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Abstract: The xanthine-derivatives 1,3,7-trimethylxanthine, 1,3-dimethyl-7-benzylxanthine and 1,3-
dimethyl-7-(4-chlorobenzyl)xanthine are readily ethylated at N9 using the cheap alkylating agents 
ethyl tosylate or diethyl sulfate. The resulting xanthinium tosylate or ethyl sulfate salts can be con-
verted into the corresponding PF6- and chloride salts. The reaction of these xanthinium salts with 
silver(I) oxide results in the formation of different silver(I) carbene-complexes. In the presence of 
ammonia, ammine complexes [Ag(NHC)(NH3)]PF6 are formed, whilst with Et2NH, the bis(carbene) 
salts [Ag(NHC)2]PF6 were isolated. Using the xanthinium chloride salts neutral silver(I) carbenes 
[Ag(NHC)Cl] were prepared. These silver complexes were used in a variety of transmetallation re-
actions to give the corresponding gold(I), ruthenium(II) as well as rhodium(I) and rhodium(III) com-
plexes. The compounds were characterized by various spectroscopic methods as well as X-ray dif-
fraction. 
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1. Introduction 
Metal complexes containing N-heterocyclic carbenes (NHCs) are today considered a 

common class of ligands in organometallic chemistry. Their seemingly endless structural 
variety combined with a very stable metal-carbon-bond makes carbene complexes so im-
portant in homogeneous catalysis and also for biomedical applications [1–14]. Typically, 
most N-heterocyclic carbenes are derived from substituted imidazolium, benzimidazo-
lium or triazolium salts. Related to this class of compounds are the xanthinium salts, 
which may also be used as precursors for N-heterocyclic carbenes. Especially xanthinium 
salts derived from caffeine or theophylline have been studied to some extent. The first 
reported xanthine-derived NHC complex was the mercury(II) bis(NHC) salt 
[Hg(NHC)2]ClO4 (NHC = 1,3,7,9-tetramethylxanthin-8-ylidene), prepared by Beck in 1976 
[15]. After lying dormant for more than a quarter of a century, the groups of Youngs and 
Herrmann independently began to reinvestigate NHC-complexes derived from caffeine 
and its derivatives with rhodium(I), iridium(I) and silver(I) [16–18]. Especially the silver(I) 
complexes developed and patented by Youngs were found to be highly active against 
various pathogens [19–24]. Other groups have examined xanthine-derived carbene com-
plexes with metals including Pt(II) [25–27], Pd(II) [28–32], Au(I) [33], Ir(I) [34] and Ag(I) 
[35,36]. Focus of these studies was their activity against cancer cells (Pt, Pd, Au, Ir and Ag) 
or homogeneous catalysis (Pd, Rh). There is also a publication on copper complexes con-
taining a caffeine-derived NHC, but the results must be considered doubtful [37]. The 
compounds are referred to as being blue copper(II) species, but an alleged X-ray structure 
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(data neither shown in the publication nor deposited with the CCDC) and NMR spectro-
scopic data are clearly consistent with the presence of copper(I). A short review from 2018 
summarizes the so far known chemistry of xanthine-based N-heterocyclic carbenes [38]. 
Given our interest in NHC-complexes of various metals and their biological activity and 
reactivity [39–44], we wished to develop more efficient methods to access a greater variety 
of xanthinium salts as well as their corresponding metal carbene-complexes. 

2. Results and Discussion 
Quaternization at the 9-position of xanthines including caffeine and its derivatives 

typically requires forcing conditions (high temperature and pressure), long reaction times 
and a large excess of alkyl halide. In the case of N9-methylation of xanthines, typically, 20 
equivalents of methyl iodide are used and reactions are carried out in refluxing DMF or 
in a closed vessel for up to 20 h [19,28,35,45]. Trimethyloxonium tetrafluoroborate has also 
be used by some groups for N-methylation of xanthines [17,33]. Although reaction condi-
tions are mild and no large excess is required, [Me3O]BF4 is considerably more expensive 
than MeI and requires anhydrous conditions. As an alternative to these reagents, methyl 
tosylate or dimethyl sulfate have been successfully used for N9-methylation in xanthines, 
affording the respective xanthinium tosylate or methyl sulfate salts in high yields and 
short reaction times (90 min at 170 °C without additional solvent) [16,46–48]. Based on this 
procedure, we examined the feasibility of also introducing ethyl groups in position 9 of 
different xanthine derivatives with ethyl tosylate or diethyl sulfate. 

Gratifyingly, heating 1,3-dimethyl-7-benzylxanthine in neat ethyl tosylate at 150 °C 
cleanly affords the corresponding 1,3-dimethyl-7-benzyl-9-ethylxanthinium tosylate in 
two hours with an isolated yield of 87% (Scheme 1). 

 
Scheme 1. Synthesis of xanthinium salts. 

Work-up merely involves washing the product with diethyl ether and drying. This 
result encouraged us to try the even cheaper diethyl sulfate. Indeed, reacting 1,3-dime-
thyl-7-benzylxanthine in neat diethyl sulfate at 130 °C for two hours afforded the desired 
product as the ethyl sulfate salt in 87% yield (Scheme 1). Using the same procedure, the 
corresponding 4-chlorobenzyl- and caffeine-derivatives were also isolated as colorless sol-
ids in high yields (Scheme 1). In the case of caffeine, the ethyl sulfate anion evidently hy-
drolyzes during the reaction, forming the hydrogen sulfate salt instead. These xanthinium 
salts were characterized by NMR spectroscopy and electrospray mass spectrometry, the 
latter (in positive ion mode) shows only one signal corresponding to the respective xan-
thinium cations and, in negative ion mode, only the signals for the anions (EtSO4−, TsO− 
or PF6−). The positive-ion mass spectra of the caffeine derivatives also feature one signal, 
which can be assigned to the fragment [M-Me+H]+, formed by loss of one methyl group. 

The tosylate, ethyl sulfate or hydrogen sulfate anions in these salts could readily be 
exchanged in water to give the corresponding PF6− salts 1PF6, 2PF6 and 3PF6 (Scheme 1). 
Since halide salts are however the most convenient precursors for N-heterocyclic carbene 
metal complexes, we investigated the possibility of converting the PF6- salts into the cor-
responding chlorides. The group of Visentin reported that a xanthinium tetrafluoroborate 
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could be converted into the chloride salt by anion exchange with [Ph4As]Cl [31]. Given 
the toxicity and high cost of [Ph4As]Cl, we sought alternative reagents to accomplish this 
anion exchange. Gratifyingly, we found that mixing THF solutions of the xanthinium PF6- 
salts with [nBu4N]Cl results in precipitation of the chloride salts 1Cl, 2Cl and 3Cl, which 
could be isolated almost quantitatively (Scheme 1). Based on mass spectrometry, the sam-
ples are free of PF6− anions and the presence of a chloride anion was confirmed by a sharp 
singlet in their 35Cl-NMR spectra. Unfortunately, it was not possible to access the chloride 
salts directly from the ethyl sulfate of hydrogen sulfate salts. 

With these xanthinium salts in hand, we examined their use as precursors for N-het-
erocyclic carbene complexes of silver. The reaction of the respective PF6− salts with Ag2O 
in a mixture of ethanol and aqueous ammonia afforded the corresponding cationic sil-
ver(I) carbene complexes [Ag(NHC)(NH3)]PF6, (NHC = 1,3-dimethyl-7-benzyl-9-
ethylxanthine-8-ylidene (4), 1,3-dimethyl-7-(4-chlorobenzyl)-9-ethylxanthine-8-ylidene 
(5) and 1,3,7-trimethyl-9-ethylxanthine-8-ylidene (6)) containing ammonia as co-ligand 
(Scheme 2) [49]. 

 
Scheme 2. Synthesis of silver-NHC complexes. 

When using Et2NH instead of ammonia, we isolated the bis(carbene) silver(I) salts 
[Ag(NHC)2]PF6 (NHC = 1,3-dimethyl-7-benzyl-9-ethylxanthine-8-ylidene (7) and 1,3-di-
methyl-7-(4-chlorobenzyl)-9-ethylxanthine-8-ylidene (8)) (Scheme 2). The silver carbene 
compounds were characterized by NMR spectroscopy, mass spectrometry and single 
crystal X-ray diffraction. The proton spectra of the compounds lack the signal for the pro-
ton at position 8, consistent with carbene formation. This is further confirmed by a signif-
icant shift of the resonance of the carbon atom at position 8. In the xanthinium salts, these 
are observed between 138 and 139 ppm, whilst in the silver carbene complexes they fall 
in the range of 185 to 187 ppm. The chemical shifts of metal-bound carbene-carbon reso-
nances can often vary, depending on the other ligands bound to the metal. In this series 
of silver compounds, the nature of the second ligand (NH3, carbene or Cl−) does not appear 
to have a significant effect on the chemical shift of the carbene-carbon resonance. In the 
case of the bis(carbene) complexes 7 and 8, coupling between the 13C and the 107/109Ag iso-
topes with coupling constants of 192 and 217 Hz could be observed. These values are typ-
ical for silver(I) NHC-complexes, which have been observed in several other bis(carbene) 
complexes [50]. In the case of the ammonia complexes 4–6, broad signals due to the am-
mine can be observed in their proton NMR spectra at about 3 ppm. Furthermore, bands 
between 3300 and 3400 cm−1 due to the NH3 stretching frequency are seen in their IR spec-
tra. The molecular structures of compounds 5 and 7 are shown in Figures 1 and 2. 



Molecules 2021, 26, 3705 4 of 18 
 

 

 
Figure 1. Molecular structure of compound 5. Thermal ellipsoids are drawn at the 50% level. Hy-
drogen atoms and the PF6− anion have been omitted for clarity. 

 
Figure 2. Molecular structure of compound 7. Thermal ellipsoids are drawn at the 50% level. Hy-
drogen atoms and the PF6− anion have been omitted for clarity. 

In each case, the coordination about the silver is, as expected, linear with angles of 
176.28° and 177.29°, respectively. The carbon-silver bond lengths (ca. 2.06 Å) are typical 
for silver(I)-NHC complexes. Although Ag-carbene complexes with coordinated ammo-
nia were postulated as intermediates and one example was isolated and characterized 
spectroscopically [49], complex 5 is the only structurally authenticated example of a sil-
ver(I) carbene with ammonia co-ligands to date. 

The chloride salts 1Cl, 2Cl and 3Cl readily react with Ag2O in CH2Cl2 to form the 
silver chloride complexes [Ag(NHC)Cl] (NHC = 1,3-dimethyl-7-benzyl-9-ethylxanthine-
8-ylidene (9), 1,3-dimethyl-7-(4-chlorobenzyl)-9-ethylxanthine-8-ylidene (10) and 1,3,7-tri-
methyl-9-ethylxanthine-8-ylidene (11)) as colorless solids in reasonable yields (Scheme 3). 

