pattern is observed, indicating a sim-
ilar structure, however slightly shifted. Interestingly, the doublets
overlap to a lesser extent compared to the silver complex 2. Fur-
thermore, one resonance of the CH,-bridge is significantly shifted
downfield to 8.1 ppm. Compared to the carbene resonances of 2,
no notable shifts are observed for the corresponding signals of 3.
However, these resonances are observed as singlets, indicating a
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Figure 1. Excitation (top row), UV/Vis (middle row) and emission spectra (bottom row) of 1 (left), 2 (middle) and 3 (right). As Cu(I) complex 1 does not show fluorescence
properties, excitation spectra and emission spectra are not displayed. Concentrations: 20 uM; solvent: MeCN.

successful transmetallation. ESI-MS and elemental analysis are in
accordance with the theoretical values for 3.

To investigate potential luminescence caused by d19-d'® metal
interactions, UV/Vis-, emission- and excitation spectra are recorded
(Figure 1).

Complex 1 shows three absorption maxima in the UV/Vis spec-
trum at 280 nm, 329 nm and 338 nm. However, the compound
does not exhibit any fluorescence properties, in contrast to its sil-
ver(I) and gold(I) derivatives (Figure 1). Complex 2 depicts two ab-
sorption maxima in the UV/Vis spectrum at A pgmax1 = 276 nm
and Agpsmaxz = 295 NM. Agpomax2 represents a shoulder of the
more intense band A ,pgmax1- According to the respective excita-
tion spectrum, both maxima are decisive for the fluorescence of
compound. The emission spectrum shows one broad maximum at
Aemmax = 481 nm, which is typical for argentophilic d1°-d'0 in-
teractions (Figure 1). Those often result in fluorescence with broad
emission bands ranging from 400 nm to 600 nm [48-50]. Inter-
estingly, in contrast to 2, the tetranuclear Ag (I) tetra-NHC com-
plex 2Ref which also features Ag-Ag interactions as demonstrated
by SC-XRD, does not show luminescence properties. [39] Therefore,
the appearance of luminescence in the case of 2 presumably is a
result of the interaction with the urea moieties of the macrocyclic
ligand. This assumption is supported by the previously reported ef-
fect of urea-substituted macrocycles on silver(l) triflate, leading to
fluorescence. [51] The second maximum in the emission spectrum
at 552 nm represents an artifact caused by irradiating the sample
at Amax1 = 276 nm (2 x 276 nm = 552 nm) and does not resemble
2 (Figure 1).

The UV/Vis spectrum of complex 3 shares similarities with
the spectrum of complex 2, as it also features two absorption
maxima. However, those appear blue-shifted- and correspond to
Aabsmax1 = 256 nm and A,psmax2 = 278 nm, respectively. Accord-
ing to the excitation spectrum, only the latter maximum is respon-
sible for the fluorescence properties of 3. Although, in contrast to
compound 2, the emission spectrum of 3 shows a maximum at
Aemmax = 334 nm, which lies in the ultraviolet range, weak emis-

Table 1
ICso- and MIC-values of the compounds 1, 2 and 3. ICsp and MIC values were
determined after 24 h and 18 h, respectively.

Compound 1 2 3 Reference
Hela 25.1 pM 3,61 £1.04pM na. 399 + 4.6
MCF7 12.23 + 1.08 M 3.03 + 1.06 uM n.a. 18.1 £ 5.1 yM
E. coli n.a. 25-50 pM n.a. 37 yM

S. aureus n.a. 30 pM n.a. 33 pM

*Compounds with ICso/MIC > 100 pM are considered as not active (n.a.). Error
deviations are expressed as standard error. Cisplatin and AgNO; are included as
reference compounds for the anticancer and antibacterial properties, respectively
[54-56].

sion in the visible violet range from ca. 380 nm to 410 nm is also
observed (Figure 1). The observed emission and excitation maxima
are in the typical range of other Au(I) NHC complexes, featuring
aurophilic d1°-d'0 interactions. [52, 53] Such Au-Au interactions
and the resulting photoluminescence were also reported for the re-
lated tetranuclear Au (I) tetra-NHC complex 3Ref, which fluoresces
blue light with an emission maximum of 442 nm. [39]

Since, Cu(I), Ag(I) and Au(l) are often applied as anticancer
or antibacterial agents, compounds 1, 2 and 3 are tested against
two cancer cell lines, namely Hela (cervix) and MCF7 (breast),
and two bacteria strains (E. coli (Gram negative) and S. aureus
(Gram positive)) (Table 1). The antiproliferative activity against
HeLa and MCF-7 is expressed as ICsp-values. They are obtained
via a colorimetric method with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT assay). The antibacterial activ-
ity is expressed as MIC- (minimum inhibitory concentration) val-
ues.

The antiproliferative activity of the complexes strongly depends
on the metal. Copper complex 1 only presents a moderate activity
against cancer cells and no activity against bacteria. While silver
complex 2 shows a high anti-proliferative activity against cancer
cell lines and a moderate activity against bacteria, the gold com-
plex 3 is always inactive. When comparing the gold complex 3
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to the previously reported tetranuclear complex 3R€f, a loss in ac-
tivity is observed. 3™ presents moderate antiproliferative activity
(ICsg = 44.5 + 20 pM and 97.7 + 22 pM after 48 h incubation
in HeLa and MCF7, respectively). [42] It seems that less incuba-
tion time and lowering the amount of gold nuclei leads to a re-
duction of the already low activity. The cyclic urea moiety has no
positive effect. Although many gold and copper complexes inhibit
the growth of bacteria, compounds 1 and 3 do not. Neither the
gold, nor the copper complex show a growth inhibition of selected
Gram-negative (E. coli) or -positive bacteria (S. aureus). The Ag(I)
NHC complex 2 gives the most promising results, with a moderate
activity against bacteria and a good activity against cancer cells. No
dependence on the Gram- positive or -negative bacteria strains is
observed. In both cases the MICs are around 30 pM, which is com-
parable to the reference AgNO3_ In contrast to the moderate activ-
ity against bacteria, 2 exhibits significant antiproliferative activity
against both cancer cell lines with ICsp-values around 3 pM after
24 h incubation time, being superior to cisplatin and comparable
to many other reported silver complexes. [12, 17]

3. Conclusion

Novel trinuclear macrocyclic gold(I) and silver(I) NHC com-
plexes bearing a cyclic urea moiety were synthesized and charac-
terized by ESI-MS, elemental analysis, NMR spectrometry, UV/Vis
spectrophotometry and fluorescence spectroscopy. Unlike the non-
luminescent related silver tetra-NHC complex 2Ref the trinuclear
silver complex 2 exhibits luminescence properties with an emis-
sion maximum at Aemmax = 481 nm as a result of argentophilic
interactions. A similar behavior is observed for the gold complex 3.
However, the emission maximum is blue-shifted to Aemmax = 334
nm. In addition, their ability to inhibit the growth of cancer cells
and bacteria is investigated. The copper complex shows moder-
ate activity against Hela (25.1 pM) and MCF7 (12.2 + 1.08 uM),
which is nevertheless still better than cisplatin. The silver com-
plex 2 shows better antiproliferative activity than the reference
drug cisplatin and the copper complex 1 against breast- (MCF7)
and cervix- (HeLa) carcinoma cell lines with ICsg-values of 3.06 +
1.06 pM and 3.61 + 1.04 pM, respectively. Moreover, it presents
moderate MIC-values against gram- positive and -negative bacte-
rial strains S. aureus and E. coli. In contrast to the Cu and Ag com-
pounds, Au complex 3 is inactive against all tested cancer cell and
bacteria lines.
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