 
Scheme 3. Synthesis of silver-chloride complexes. 

The formation of the carbene complex is again evident from the NMR spectroscopic 
data. In compounds 9 and 10, the resonance for the carbene-carbon atom is observed at 
about 187 ppm in their 13C NMR spectra. In the solid-state, the molecules exist as either a 
chloro-bridged dimer with tri-coordinated silver atoms (9) or a unique trimer (10) as de-
picted in Figure 3. 
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Figure 3. Molecular structures of compounds 9 (top) and 10 (center and bottom). Thermal ellip-
soids are drawn at the 50% level. Hydrogen atoms have been omitted for clarity. Atoms labeled 
with an asterisk are generated by symmetry. The bottom image shows only the atoms directly 
attached to Ag in complex 10. 

For compound 9 the two Ag-Cl bond lengths of 2.44 Å and 2.72 Å are unequal, re-
sulting in an Ag2Cl2 parallelogram. This structural motif is observed in several other silver 
NHC complexes [51,52]. Crystals of complex 10 were very small and thin, therefore dif-
fraction data was collected at beamline P11 at the PETRA III synchrotron located at DESY 
in Hamburg, Germany. The trimeric structure of 10 is unique and, so far, has no prece-
dence in the literature. The molecule consists of a planar Ag3-triangle with two shorter 
(3.11 and 3.21 Å) one much longer (3.89 Å) Ag-Ag distances. Above and below this Ag3-
plane there is a μ3-bridging chloride ligand. The third chloride acts as μ2-ligand between 
two silver atoms in the plane of the triangle. Each silver atom is also C-bound to the car-
bene ligand (Figure 3 bottom). As can be seen, the C-Ag-Cl angles are not linear, resulting 
in a distorted tetrahedral coordination environment about each silver atom. 

Silver NHC complexes are commonly used in transmetallation reactions to transfer 
the NHC ligand to a different metal. We therefore examined the reaction of the silver chlo-
ride complexes 9–11 with various other metal salts including [AuCl(tht)] (tht = tetrahy-
drothiophene), [Ru(p-cym)Cl2]2, [Rh(Cp*)Cl2]2 and [Rh(cod)Cl]2. In each case the corre-
sponding metal xanthine-8-ylidene-derivatives were formed in good yields as air- and 
moisture-stable solids (Scheme 4). 
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Scheme 4. Transmetallation reactions. 

Complexes 12–23 were characterized by various spectroscopic methods and, in sev-
eral cases, by X-ray diffraction. In all these compounds, the chemical shifts of the carbene-
carbon resonances in the 13C-NMR spectra are most diagnostic. Compared to the silver-
precursors, the resonances are shifted either slightly upfield or downfield, depending on 
the metal. In case of the Rh-complexes, coupling between the 13C and 103Rh nuclei can be 
observed. Several complexes were characterized by X-ray diffraction, the molecular struc-
tures of which are shown in Figures 4–7. 
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Figure 4. Molecular structures of compounds 12 (top), 13 (middle) and 14 (bottom). Thermal ellip-
soids are drawn at the 50% level. Hydrogen atoms have been omitted for clarity. 

The gold(I) complexes (Figure 4) feature linear coordination (C-Au-Cl angles of 177–
179°) at the gold, as would be expected. There is only one other reported X-ray structure 
of a xanthine-derived NHC Au(I) halide complex, namely that of the iodo-complex 
[Au(NHC)I] (NHC = 1,3,7,9-tetramethylxanthine-8-ylidene) [33]. The Au-C bond lengths 
in 12–13 are with around 1.9 Å, similar to those observed in the 1,3,7,9-tetramethylxan-
thine-8-ylidene derivative. 

The structure of the ruthenium(II) complex 15 (Figure 5) features one C-bound car-
bene and two chloride ligands at the arene-Ru center. This piano-stool type arrangement 
is typical for this class of compounds. While the preparation and biological properties of 
the 1,3,7,9-tetramethylxanthine-8-ylidene-analogue of 15 have been published [53], this is 
the first X-ray structure of an arene ruthenium complex containing a xanthine-derived 
carbene ligand. 

 
Figure 5. Molecular structure of compound 15. Thermal ellipsoids are drawn at the 50% level. Hy-
drogen atoms have been omitted for clarity. 

The Rh(III) complexes 18 and 19 (Figure 6) feature a similar piano-stool geometry, 
with the xanthine-derivative C8-bound to the metal. The only other structurally charac-
terized examples of Cp*Rh(III) complexes with xanthine-derived carbene ligands are 
those reported by Hahn containing 7-picolyl- or 7-imidazoly-substituted theobromine-de-
rivatives [54]. 
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Figure 6. Molecular structures of compounds 18 (top) and 19 (bottom). Thermal ellipsoids are 
drawn at the 50% level. Hydrogen atoms have been omitted for clarity. 

The structure of complex 22 (Figure 7) contains a cis-configured, square planar rho-
dium(I) center with a C8-bound xanthine-derivative. The overall geometry is similar to 
that reported for the 1,3,7,9-tetramethylxanthine-8-ylidene-analogue [RhI(cod)(NHC)] 
[18]. 

 
Figure 7. Molecular structure of compound 22. Thermal ellipsoids are drawn at the 50% level. Hy-
drogen atoms have been omitted for clarity. 

3. Materials and Methods 
Reactions were routinely carried out under ambient conditions without protection 

from air or moisture. Solvents were HPLC-grade and all other chemicals were procured 
from commercial suppliers (Merck, Darmstadt, Germany, Alfa Aesar, Kandel, Germany, 
TCI Chemicals, Eschborn, Germany or Acros Organics, Geel, Belgium) and were used as 
received. 1,3-Dimethyl-7-benzylxanthine was prepared from theophylline and benzyl 
bromide as described previously [55,56]. The 4-chlorobenzyl-derivative was prepared 
similarly. [AuCl(tht)], [RuCl2(p-cym)]2, [Rh(Cp*)Cl2]2 and [Rh(cod)Cl]2 were prepared by 
kwon methods [57–60]. NMR spectra were recorded on Bruker Avance 400 or Bruker 
Avance III 600 instruments (Bruker, Berlin, Germany). Spectra were referenced externally 
to Me4Si (1H, 13C), 1 M aq. NaCl (35Cl) or 85% H3PO4 (31P). High-resolution electrospray 
mass spectra were measured on a Bruker Daltonics micrOTOF instrument (Bruker, Bre-
men, Germany). IR spectra were recorded on a Nicolet iS5 spectrometer (Thermo Fisher 
Scientific, Erlangen, Germany) fitted with a diamond iD7 ATR unit. 
1,3-Dimethyl-7-benzyl-9-ethylxanthinium tosylate (1OTs) 

A mixture of 1,3-dimethyl-7-benzylxanthine (1) (0.100 g, 0.370 mmol) and ethyl to-
sylate (0.267 g, 1.35 mmol) was heated in an open vial to 150 °C for 2 h. After cooling, 
excess diethyl ether was added and the resulting solid was isolated by filtration, washed 
with Et2O and subsequently dried in air. As a result, 0.151 g (87 %) of a colorless solid was 
obtained. 1H NMR (400 MHz, DMSO-d6) δ = 9.63 (s, 1 H, C8H), 7.34–7.49 (m, 7 H, OTs, Ph), 
7.10 (d, J = 8.4 Hz, 2 H, OTs), 5.71 (s, 2 H, N7CH2), 4.59 (q, J = 7.2 Hz, 2 H, N9CH2), 3.71 (s, 
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3 H, N3Me), 3.26 (s, 3 H, N1Me), 2.29 (s, 3 H, Me OTs), 1.54 (t, J = 7.2 Hz, 3 H, Me). 13C{1H} 
NMR (100 MHz, DMSO-d6) δ = 153.06 (C6=O), 150.27 (C2=O), 145.68 (OTs), 139.51 (C4), 
138.51 (C8), 137.55 (OTs), 134.14 (Ph), 128.78, (Ph), 128.67 (Ph), 128.04 (Ph), 127.98 (OTs), 
125.40 (OTs), 107.09 (C5), 51.21 (N7CH2), 45.32 (N9CH2), 31.66 (N3Me), 28.39 (N1Me), 20.72 
(Me OTs), 15.03 (Me). High-resolution positive-ion ESMS (m/z): calculated for [M]+ 
299.1508; found 299.1511. 
1,3-Dimethyl-7-(4-chlorobenzyl)-9-ethylxanthinium tosylate (2OTs) 

This was prepared as described above using 1,3-dimethyl-7-(4-chlorobenzyl)xan-
thine (2) (0.100 g, 0.330 mmol) and ethyl tosylate (0.238 g, 1.19 mmol). As a result, 0.139 g 
(84%) of a colorless solid was obtained. 1H NMR (400 MHz, DMSO-d6) δ = 9.60 (s, 1 H, 
C8H), 7.44–7.49 (m, 6 H, OTs, Bn), 7.09–7.12 (m, 2 H, OTs), 5.68 (s, 2 H, N7CH2), 4.58 (q, J = 
7.2 Hz, 2 H, N9CH2), 3.71 (s, 3 H, N3Me), 3.25 (s, 3 H, N1Me), 2.29 (s, 3 H, Me OTs), 1.53 (t, 
J = 7.2 Hz, 3 H, Me). 13C{1H} NMR (100 MHz, DMSO-d6) δ = 153.02 (C6=O), 150.25 (C2=O), 
145.68 (OTs), 139.51 (C4), 138.61 (C8), 137.54 (OTs), 133.43 (Bn), 133.05 (Bn), 130.09 (Bn), 
128.72 (Bn), 127.97 (OTs), 125.39 (OTs), 107.06 (C5), 50.57 (N7CH2), 45.34 (N9CH2), 31.66 
(N3Me), 28.39 (N1Me), 20.71 (Me OTs), 14.96 (Me). High-resolution positive-ion ESMS 
(m/z): calculated for [M]+ 333.1118; found 333.1118. 
1,3-Dimethyl-7-benzyl-9-ethylxanthinium ethyl sulfate (1EtSO4) 

This was prepared as described above by heating a mixture of 1,3-dimethyl-7-ben-
zylxanthine (1) (0.20 g, 0.74 mmol) and diethyl sulfate (194 μL, 1.48 mmol) to 130 °C for 2 
h. As a result, 0.273 g (87 %) of a colorless solid was obtained. 1H NMR (600 MHz, CDCl3) 
δ = 9.99 (s, 1 H, C8H), 7.34–7.66 (m, 5 H, Ph), 5.80 (s, 2 H, N7CH2), 4.76 (q, J = 7.2 Hz, 2 H, 
N9CH2), 3.06 (q, J = 7.1 Hz, 2 H, OCH2), 3.85 (s, 3 H, N3Me), 3.43 (s, 3 H, N1Me), 1.68 (t, J = 
7.2 Hz, 3 H, Me), 1.27 (t, J = 7.1 Hz, 3 H, OCH2Me). 13C{1H} NMR (150 MHz, DMSO-d6) δ = 
153.08 (C6=O), 150.29 (C2=O), 139.55 (C4), 138.54 (C8), 134.15 (Ph), 128.77 (Ph), 128.66 (Ph), 
128.03 (Ph), 107.11 (C5), 61.07 (OCH2), 51.20 (N7CH2), 45.31 (N9CH2), 31.67 (N3Me), 28.39 
(N1Me), 15.06 (Me, OCH2Me). High-resolution positive-ion ESMS (m/z): calculated for 
[M]+ 299.1508; found 299.1503. 
1,3-Dimethyl-7-(4-chlorobenzyl)-9-ethylxanthinium ethyl sulfate (2EtSO4) 

This was prepared as described above using 1,3-dimethyl-7-(4-chlorobenzyl)xan-
thine (2) (0.200 g, 0.650 mmol) and ethyl tosylate (172 μL, 1.31 mmol). As a result, 0.264 g 
(88%) of a colorless solid was obtained. 1H NMR (600 MHz, CDCl3) δ = 10.06 (s, 1 H, C8H), 
7.33–7.62 (m, 4 H, Bn), 5.78 (s, 2 H, N7CH2), 4.74 (q, J = 7.3 Hz, 2 H, N9CH2), 4.03 (q, J = 7.1 
Hz, 2 H, OCH2), 3.85 (s, 3 H, N3Me), 3.43 (s, 3 H, N1Me), 1.68 (t, J = 7.3 Hz, 3 H, Me), 1.27 
(t, J = 7.1 Hz, 3 H, OCH2Me). 13C{1H} NMR (100 MHz, DMSO-d6) δ = 153.06 (C6=O), 150.29 
(C2=O), 139.56 (C4), 138.61 (C8), 133.44 (Bn), 133.05 (Bn), 130.09 (Bn), 128.73 (Bn), 107.10 
(C5), 61.09 (OCH2), 50.58 (N7CH2), 45.34 (N9CH2), 31.68 (N3Me), 28.40 (N1Me), 15.07 (Me), 
14.99 (OCH2Me). High-resolution positive-ion ESMS (m/z): calculated for [M]+ 333.1118; 
found 333.1122. 
1,3,7-Trimethyl-9-ethylxanthinium hydrogen sulfate (3HSO4) 

A mixture of caffeine (3) (0.287 g, 1.480 mmol) and diethyl sulfate (388 μL, 2.96 mmol) 
was heated in an open vial to 130 °C for 2 h. After cooling to room temperature, a 3:7 
mixture of acetone and toluene (ca. 10 mL) was added. Upon standing over night, a col-
orless solid deposited, which was isolated by filtration and was washed with a small 
amount of acetone. After drying in vacuum, 0.435 g (91%) of the product was obtained. 
1H NMR (600 MHz, DMSO-d6) δ = 9.42 (s, 1 H, C8H), 4.58 (q, J = 7.2 Hz, 2 H, N9CH2), 4.07 
(s, 3 H, N7Me), 3.73 (s, 3 H, N3Me), 3.28 (s, 3 H, N1Me), 1.53 (t, J = 7.2 Hz, 3 H, Me). 13C{1H} 
NMR (100 MHz, DMSO-d6) δ = 153.31 (C6=O), 150.34 (C2=O), 138.87 (C4), 138.76 (C8), 107.87 
(C5), 44.97 (N9CH2), 35.61 (N7Me), 31.58 (N3Me), 28.31 (N1Me), 15.06 (Me). High-resolution 
positive-ion ESMS (m/z): calculated for [M-Me+H]+ 209.1039; found 209.1035. 
1,3-Dimethyl-7-benzyl-9-ethylxanthinium hexafluorophosphate (1PF6) 
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A solution of 1EtSO4 (0.100 g, 0.236 mmol) in water (10 mL) was treated with a solu-
tion of [NH4]PF6 (0.0403 g, 0.247 mmol) in water (10 mL). After 20 min at room tempera-
ture the resulting precipitate was isolated by filtration, washed with water and Et2O and 
was dried in air. A colorless solid was obtained in 74 % yield (0.077 g). The compound can 
also be prepared by the same method from 1OTs in similar yield. 1H NMR (400 MHz, 
DMSO-d6) δ = 9.60 (s, 1 H, C8H), 7.32–7.49 (m, 5 H, Ph), 5.71 (s, 2 H, N7CH2), 4.59 (q, J = 7.2 
Hz, 2 H, N9CH2), 3.72 (s, 3 H, N3Me), 3.27 (s, 3 H, N1Me), 1.54 (t, J = 7.2 Hz, 3 H, Me). 
13C{1H} NMR (100 MHz, DMSO-d6) δ = 153.07 (C6=O), 150.28 (C2=O), 139.51 (C4), 138.48 
(C8), 134.11 (Ph), 128.78 (Ph), 128.68 (Ph), 128.00 (Ph), 107.11 (C5), 51.22 (N7CH2), 45.30 
(N9CH2), 31.66 (N3Me), 28.39 (N1Me), 15.07 (Me). 31P NMR (DMSO-d6) δ = −144.19 (hept., J 
= 711 Hz, PF6). High-resolution positive-ion ESMS (m/z): calculated for [M]+ 299.1508; 
found 299.1511. 
1,3-Dimethyl-7-(4-chlorobenzyl)-9-ethylxanthinium hexafluorophosphate (2PF6) 

This was prepared as described above using 2EtSO4 (0.100 g, 0.218 mmol) and 
[NH4]PF6 (0.0373 g, 0.229 mmol). As a result, 0.077 g (74%) of a colorless solid was ob-
tained. The compound can also be prepared by the same method from 2OTs in similar 
yield. 1H NMR (400 MHz, DMSO-d6) δ = 9.57 (s, 1 H, C8H), 7.44–7.54 (m, 4 H, Bn), 5.70 (s, 
2 H, N7CH2), 4.59 (q, J = 7.2 Hz, 2 H, N9CH2), 3.72 (s, 3 H, N3Me), 3.26 (s, 3 H, N1Me), 1.54 
(t, J = 7.2 Hz, 3 H, Me). 13C{1H} NMR (100 MHz, DMSO-d6) δ = 153.04 (C6=O), 150.27 (C2=O), 
139.52 (C4), 138.58 (C8), 133.46 (Bn), 133.01 (Bn), 130.07 (Bn), 128.74 (Bn), 107.09 (C5), 50.59 
(N7CH2), 45.32 (N9CH2), 31.67 (N3Me), 28.40 (N1Me), 15.00 (Me). 31P NMR (DMSO-d6) δ = 
-144.19 (hept., J = 711 Hz, PF6). High-resolution positive-ion ESMS (m/z): calculated for 
[M]+ 333.1118; found 333.1118. 
1,3,7-Trimethyl-9-ethylxanthinium hexafluorophosphate (3PF6) 

This was prepared as described above using 3HSO4 (0.433 g, 1.412 mmol) and 
[NH4]PF6 (0.440 g, 2.70 mmol). As a result, 0.382 g (77%) of a colorless solid was obtained. 
1H NMR (400 MHz, DMSO-d6) δ = 9.34 (s, 1 H, C8H), 4.56 (q, J = 7.2 Hz, 2 H, N9CH2), 4.05 
(d, J = 0.6 Hz, 3 H, N7Me), 3.71 (s, 3 H, N3Me), 3.27 (s, 3 H, N1Me), 1.50 (t, J = 7.2 Hz, 3 H, 
Me). 13C{1H} NMR (100 MHz, DMSO-d6) δ = 153.31 (C6=O), 150.33 (C2=O), 138.85 (C4), 
138.69 (C8), 107.88 (C5), 44.98 (N9CH2), 35.63 (N7Me), 31.56 (N3Me), 28.32 (N1Me), 15.09 
(Me). 31P NMR (DMSO-d6) δ = -144.21 (hept., J = 711 Hz, PF6). High-resolution positive-ion 
ESMS (m/z): calculated for [M-Me+H]+ 209.1039; found 209.1035. 
1,3-Dimethyl-7-benzyl-9-ethylxanthinium chloride (1Cl) 

A solution of 1PF6 (0.2416 g, 0.544 mmol) in THF (3 mL) was treated with a solution 
of [nBu4N]Cl (0.304 g, 1.094 mmol) in THF (2.5 mL). After 2 h at room temperature the 
resulting precipitate was isolated by filtration, washed with Et2O and dried. A colorless 
solid was obtained in 85 % yield (0.1548 g). 1H NMR (400 MHz, DMSO-d6) δ = 10.01 (s, 1 
H, C8H), 7.32–7.54 (m, 5 H, Ph), 5.74 (s, 2 H, N7CH2), 4.62 (q, J = 7.2 Hz, 2 H, N9CH2), 3.72 
(s, 3 H, N3Me), 3.26 (s, 3 H, N1Me), 1.55 (t, J = 7.2 Hz, 3 H, Me). 13C{1H} NMR (100 MHz, 
DMSO-d6) δ = 153.08 (C6=O), 150.29 (C2=O), 139.53 (C4), 138.71 (C8), 134.22 (Ph), 128.74 (Ph), 
128.64 (Ph), 128.09 (Ph), 107.03 (C5), 51.10 (N7CH2), 45.30 (N9CH2), 31.69 (N3Me), 28.39 
(N1Me), 15.09 (Me). 35Cl NMR (54 MHz, DMSO-d6) δ = 69.4 (s, Cl−). High-resolution posi-
tive-ion ESMS (m/z): calculated for [M]+ 299.1508; found 299.1503. 
1,3-Dimethyl-7-(4-chlorobenzyl)-9-ethylxanthinium chloride (2Cl) 

This was prepared as described above using 2PF6 (0.2604 g, 0.544 mmol) and 
[nBu4N]Cl (0.304 g, 1.094 mmol). As a result, 0.152 g (75%) colorless solid was obtained. 1H 
NMR (400 MHz, DMSO-d6) δ = 10.01 (s, 1 H, C8H), 7.47–7.55 (m, 4 H, Bn), 5.73 (s, 2 H, 
N7CH2), 4.61 (q, J = 7.2 Hz, 2 H, N9CH2), 3.72 (s, 3 H, N3Me), 3.26 (s, 3 H, N1Me), 1.55 (t, J = 
7.2 Hz, 3 H, Me). 13C{1H} NMR (100 MHz, DMSO-d6) δ = 153.05 (C6=O), 150.27 (C2=O), 
139.53 (C4), 138.81 (C8), 133.42 (Bn), 133.14 (Bn), 130.17 (Bn), 128.69 (Bn), 107.00 (C5), 50.44 
(N7CH2), 45.33 (N9CH2), 31.70 (N3Me), 28.39 (N1Me), 15.01(Me). 35Cl NMR (54 MHz, 
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DMSO-d6) δ = 69.4 (s, Cl-). High-resolution positive-ion ESMS (m/z): calculated for [M]+ 
333.1118; found 333.1122. 
1,3,7-Trimethyl-9-ethylxanthinium chloride (3Cl) 

This was prepared as described above using 3PF6 (0.200 g, 0.543 mmol) and [nBu4N]Cl 
(0.304 g, 1.094 mmol). As a result, 0.136 g (97%) of a colorless solid was obtained. 1H NMR 
(400 MHz, DMSO-d6) δ = 9.58 (s, 1 H, C8H), 4.58 (q, J = 7.2 Hz, 2 H, N9CH2), 4.07 (d, J = 0.6 
Hz, 3 H, N7Me), 3.72 (s, 3 H, N3Me), 3.28 (s, 3 H, N1Me), 1.51 (t, J = 7.2 Hz, 3 H, Me). 13C{1H} 
NMR (150 MHz, DMSO-d6) δ = 153.32 (C6=O), 150.34 (C2=O), 138.92 (C4), 138.85 (C8), 107.82 
(C5), 44.97 (N9CH2), 35.59 (N7Me), 31.61 (N3Me), 28.31 (N1Me), 15.12 (Me). 35Cl NMR (39 
MHz, DMSO-d6) δ = 38.50 (s, Cl−). High-resolution positive-ion ESMS (m/z): calculated for 
[M]+ 223.1195; found 223.1191. 
[(NHC)Ag(NH3)]PF6 (4) 

A suspension of 1PF6 (0.111 g, 0.250 mmol) in EtOH (3 mL) was treated with Ag2O 
(0.029 g, 0.125 mmol) and concentrated ammonia solution (170 μL, 2.6 mmol). After stir-
ring at room temperature for 30 min, the colorless solid was isolated by filtration and was 
washed with cold EtOH and Et2O. A colorless solid was obtained in 78 % yield (0.110 g). 
1H NMR (400 MHz, DMSO-d6) δ = 7.25–7.40 (m, 5 H, Ph), 5.72 (s, 2 H, N7CH2), 4.59 (m, 2 
H, N9CH2), 3.72 (s, 3 H, N3Me), 3.50 (s, 3 H, NH3), 3.24 (s, 3 H, N1Me), 1.42 (m, 3 H, Me). 
13C{1H} NMR (150 MHz, DMSO-d6) δ = 185.27 (C-Ag), 152.93 (C6=O), 150.57 (C2=O), 140.26 
(C4), 136.56 (Ph), 128.58 (Ph), 127.88 (Ph), 127.27 (Ph), 108.28 (C5), 52.86 (N7CH2), 46.32 
(N9CH2), 31.35 (N3Me), 28.15 (N1Me), 17.21 (Me). 31P NMR (DMSO-d6) δ = -144.19 (hept., J 
= 711 Hz, PF6). High-resolution positive-ion ESMS (m/z): calculated for [M+H+Na]+ 
446.0722; found 446.0686. IR (ATR): 3300–3400 cm−1 ν(NH3), 833 cm−1 ν(PF6). 
[(NHC)Ag(NH3)]PF6 (5) 

This was prepared as described above using 2PF6 (0.119 g, 0.250 mmol), Ag2O (0.029 
g, 0.125 mmol) and concentrated ammonia solution (170 μL, 2.6 mmol). As a result, 0.116 
g (77%) of a colorless solid was obtained. 1H NMR (400 MHz, DMSO-d6) δ = 7.28–7.45 (m, 
4 H, Bn), 5.71 (s, 2 H, N7CH2), 4.60 (m, 2 H, N9CH2), 3.72 (s, 3 H, N3Me), 3.23 (s, 3 H, N1Me), 
3.03 (s, 3 H, NH3), 1.43 (m, 3 H, Me). 13C{1H} NMR (100 MHz, DMSO-d6) δ = 197.15 (C-Ag), 
152.92 (C6=O), 150.60 (C2=O), 140.34 (C4), 135.63 (Bn), 132.60 (Bn), 129.10 (Bn), 128.56 (Bn), 
108.22 (C5), 52.02 (N7CH2), 46.35 (N9CH2), 31.39 (N3Me), 28.20 (N1Me), 17.26 (Me). 31P NMR 
(DMSO-d6) δ = −144.19 (hept., J = 711 Hz, PF6). High-resolution positive-ion ESMS (m/z): 
calculated for [M+H+Na]+ 480.0332; found 480.0328. IR (ATR): 3300–3400 cm−1 ν(NH3), 833 
cm−1 ν(PF6). X-ray quality crystals were obtained by slow diffusion of CHCl3 into an ace-
tone solution of the compound. 
[(NHC)Ag(NH3)]PF6 (6) 

This was prepared as described above using 3PF6 (0.092 g, 0.250 mmol), Ag2O (0.029 
g, 0.125 mmol) and concentrated ammonia solution (163 μL, 2.7 mmol). As a result, 0.084 
g (68%) of a colorless solid was obtained. H NMR (600 MHz, DMSO-d6) δ = 4.60 (q, J = 7.0 
Hz, 2 H, N9CH2), 4.08 (s, 3 H, N7Me), 3.72 (s, 3 H, N3Me), 3.26 (s, 3 H, N1Me), 3.06 (br. s, 3 
H, NH3), 1.46 (t, J = 7.0 Hz, 3 H, Me). 13C{1H} NMR (150 MHz, DMSO-d6) δ = 153.21 (C6=O), 
150.68 (C2=O), 139.83 (C4), 108.88 (C5), 46.04 (N9CH2), 38.03 (N7Me), 31.34 (N3Me), 28.17 
(N1Me), 17.38 (Me). The carbene-carbon signal could not be detected. 31P NMR (DMSO-d6) 
δ = −144.19 (hept., J = 711 Hz, PF6). High-resolution positive-ion ESMS (m/z): calculated for 
[M]+ 347.0511; found 347.0505. IR (ATR): 3300–3400 cm−1 ν(NH3), 833 cm−1 ν(PF6). 
[Ag(NHC)2]PF6 (7) 

A suspension of 1PF6 (0.0555 g, 0.125 mmol) in absolute EtOH (2 mL) was treated 
with Ag2O (0.0145 g, 0.0626 mmol) and Et2NH (65 μL, 0.627 mmol). After stirring at room 
temperature for 4 h, the colorless solid was isolated by filtration and was washed with 
cold EtOH and Et2O. A colorless solid was obtained in 80 % yield (0.0425 g). 1H NMR (600 
MHz, DMSO-d6) δ = 7.25–7.33 (m, 10 H, Ph), 5.74 (s, 4 H, N7CH2), 4.56 (q, J = 7.2 Hz, 4 H, 
N9CH2), 3.73 (s, 6 H, N3Me), 3.25 (s, 6 H, N1Me), 1.39 (t, J = 7.2 Hz, 6 H, Me). 13C{1H} NMR 
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(150 MHz, DMSO-d6) δ = 186.24 (d, J = 217 Hz, C109Ag), 186.22 (d, J = 192 Hz, C107Ag), 152.98 
(C6=O), 150.61 (C2=O), 140.23 (C8), 136.59 (Ph), 128.61 (Ph), 127.88 (Ph), 127.00 (Ph), 108.34 
(C5), 52.69 (N7CH2), 46.35 (N9CH2), 31.38 (N3Me), 28.19 (N1Me), 17.26 (Me). 31P NMR (ace-
tone-d6) δ = −144.27 (hept., J = 707 Hz, PF6). High-resolution positive-ion ESMS (m/z): cal-
culated for [M]+ 703.1910; found 703.1906. X-ray quality crystals were obtained by slow 
diffusion of Et2O into an acetone solution of the compound. 
[Ag(NHC)2]PF6 (8) 

This was prepared as described above using 2PF6 (0.0598 g, 0.125 mmol), Ag2O 
(0.0145 g, 0.0626 mmol) and Et2NH (65  μL, 0.627 mmol). As a result, 0.040 g (72%) of a 
colorless solid was obtained. 1H NMR (400 MHz, Acetone-d6) δ = 7.30–7.43 (m, 8 H, Bn), 
5.83 (s, 4 H, N7CH2), 4.79 (q, J = 7.3 Hz, 4 H, N9CH2), 3.88 (s, 6 H, N3Me), 3.30 (s, 6 H, N1Me), 
1.60 (t, J = 7.3 Hz, 6 H, Me). 13C{1H} NMR (100 MHz, Acetone-d6) δ = 187.42 (unres. d, C-
Ag), 154.96 (C6=O), 152.47 (C2=O), 142.06 (C4), 137.19 (Bn), 135.15 (Bn), 130.77 (Bn), 130.41 
(Bn), 110.44 (C5), 54.25 (N7CH2), 48.63 (N9CH2), 32.77 (N3Me), 29.36 (N1Me), 18.76 (Me). 31P 
NMR (acetone-d6) δ = −144.27 (hept., J = 707 Hz, PF6). High-resolution positive-ion ESMS 
(m/z): calculated for [M]+ 771.1131; found 771.1130. 
[Ag(NHC)Cl] (9) 

A solution of 1Cl (0.05 g, 0.149 mmol) in CH2Cl2 (7.5 mL) was treated with Ag2O 
(0.0174 g, 0.0751 mmol). After 4 h at room temperature most of the silver oxide had dis-
solved. The mixture was passed through Celite, and the filtrate was concentrated in vac-
uum. Addition of Et2O precipitated a colorless solid, which was isolated by filtration and 
was washed with Et2O. A colorless solid was obtained in 67% yield (0.0445 g). 1H NMR 
(400 MHz, DMSO-d6) δ = 7.26–7.39 (m, 5 H, Ph), 5.70 (s, 2 H, N7CH2), 4.58 (q, J = 7.2 Hz, 2 
H, N9CH2), 3.71 (s, 3 H, N3Me), 3.23 (s, 3 H, N1Me), 1.44 (t, J = 7.2 Hz, 3 H, Me). 13C{1H} 
NMR (100 MHz, DMSO-d6) δ = 186.77 (C-Ag), 152.97 (C6=O), 150.59 (C2=O), 140.24 (C4), 
136.56 (Ph), 128.60 (Ph), 127.93 (Ph), 127.38 (Ph), 108.15 (C5), 52.88 (N7CH2), 46.41 (N9CH2), 
31.38 (N3Me), 28.20 (N1Me), 17.24 (Me). High-resolution positive-ion ESMS (m/z): calcu-
lated for [M+Na]+ 463.0067; found 463.077. X-ray quality crystals were obtained by slow 
diffusion of Et2O into a CH2Cl2 solution of the compound. 
[Ag(NHC)Cl] (10) 

This was prepared as described above using 2Cl (0.0554 g, 0.140 mmol) and Ag2O 
(0.0174 g, 0.0751 mmol). As a result, 0.0475 g (66%) of a colorless solid was obtained. 1H 
NMR (400 MHz, Acetone-d6) δ = 7.34–7.58 (m, 4 H, Bn), 5.81 (s, 2 H, N7CH2), 4.78 (q, J = 7.2 
Hz, 2 H, N9CH2), 3.89 (s, 3 H, N3Me), 3.31 (s, 3 H, N1Me), 1.59 (t, J = 7.2 Hz, 3 H, Me). 
13C{1H} NMR (100 MHz, Acetone-d6) δ = 187.60 (C-Ag), 154.87 (C6=O), 152.35 (C2=O), 
142.24 (C4), 137.22 (Bn), 135.10 (Bn), 131.48 (Bn), 130.23 (Bn), 110.12 (C5), 54.39 (N7CH2), 
48.48 (N9CH2), 32.78 (N3Me), 29.36 (N1Me), 18.61 (Me). High-resolution positive-ion ESMS 
(m/z): calculated for [M+Na]+ 496.9677; found 496.9671. X-ray quality crystals were ob-
tained by slow diffusion of Et2O into a CH2Cl2 solution of the compound. 
[Ag(NHC)Cl] (11) 

This was prepared as described above using 3Cl (0.0387 g, 0.150 mmol) and Ag2O 
(0.0174 g, 0.0751 mmol). As a result, 0.0285 g (52%) of a colorless solid was obtained. 1H 
NMR (400 MHz, DMSO-d6) δ = 4.56 (q, J = 7.2 Hz, 2 H, N9CH2), 4.04 (s, 3 H, N7Me), 3.70 (s, 
3 H, N3Me), 3.24 (s, 3 H, N1Me), 1.44 (t, J = 7.2 Hz, 3 H, Me). 13C{1H} NMR (100 MHz, 
DMSO-d6) δ = 185.25 (C-Ag), 153.18 (C6=O), 150.66 (C2=O), 139.80 (C4), 108.79 (C5), 46.09 
(N9CH2), 37.99 (N7Me), 31.33 (N3Me), 28.14 (N1Me), 17.30 (Me). High-resolution positive-
ion ESMS (m/z): calculated for [M-AgCl]+ 223.1195; found 223.1218. 
[Au(NHC)Cl] (12) 

A solution of complex 9 (0.0442 g, 0.100 mmol) and [AuCl(tht)] (0.0320 g, 0.0998 
mmol) in CH2Cl2 (5 mL) was left to stir at room temperature for ca. 4 h. The mixture was 
passed through Celite, and the solvent was removed under reduced pressure. The result-
ing material was washed with Et2O and dried in air. A colorless product was obtained in 
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64 % yield (0.034 g). 1H NMR (600 MHz, CDCl3) δ = 7.62 (d, J = 6.7 Hz, 2 H, o-Ph), 7.27–7.36 
(m, 3 H, m-Ph, p-Ph), 5.78 (s, 2 H, N7CH2), 4.70 (q, J = 7.2 Hz, 2 H, N9CH2), 3.79 (s, 3 H, 
N3Me), 3.38 (s, 3 H, N1Me), 1.58 (t, J = 7.2 Hz, 3 H, Me). 13C{1H} NMR (150 MHz, CDCl3) δ 
= 176.79 (C-Au), 152.93 (C6=O), 150.63 (C2=O), 139.33 (C4), 134.87 (ipso-Ph), 128.84, 128.73, 
128.59 (Ph), 108.16 (C5), 53.68 (N7CH2), 46.71 (N9CH2), 31.68 (N3Me), 28.84 (N1Me), 17.33 
(Me). High-resolution positive-ion ESMS (m/z): calculated for [M+Na]+ 553.0682; found 
553.0792. 
[Au(NHC)Cl] (13) 

This was prepared as described above using 10 (0.0476 g, 0.100 mmol) and 
[AuCl(tht)] (0.0320 g, 0.0998 mmol). As a result, 0.0420 g (74%) colorless solid was ob-
tained. 1H NMR (600 MHz, CDCl3) δ = 7.58 (d, J = 8.4 Hz, 2 H, o-C6H4), 7.28–7.31 (m, 2 H, 
m-C6H4), 5.74 (s, 2 H, N7CH2), 4.69 (q, J = 7.2 Hz, 2 H, N9CH2), 3.79 (s, 3 H, N3Me), 3.38 (s, 
3 H, N1Me), 1.58 (t, J = 7.2 Hz, 3 H, Me). 13C{1H} NMR (150 MHz, CDCl3) δ = 176.79 (C-Au), 
152.96 (C6=O), 150.57 (C2=O), 139.40 (C4), 134.87 (ipso-Bn), 133.29 (Bn), 130.10 (Bn), 129.04 
(Bn), 108.04 (C5), 52.96 (N7CH2), 46.77 (N9CH2), 31.70 (N3Me), 28.86 (N1Me), 17.33 (Me). 
High-resolution positive-ion ESMS (m/z): calculated for [M+Na]+ 587.0292; found 587.0291. 
[Au(NHC)Cl] (14) 

This was prepared as described above using 11 (0.0365 g, 0.988 mmol) and 
[AuCl(tht)] (0.0320 g, 0.0998 mmol). As a result, 0.0295 g (55%) colorless solid was ob-
tained. 1H NMR (400 MHz, CDCl3) δ = 4.71 (q, J = 7.2 Hz, 2 H, N9CH2), 4.17 (s, 3 H, N7Me), 
3.83 (s, 3 H, N3Me), 3.43 (s, 3 H, N1Me), 1.60 (t, J = 7.2 Hz, 3 H, Me). 13C{1H} NMR (100 
MHz, CDCl3) δ = 177.33 (C-Au), 153.28 (C6=O), 150.71 (C2=O), 138.10 (C4), 113.18 (C5), 46.47 
(N9CH2), 37.98 (N7Me), 31.65 (N3Me), 28.76 (N1Me), 17.36 (Me). High-resolution positive-
ion ESMS (m/z): calculated for [M+Na]+ 477.0369; found 477.0366. X-ray quality crystals 
were obtained by slow diffusion of Et2O into a CH2Cl2 solution of the compound. 
[RuCl2(NHC)(p-cym)] (15) 

This was prepared as described above using complex 9 (0.0438 g, 0.099 mmol) and 
[RuCl2(p-cym)]2 (0.0294 g, 0.048 mmol). A brown product was obtained in 72% yield 
(0.0431 g). 1H NMR (400 MHz, CDCl3, 223 K) δ = 7.30–7.48 (m, 3 H, Ph), 6.89 (m, 2 H, Ph), 
6.31 (d, 1 H, J = 17.0 Hz, N7CH2), 5.96 (d, 1H, J = 17.0 Hz, N7CH2), 5.44–5.53 (m, 1 H, p-cym), 
5.33–5.44 (m, 1 H, N9CH2), 5.19–5.29 (m, 2 H, p-cym), 5.17–5.18 (m, 1 H, p-cym), 4.34–4.49 
(m, 1 H, N9CH2), 3.78 (s, 3 H, N3Me), 3.29 (s, 3 H, N1Me), 2.65–2.78 (m, 1 H, p-cym), 2.04 (s, 
3 H, p-cym), 1.52 (s, 3 H, Me), 1.30 (d, J = 6.3 Hz, 3 H, p-cym), 1.19 (d, J = 6.3 Hz, 3 H, p-
cym). 13C{1H} NMR (100 MHz, CDCl3, 223 K) δ = 189.37 (C-Ru), 151.52 (C6=O), 150.87 
(C2=O), 140.88 (C4), 138.58 (ipso-Ph), 129.19 (Ph), 127.38 (Ph), 123.50 (Ph), 111.12 (C5), 107.77 
(p-cym), 94.64 (p-cym), 86.37 (p-cym), 86.12 (p-cym), 83.42 (p-cym), 82.78 (p-cym), 53.69 
(N7CH2), 47.18 (N9CH2), 32.57 (N3Me), 30.48 (p-cym), 28.67 (N1Me), 22.57 (p-cym), 22.32 (p-
cym), 18.01 (p-cym), 17.70 (Me). High-resolution positive-ion ESMS (m/z): calculated for 
[M-Cl]+ 569.1257; found 569.1257. X-ray quality crystals were obtained by slow diffusion 
of hexane into a CH2Cl2 solution of the compound. 
[RuCl2(NHC)(p-cym)] (16) 

This was prepared as described above using complex 10 (0.0471 g, 0.107 mmol) and 
[RuCl2(p-cym)]2 (0.0294 g, 0.048 mmol). A brown product was obtained. As a result, 0.0495 
g (76%). 1H NMR (400 MHz, CDCl3, 223 K) δ = 7.35–7.44 (d, J = 7.5 Hz, 2 H, Bn), 6.86 (m, 2 
H, Bn), 6.30 (d, 1 H, J = 17.2 Hz, N7CH2), 5.87 (d, J = 17.2 Hz, N7CH2), 5.49–5.52 (m, 1 H, p-
cym), 5.40–5.42 (m, 1 H, N9CH2), 5.29–5.31 (m, 1 H, p-cym), 5.23–5.25 (m, 2 H, p-cym), 4.37–
4.50 (m, 1 H, N9CH2), 3.78 (s, 3 H, N3Me), 3.29 (s, 3 H, N1Me), 2.65–2.78 (m, 1 H, p-cym), 
2.05 (s, 3 H, p-cym), 1.52 (s, 3 H, Me), 1.30 (d, J = 4.3 Hz, 3 H, p-cym), 1.22 (d, J = 5.7 Hz, 3 
H, p-cym). 13C{1H} NMR (100 MHz, CDCl3, 223 K) δ = 189.52 (C-Ru), 151.48 (C6=O), 150.78 
(C2=O), 140.97 (C4), 137.18 (ipso-Bn), 132.82 (Bn), 129.38 (Bn), 125.03 (Bn), 110.90 (C5), 108.04 
(p-cym), 94.68 (p-cym), 86.37 (p-cym), 86.06 (p-cym), 83.26 (p-cym), 83.04 (p-cym), 53.41 
(N7CH2), 47.23 (N9CH2), 32.55 (N3Me), 30.58 (p-cym), 28.69 (N1Me), 22.46 (p-cym), 18.09 (p-
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cym), 17.76 (Me). High-resolution positive-ion ESMS (m/z): calculated for [M-Cl]+ 
603.0868; found 603.0874. 
[RuCl2(NHC)(p-cym)] (17) 

This was prepared as described above using complex 11 (0.0362 g, 0.099 mmol) and 
[RuCl2(p-cym)]2 (0.0294 g, 0.048 mmol). A brown product was obtained. As a result, 0.0420 
g (80%). 1H NMR (600 MHz, CDCl3) δ = 5.47–5.66 (m, 2 H, p-cym), 6.26 (d, J = 6.1 Hz, 2 H, 
p-cym), 4.50–4.67 (m, 2 H, N9CH2), 4.36 (s, 3 H, N7Me), 3.77 (s, 3 H, N3Me), 3.42 (s, 3 H, 
N1Me), 3.02 (unres. pent, 1 H, p-cym), 2.18 (s, 3 H, p-cym), 1.41 (t, J = 7.3 Hz, 3 H, Me), 1.35 
(d, J = 6.9 Hz, 3 H, p-cym). 13C{1H} NMR (150 MHz, CDCl3) δ = 186.12 (C-Ru), 152.80 (C6=O), 
151.17 C2=O), 140.76 (C4), 111.85 (C5), 109.36 (p-cym), 99.08 (p-cym), 86.22 (p-cym), 83.03 
(p-cym), 81.27 (p-cym), 80.52 (p-cym), 46.70 (N9CH2), 39.66 (N7Me), 32.51 (N3Me), 30.89 (p-
cym), 28.58 (N1Me), 23.23 (p-cym), 22.11 (p-cym), 18.93 (p-cym), 17.36 (Me). High-resolu-
tion positive-ion ESMS (m/z): calculated for [M-Cl]+ 493.0944; found 493.0947. 
[RhCl2(NHC)(Cp*)] (18) 

This was prepared as described above using complex 9 (0.0177 g, 0.040 mmol) and 
[Rh(Cp*)Cl2]2 (0.0124 g, 0.020 mmol). A red-brown product was obtained in 53 % yield 
(0.013 g). 1H NMR (400 MHz, CDCl3) δ = 7.26–7.32 (m, 2 H, m-Ph), 7.23 (t, J = 7.3 Hz, 1 H, 
p-Ph), 6.89 (d, J = 7.3 Hz, 2 H, o-Ph), 6.39 (d, J = 16.5 Hz, 1 H, N7CH2), 5.98 (d, J = 16.5 Hz, 1 
H, N7CH2), 5.18–5.29 (m, 2 H, N9CH2), 4.66–4.79 (m, 2 H, N9CH2), 3.79 (s, 3 H, N3Me), 3.24 
(s, 3 H, N1Me), 1.54 (s, 15 H, Cp*), 1.49 (t, J = 7.3 Hz, 3 H, Me). 13C{1H} NMR (150 MHz, 
CDCl3) δ = 183.71 (d, J = 54.5 Hz, C-Rh), 151.73 (C6=O), 151.27 (C2=O), 141.13 (C4), 138.58 
(ipso-Ph), 128.56 (Ph), 127.12 (Ph), 124.67 (Ph), 111.72 (C5), 97.21 (d, J = 7.2 Hz, Cp*), 54.78 
(N7CH2), 47.10 (N9CH2), 32.50 (N3Me), 28.60 (N1Me), 17.66 (Me), 9.49 (Cp*). High-resolu-
tion positive-ion ESMS (m/z): calculated for [M+Na]+ 629.0933; found 629.0930. X-ray qual-
ity crystals were obtained by slow diffusion of Et2O into a CH2Cl2 solution of the com-
pound. 
[RhCl2(NHC)(Cp*)] (19) 

This was prepared as described above using complex 10 (0.0190 g, 0.040 mmol) and 
[Rh(Cp*)Cl2]2 (0.0124 g, 0.020 mmol). As a result, 0.0140 g, (55%) of a red-brown solid was 
obtained. 1H NMR (400 MHz, CDCl3) δ = 7.24–7.28 (m, 2 H, B), 6.92 (d, J = 7.8 Hz, 2 H, Bn), 
6.14–6.29 (s, 1 H, N7CH2), 5.95–6.10 (s, 1 H, N7CH2), 5.10–5.25 (s, 1 H, N9CH2), 4.70–4.90 (s, 
1 H, N9CH2), 3.79 (s, 3 H, N3Me), 3.25 (s, 3 H, N1Me), 1.56 (s, 15 H, Cp*), 1.49 (t, J = 7.2 Hz, 
3 H, Me). 13C{1H} NMR (150 MHz, CDCl3) δ = 183.60 (d, J = 53.3 Hz, C-Rh), 151.76 (C6=O), 
151.20 (C2=O), 141.34 (C4), 136.90 (ipso-Bn), 132.93 (Bn), 128.65 (Bn), 126.64 (Bn), 111.52 (C5), 
97.24 (d, J = 7.1 Hz, Cp*), 54.35 (N7CH2), 47.00 (N9CH2), 32.51 (N3Me), 28.64 (N1Me), 17.77 
(Me), 9.52 (Cp*). High-resolution positive-ion ESMS (m/z): calculated for [M-Cl]+ 605.0957; 
found 605.0957. X-ray quality crystals were obtained by slow diffusion of Et2O into a 
CH2Cl2 solution of the compound. 
[RhCl2(NHC)(Cp*)] (20) 

This was prepared as described above using complex 11 (0.0322 g, 0.0881 mmol) and 
[Rh(Cp*)Cl2]2 (0.0248 g, 0.0400 mmol). As a result, 0.0355 g, (76%) of a red-brown solid 
was obtained. 1H NMR (400 MHz, CDCl3) δ = 4.73–5.09 (m, 2 H, N9CH2), 4.33 (s, 3 H, 
N7Me), 3.75 (s, 3 H, N3Me), 3.39 (s, 3 H, N1Me), 1.66 (s, 15 H, Cp*), 1.39 (t, J = 7.2 Hz, 3 H, 
Me). 13C{1H} NMR (150 MHz, CDCl3) δ = 152.94 (C6=O), 151.20 (C2=O), 140.92 (C4), 112.06 
(C5), 96.98 (d, J = 7.0 Hz, Cp*), 46.41 (N9CH2), 39.14 (N7Me), 32.54 (N3Me), 28.61 (N1Me), 
17.55 (Me), 9.59 (Cp*). The carbene-carbon signal could not be detected. High-resolution 
positive-ion ESMS (m/z): calculated for [M-Cl]+ 495.1034; found 495.1030. 
[RhCl(NHC)(cod)] (21) 

This was prepared as described above using complex 9 (0.0352 g, 0.0797 mmol) and 
[Rh(cod)Cl]2 (0.0196 g, 0.0397 mmol). A yellow product was obtained in 48 % yield (0.021 
g). 1H NMR (400 MHz, CDCl3) δ = 7.44 (d, J = 7.3 Hz, 2 H, o-Ph), 7.33 (t, J = 7.3 Hz, 2 H, m-
Ph), 7.23–7.29 (m, 1 H, p-Ph), 6.25 (d, J = 14.8 Hz, 1 H, N7CH2), 6.10 (d, J = 14.8 Hz, 1 H, 
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N7CH2), 5.42–5.53 (m, 1 H, N9CH2), 5.16–5.23 (m, 1 H, cod), 5.07–5.15 (m, 1 H, cod), 4.99–
5.07 (m, 1 H, N9CH2), 3.78 (s, 3 H, N3Me), 3.30 (s, 3 H, N1Me), 3.26–3.32 (m, 3 H, cod), 2.99–
3.06 (m, 1 H, cod), 2.25–2.52 (m, 3 H, cod), 1.83–2.10 (m, 4 H, cod), 1.71–1.76 (m, 1 H, cod), 
1.69 (t, J = 7.2 Hz, 3 H, Me). 13C{1H} NMR (100 MHz, CDCl3) δ = 193.49 (C-Rh), 152.14 
(C6=O), 150.81 (C2=O), 140.08 (C4), 136.92 (ipso-Ph), 128.50 (m-Ph), 127.66 (p-Ph), 127.32 (o-
Ph), 109.00 (C5), 100.89 (d, J = 6.8 Hz, cod), 100.12 (d, J = 6.8 Hz, cod), 69.84 (d, J = 14.3 Hz, 
cod), 69.67 (d, J = 14.3 Hz, cod), 53.71 (N7CH2), 46.33 (N9CH2), 33.53 (cod), 31.89 (cod), 31.59 
(N3Me), 28.55 (cod), 28.11 (N1Me), 29.25 (cod), 17.67 (Me). High-resolution positive-ion 
ESMS (m/z): calculated for [M-Cl]+ 509.1424; found 509.1429. 
[RhCl(NHC)(cod)] (22) 

This was prepared as described above using complex 10 (0.0635 g, 0.1334 mmol) and 
[Rh(cod)Cl]2 (0.0329 g, 0.0604 mmol). As a result, 0.0520 g (72%) of a yellow solid was 
obtained. 1H NMR (400 MHz, CDCl3) δ = 7.47 (d, J = 8.4 Hz, 2 H, Bn), 7.29 (m, 2 H, Bn), 
6.26 (d, J = 14.7 Hz, 1 H, N7CH2), 5.99 (d, J = 14.7 Hz, 1 H, N7CH2), 5.40–5.50 (m, 1 H, N9CH2), 
5.10–5.23 (m, 2 H, cod), 4.99–5.10 (m, 1 H, N9CH2), 3.78 (s, 3 H, N3Me), 3.30 (s, 3 H, N1Me), 
3.00–3.10 (m, 1 H, cod), 2.28–2.52 (m, 3 H, cod), 2.10–2.20 (m, 1 H, cod), 1.75–2.08 (m, 4 H, 
cod), 1.69 (t, J = 7.2 Hz, 3 H, Me). 13C{1H} NMR (100 MHz, CDCl3) δ = 193.28 (C-Rh), 152.12 
(C6=O), 150.74 (C2=O), 140.23 (C4), 135.15 (ipso-Bn), 133.66 (Bn), 129.13 (Bn), 128.65 (Bn), 
109.94 (C5), 101.08 (d, J = 6.7 Hz, cod), 100.54 (d, J = 6.7 Hz, cod), 69.98 (d, J = 13.8 Hz, cod), 
69.66 (d, J = 13.8 Hz, cod), 53.19 (N7CH2), 46.35 (N9CH2), 33.41 (cod), 33.06 (cod), 31.58 
(N3Me), 29.22 (cod), 28.55 (N1Me), 28.19 (cod), 16.89 (Me). High-resolution positive-ion 
ESMS (m/z): calculated for [M-Cl]+ 543.1034; found 543.1037. X-ray quality crystals were 
obtained by slow diffusion of hexane into a CH2Cl2 solution of the compound. 
[RhCl(NHC)(cod)] (23) 

This was prepared as described above using complex 11 (0.0291 g, 0.0796 mmol) and 
[Rh(cod)Cl]2 (0.0196 g, 0.0360 mmol). As a result, 0.0370 g (99%) of a yellow solid was 
obtained. 1H NMR (400 MHz, CDCl3) δ = 5.40–5.31 (m, 1 H, N9CH2), 5.09 (dd, J = 21.0, 5.3 
Hz, 2 H, cod), 4.90 (m, 1 H, N9CH2), 4.39 (s, 3 H, N7Me), 3.76 (s, 3 H, N3Me), 3.48–3.39 (m, 
2 H, cod), 3.35 (s, 3 H, N1Me), 2.53–2.37 (m, 4 H, cod), 2.01 (d, J = 9.5 Hz, 4 H, cod), 1.61 (t, 
J = 7.2 Hz, 3 H, Me). 13C{1H} NMR (150 MHz, CDCl3) δ = 191.11 (br. m, C-Rh), 152.81 (C6=O), 
150.79 (C2=O), 139.61 (C4), 110.51 (C5), 100.59 (d, J = 6.2 Hz, cod), 100.30 (d, J = 6.2 Hz, cod), 
69.62 (cod), 68.88 (cod), 46.04 (N9CH2), 37.42 (N7CH2), 32.79 (d, J = 5.6 Hz, cod), 31.48 
(N3Me), 28.81 (N1Me), 28.72 (cod), 28.45 (cod), 28.00 (cod), 16.93 (Me). High-resolution 
positive-ion ESMS (m/z): calculated for [M-Cl]+ 433.1111; found 433.1114. 
X-ray crystallography 

Diffraction data for complex 15 was collected at 100 K using a Bruker-AXS Kappa 
Mach3 APEX-II system located in front of a Iμs microfocus source equipped with Incoatec 
Helios mirrors for Mo radiation. For data integration the APEX3 package was employed. 
For data scaling and absorption correction SADABS was used[61]. Diffraction data for 
complexes 5, 7, 9, 12–14 and 18–22 was collected at 150 K using a Rigaku Oxford Diffrac-
tion Gemini E Ultra diffractometer, equipped with an EOS CCD area detector and a four-
circle kappa goniometer. Data integration, scaling and empirical absorption correction 
was carried out using the CrysAlis Pro program package[62]. Data for complex 10 was 
collected at beamline P11, PETRA III DESY Hamburg. For data integration XDS [63] (ver-
sion Jan. 31, 2020) and for scaling as well as absorption correction SADABS were used. All 
structures were solved by direct methods or intrinsic phasing (SHELXT [64]) and refined 
using SHELXL [65] as implemented in the Olex2 graphical user interface [66]. Crystallo-
graphic and refinement details are collected in Table S1 in Supplementary Materials. 

4. Conclusions 
We present, herein, a simple method to ethylate various xanthine derivatives at po-

sition N9 using ethyl tosylate or diethyl sulfate. High yields of the pure xanthinium salts 
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were obtained in short times with minimal work-up. The anions could be exchanged to 
give the corresponding PF6- and Cl- salts. The xanthinium PF6- salts reacted with Ag2O in 
the presence of NH3 or Et2NH to furnish either silver carbene complexes with ammonia 
co-ligands or bis(carbene) silver compounds, respectively. The xanthinium chloride salts 
gave the corresponding neutral Ag-carbene complexes. These silver compounds were 
used successfully to transfer the carbene ligands to a variety of other metals including 
Au(I), Ru(II), Rh(I) and Rh(III). Work is ongoing to incorporate other groups into the xan-
thine-backbone by this approach and to examine possible applications of these metal-car-
benes. 

Supplementary Materials: The following are available online, Table S1: Crystallographic and re-
finement details for all X-ray structures reported herein. Figures S1–S70: NMR spectra of the com-
pounds. 

Author Contributions: Conceptualization, F.M. and M.M.; formal analysis, C.W.L. and J.R.; inves-
tigation, M.M.; writing—original draft preparation, F.M.; writing—review and editing, F.M. and 
M.M. and C.W.L.; visualization, M.M.; supervision, F.M. All authors have read and agreed to the 
published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data sharing is not applicable. 

Acknowledgments: M. Mokfi gratefully acknowledges the award of a Ph.D. scholarship from the 
University of Wuppertal. We thank the beamline scientists of P11 (DESY Hamburg) for their support 
and E. Dreher, R. Goddard, N. Nöthling and M. Patzer for data collection at P11. 

Conflicts of Interest: The authors declare no conflict of interest. 

Sample Availability: Samples of the compounds are available from the authors. 

References 
1. Díez-González, S. (Ed.) N-Heterocylic Carbenes. From Laboratory Curiosities to Efficient Synthetic Tools; RSC Publishing: Cambridge, 

UK, 2011. 
2. Kühl, O. Functionalised N-heterocyclic Carbene Complexes; Wiley: New York, NY, USA, 2010. 
3. Hindi, K.M.; Panzner, M.J.; Tessier, C.A.; Cannon, C.L.; Youngs, W.J. The Medicinal Applications of Imidazolium Carbene-

Metal Complexes. Coord. Chem. Rev. 2009, 109, 3859–3884. 
4. Diez-Gonzalez, S.; Marion, N.; Nolan, S.P. N-heterocyclic carbenes in late transition metal catalysis. Chem. Rev. 2009, 109, 3612–

3676. 
5. de Frémont, P.; Marion, N.; Nolan, S.P. Carbenes: Synthesis, properties, and organometallic chemistry. Coord. Chem. Rev. 2009, 

253, 862–892. 
6. Hahn, F.E.; Jahnke, M.C. Heterocyclic carbenes: Synthesis and coordination chemistry. Angew. Chem. Int. Edn. Engl. 2008, 47, 

3122–3172. 
7. Nolan, S.P. (Ed.) N-Heterocyclic Carbenes in Synthesis; Wiley-VCH: Weinheim, Germany, 2006. 
8. Crudden, C.M.; Allen, D.P. Stability and reactivity of N-heterocyclic carbene complexes. Coord. Chem. Rev. 2004, 248, 2247–2273. 
9. Dröge, T.; Glorius, F. The Measure of All Rings. N-Heterocyclic Carbenes. Angew. Chem. Int. Ed. 2010, 49, 6940–6952. 
10. Liu, W.; Gust, R. Metal N-heterocyclic carbene complexes as potential antitumor metallodrugs. Chem. Soc. Rev. 2013, 42, 755–

773, doi:10.1039/c2cs35314h. 
11. Liu, W.; Gust, R. Update on metal N-heterocyclic carbene complexes as potential anti-tumor metallodrugs. Coord. Chem. Rev. 

2016, 329, 191–213. 
12. Nelson, D.J. Accessible syntheses of late transition metal (pre)catalysts bearing N-heterocyclic carbene ligands. Eur. J. Inorg. 

Chem. 2015, 2015, 2012–2027. 
13. Cisnetti, F.; Gautier, A. Metal N-heterocyclic carbene complexes: Opportunities for the development of anticancer metallodrugs. 

Angew. Chem. Int. Ed. 2013, 52, 11976–11978. 
14. Teyssot, M.L.; Jarrousse, A.S.; Manin, M.; Chevry, A.; Roche, S.; Norre, F.; Beaudoin, C.; Morel, L.; Boyer, D.; Mahiou, R.; et al. 

Metal-NHC complexes: A survery of anti-cancer properties. Dalton Trans. 2009, 35, 6849–6902. 
15. Beck, W.; Kottmair, N. Neue Übergangsmetallkomplexe mit Nuclein-Basen und Nucleosiden. Chem. Ber. 1976, 109, 970–993. 



Molecules 2021, 26, 3705 17 of 18 
 

 

16. Kascatan-Nebioglu, A.; Panzner, M.J.; Garrison, J.C.; Tessier, C.A.; Youngs, W.J. Synthesis and Structural Characterization of 
N-Heterocyclic Carbene Complexes of Silver(I) and Rhodium(I) from Caffeine. Organometallics 2004, 23, 1928–1931. 

17. Schütz, J.; Herrmann, W.A. Purine-based carbenes at rhodium and iridium. J. Organomet. Chem. 2004, 689, 2995–2999. 
18. Herrmann, W.A.; Schütz, J.; Frey, G.D.; Herdtweck, E. N-Heterocyclic carbenes: Synthesis, structures, and electronic properties. 

Organometallics 2006, 25, 2437–2448. 
19. Kascatan-Nebioglu, A.; Melaiye, A.; Hindi, K.; Durmus, S.; Panzner, M.J.; Hogue, L.A.; Mallett, R.J.; Hovis, C.E.; Coughenour, 

M.; Crosby, S.D.; et al. Synthesis from Caffeine of a Mixed N-Heterocyclic Carbene–Silver Acetate Complex Active against 
Resistant Respiratory Pathogens. J. Med. Chem. 2006, 49, 6811–6818. 

20. Hindi, K.M.; Siciliano, T.J.; Durmus, S.; Panzner, M.J.; Medvetz, D.A.; Reddy, D.V.; Hogue, L.A.; Hovis, C.E.; Hilliard, J.K.; 
Mallet, R.J.; et al. Synthesis, Stability, and Antimicrobial Studies of Electronically Tuned Silver Acetate N-Heterocyclic Carbenes. 
J. Med. Chem. 2008, 51, 1577–1583. 

21. Panzner, M.J.; Deeraksa, A.; Smith, A.; Wright, B.D.; Hindi, K.M.; Kascatan-Nebioglu, A.; Torres, A.G.; Judy, B.M.; Hovis, C.E.; 
Hilliard, J.K.; et al. Synthesis and in vitro efficacy studies of silver carbene complexes on biosafetly level 3 bacteria. Eur. J. Inorg. 
Chem. 2009, 1739–1745, doi:10.1002/ejic.200801159. 

22. Knapp, A.R.; Panzner, M.J.; Medvetz, D.A.; Wright, B.D.; Tessier, C.A.; Youngs, W.J. Synthesis and antimicrobial studies of 
silver N-heterocyclic carbene complexes bearing a methyl benzoate substituent. Inorg. Chim. Acta 2010, 364, 125–131. 

23. Youngs, W.J.; Panzner, M.J.; Cannon, C.L. Metal Complexes of N-Heterocyclic Carbenes. U.S. Patent 8,648,205, 11 February 2014. 
24. Panzner, M.J.; Hindi, K.M.; Wright, B.D.; Taylor, J.B.; Han, D.S.; Youngs, W.J.; Cannon, C.L. A theobromine derived silver N-

heterocyclic carbene: Synthesis, characterization, and antimicrobial efficacy studies on cystic fibrosis relevant pathogens. Dalton 
Trans. 2009, 35, 7308–7313. 

25. Hu, J.J.; Bai, S.Q.; Yeh, H.H.; Young, D.J.; Chi, Y.; Hor, T.S.A. N-heterocyclic carbene Pt(II) complexes from caffeine: Synthesis, 
structures and photoluminescent properties. Dalton Trans. 2011, 40, 4402–4406. 

26. Zhang, J.J.; Che, C.M.; Ott, I. Caffeine derived platinum(II) N-heterocyclic carbene complexes with multiple anti-cancer activities. 
J. Organomet. Chem. 2015, 782, 37–41. 

27. Skander, M.; Retailleau, P.; Bourrié, B.; Schio, L.; Mailliet, P.; Marinetti, A. N-Heterocyclic carbene-amine Pt(II) complexes a new 
chemical space for the develpment of platinum based anticancer drugs. J. Med. Chem. 2010, 53, 2146–2154. 

28. Luo, F.T.; Lo, H.K. Short synthesis of bis-NHC-Pd catalyst derived from caffeine and its applications to Suzuki, Heck, and 
Sonogashira reactions in aqueous solution. J. Organomet. Chem. 2011, 696, 1262–1265. 

29. Lo, H.K.; Luo, F.T. Synthesis of PS-supported NHC-Pd catalyst derived from theobromine and its applications in Suzuki-
Miyaura reaction. J. Chin. Chem. Soc. 2012, 59, 394–398. 

30. Landaeta, V.R.; Rodríguez-Lugo, R.E.; Rodríguez-Arias, E.N.; Coll-Gómez, D.S.; González, T. Studies on the coordination 
chemistry of methylated xanthines and their imidazolium salts. Part 1: Benzyl derivatives. Transit. Met. Chem. 2010, 35, 165–175. 

31. Scattolin, T.; Giust, S.; Bergamini, P.; Caligiuri, I.; Canovese, L.; Demitri, N.; Gambari, R.; Lampronti, I.; Rizzolio, F.; Visentin, F. 
Palladacyclopentadienyl complexes bearing purine-based N-heterocyclic carbenes: A new class of promising antiproliferative 
agents against human ovarian cancer. Appl. Organomet. Chem. 2019, 33, e4902. 

32. Scattolin, T.; Caligiuri, I.; Canovese, L.; Demitri, N.; Gambari, R.; Lampronti, I.; Rizzolio, F.; Santo, C.; Visentin, F. Synthesis of 
new allyl palladium complexes bearing purine-based NHC ligands with antiproliferative and proapoptotic activities on human 
ovarian cancer cell lines. Dalton Trans. 2018, 47, 13616–13630. 

33. Bertrand, B.; Stefan, L.; Pirrotta, M.; Monchaud, D.; Bodio, E.; Richard, P.; Le Gendre, P.; Warmerdam, E.; de Jager, M.H.; 
Groothuis, G.M.M.; et al. Caffeine-Based Gold(I) N-Heterocyclic Carbenes as Possible Anticancer Agents: Synthesis and 
Biological Properties. Inorg. Chem. 2015, 53, 2296–2303. 

34. Eslava-Gonzalez, I.; Valdés, H.; Ramírez-Apan, M.T.; Hernandez-Ortega, S.; Zermeño-Ortega, M.R.; Avila-Sorrosa, A.; Morales-
Morales, D. Synthesis of theophylline-based iridium(I) N-heterocyclic carbene complexes including fluorinated-thiophenolate 
ligands. Preliminary evaluation of their in vitro anticancer activity. Inorg. Chim. Acta 2020, 507, 119588. 

35. Mohamed, H.A.; Lake, B.R.M.; Laing, T.; Phillips, R.M.; Willans, C.E. Synthesis and anticancer activity of silver(I) N-heterocyclic 
carbene complexes derived from the natural xanthine products caffeine, theophylline and theobromine. Dalton Trans. 2015, 44, 
7563–7569. 

36. Holmes, J.; Kearsey, R.J.; Paske, K.A.; Singer, F.N.; Atallah, S.; Pask, C.M.; Phillips, R.M.; Willans, C.E. Tethered N-Heterocyclic 
Carbene-Carboranyl Silver Complexes for Cancer Therapy. Organometallics 2019, 38, 2530–2538. 

37. Sitalu, K.; Babu, B.H.; Naveena Lavanya Latha, J.; Rao, A.L. Synthesis, characterization and antimicrobial activities of copper 
derivatives of NHC complexes. Pak. J. Biol. Sci. 2017, 20, 82–91. 

38. Valdés, H.; Canseco-González, D.; Germán-Acacio, J.M.; Morales-Morales, D. Xanthine based N-heterocyclic carbene (NHC) 
complexes. J. Organomet. Chem. 2018, 867, 51–54. 

39. Pelz, S.; Mohr, F. “Oxide Route” for the Preparation of Mercury(II) N-Heterocyclic Carbene Complexes. Organometallics 2011, 
30, 383–385, doi:10.1021/om101154z. 

40. Rubbiani, R.; Schuh, E.; Meyer, A.; Lemke, J.; Wimberg, J.; Metzler-Nolte, N.; Meyer, F.; Mohr, F.; Ott, I. TrxR inhibition and 
antiproliferative activities of structurally diverse gold N-heterocyclic carbene complexes. Medchemcomm 2013, 4, 942–948, 
doi:10.1039/c3md00076a. 



Molecules 2021, 26, 3705 18 of 18 
 

 

41. Citta, A.; Schuh, E.; Mohr, F.; Folda, A.; Massimino, M.L.; Bindoli, A.; Casini, A.; Rigobello, M.P. Fluorescent silver(I) and gold(I) 
N-heterocyclic carbene complexes with cytotoxic properties: Mechanistic insights. Metallomics 2013, 5, 1006–1015, 
doi:10.1039/c3mt20260g. 

42. Schuh, E.; Pflüger, C.; Citta, A.; Folda, A.; Rigobello, M.P.; Bindoli, A.; Casini, A.; Mohr, F. Gold(I) carbene complexes causing 
Thioredoxin 1 and Thioredoxin 2 oxidation as potential anticancer agents. J. Med. Chem. 2012, 55, 5518–5528, 
doi:10.1021/jm300428v. 

43. Schuh, E.; Valiahdi, S.M.; Jakupec, M.A.; Keppler, B.K.; Chiba, P.; Mohr, F. Synthesis and biological studies of some gold(I) 
complexes containing functionalised alkynes. Dalton Trans. 2009, 48, 10841–10845. 

44. Mell, B.; Rust, J.; Lehmann, C.W.; Berger, R.J.F.; Otte, D.; Ertl, M.; Monkowius, U.; Mohr, F. Arylamidoethyl-functionalized 
imidazolium salts: Precursors for dianionic [C,N,C]2– carbene ligands at a platinum center. Organometallics 2021, 40, 890–898. 

45. Ivanov, E.I.; Kalayanov, G.D.; Yaroshchenko, I.M.; Stepanov, D.E. New synthesis of caffeine methiodide and its homolog. Chem. 
Heterocycl. Compd. 1989, 25, 1318. 

46. Bredereck, H.; Christmann, O.; Koser, W.; Schellenberg, P.; Nast, R. Synthesen in der Purinreihe, XV. Synthesen von 
Xanthinium-und Guaninium-betainen. Chem. Ber. 1962, 95, 1812–1819. 

47. Hori, M.; Kataoka, T.; Shimizu, H.; Imai, E.; Matsumoto, Y.; Kawachi, M.; Kuratani, K.; Yokomoto, M. Generation and Properties 
of N7-Xanthinium Ylides: Reactions of N7-Xanthinium Ylides with Diphenylcyclopropenone and Acetylenic Compounds. Chem. 
Pharm. Bull. 1986, 34, 1328–1332. 

48. Hori, M.; Kataoka, T.; Shimizu, H.; Imai, E.; Matsumoto, Y. Reactions of 8, 9-Dihydroxanthines with Acetylenic Compounds. 
Formation of Heteropropellanes. Chem. Pharm. Bull. 1985, 33, 3681–3688. 

49. Gibard, C.; Fauché, K.; Guillot, R.; Jouffret, L.; Traïkia, M.; Gautier, A.; Cisnetti, F. Access to silver-NHC complexes from soluble 
silver species in aqueous or ethanolic ammonia. J. Organomet. Chem. 2017, 840, 70–74. 

50. Su, H.L.; Pérez, L.M.; Lee, S.J.; Reibenspies, J.H.; Bazzi, H.S.; Bergbreiter, D.E. Studies of ligand exchange in N-heterocyclic 
carbene silver(I) complexes. Organometallics 2012, 31, 4063–4071. 

51. Newman, C.P.; Clarkson, G.J.; Rourke, J.P. Silver(I) N-heterocyclic carbene halide complexes: A new bonding motif. J. Organomet. 
Chem. 2007, 692, 4962–4968, doi:10.1016/j.jorganchem.2007.07.041. 

52. Tulloch, A.A.D.; Danopoulos, A.A.; Winston, S.; Kleinhenz, S.; Eastham, G. N-Functionalised heterocyclic carbene complexes 
of silver. J. Chem. Soc. Dalton Trans. 2000, 4499–4506, doi:10.1039/B007504N. 

53. Zhang, J.J.; Muenzner, J.K.; Abu el Maaty, M.A.; Karge, B.; Schobert, R.; Wölfl, S.; Ott, I. A multi-target caffeine derived 
rhodium(I) N-heterocyclic carbene complex: Evaluation of the mechanism of action. Dalton Trans. 2016, 45, 13161–13168. 

54. Tan, T.T.Y.; Hahn, F.E. Synthesis of Iridium(III) and Rhodium(III) Complexes Bearing C8-Metalated Theophylline Ligands by 
Directed C–H Activation. Organometallics 2019, 38, 2250–2258. 

55. Bhushan, K.; Lister, J.H. Purine studies. XVIII. The C- and N-alkylation of theophylline and derivatives. Aust. J. Chem. 1976, 29, 
891–897. 

56. Daly, J.W.; Padgett, W.L.; Shamim, T. Analogues of Caffeine and Theophylline: Effect of Structural Alterations on Affinity at 
Adenosine Receptors. J. Med. Chem. 1986, 29, 1305–1308. 

57. Usón, R.; Laguna, A.; Laguna, M. Tetrahydrothiophenegold(I) or gold(III) complexes. Inorg. Synth. 1989, 26, 85–91. 
58. Bennett, M.A.; Smith, A.K. Arene ruthenium(II) complexes formed by dehydrogenation of cyclohexadienes with ruthenium(III) 

trichloride. J. Chem. Soc. Dalton Trans. 1974, 2, 233–241. 
59. El Amouri, H.; Gruselle, M.; Jaouén, G. Bis[dichloro(η5-pentamethylcyclopentadienyl)rhodium(III). Synth. React. Inorg. Met. Org. 

Chem. 1994, 24, 395–400. 
60. Giordano, G.; Crabtree, R.H. Di-μ-chloro-bis(η4-1,5-cyclooctadiene)dirhodium(I). Inorg. Synth. 1990, 28, 88–90. 
61. Sheldrick, G.M. SADABS 2.03; Universiät Göttingen: Göttingen, Germany, 2002. 
62. CrysAlisPro 40.53, 40.53; Rigaku Oxford Diffraction Ltd.: Oxford, UK, 2019. 
63. Kabsch, W. XDS. Acta Cryst. 2010, D66, 125–132. 
64. Sheldrick, G.M. SHELXT—Integrated space-group and crystal-structure determination. Acta Cryst. 2015, 71, 3–8. 
65. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Cryst. 2015, 71, 3–8. 
66. Dolomanov, O.V.; Bourhis, L.J.; Gildea, R.J.; Howard, J.A.K.; Puschmann, H. OLEX2: A complete structure solution, refinement 

and analysis program. J. Appl. Cryst. 2009, 42, 339–341. 


	1. Introduction
	2. Results and Discussion
	3. Materials and Methods
	4. Conclusions
	References

