
Registered Charity Number 207890

Accepted Manuscript

This is an Accepted Manuscript, which has been through the RSC Publishing peer 
review process and has been accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, which is prior 
to technical editing, formatting and proof reading. This free service from RSC 
Publishing allows authors to make their results available to the community, in 
citable form, before publication of the edited article. This Accepted Manuscript will 
be replaced by the edited and formatted Advance Article as soon as this is available.

To cite this manuscript please use its permanent Digital Object Identifier (DOI®), 
which is identical for all formats of publication.

More information about Accepted Manuscripts can be found in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the text and/or 
graphics contained in the manuscript submitted by the author(s) which may alter 
content, and that the standard Terms & Conditions and the ethical guidelines 
that apply to the journal are still applicable. In no event shall the RSC be held 
responsible for any errors or omissions in these Accepted Manuscript manuscripts or 
any consequences arising from the use of any information contained in them.

www.rsc.org/dalton

ISSN 1477-9226

Dalton
Transactions
An international journal of inorganic chemistry

1477-9226(2010)39:1;1-K

www.rsc.org/dalton Volume 39 | Number 3 | 21 January 2010 | Pages 657–964

Volum
e 39 | N

um
ber 3 | 2010 

D
alton Transactions     

 
Pages 657–964

PAPER
Manzano et al.
Experimental and computational study 
of the interplay between C–H/p and 
anion–p interactions

COMMUNICATION
Bu et al.
Zinc(ii)-boron(iii)-imidazolate 
framework (ZBIF) with unusual 
pentagonal channels prepared from 
deep eutectic solvent

Dalton
Transactions

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/Publishing/Journals/guidelines/EthicalGuidelines/index.asp


Table of Contents: 

 

 

 

Imidazolium ionic liquids with a hydrogen atom in the C2 position were found to dissolve 

Ag2O, CuO, ZnO and NiO via a reactive dissolution process with carbene formation. 

 

 

Keywords: carbenes; imidazolium salts; ionic liquids; metal oxides; X-ray crystallography 

 

Page 1 of 11 Dalton Transactions

D
al

to
n

 T
ra

n
sa

ct
io

n
s 

A
cc

ep
te

d
 M

an
u

sc
ri

p
t



Dalton Transactions 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ► 

PAPER 
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Carbene formation upon reactive dissolution of metal oxides in 

imidazolium ionic liquids  

Sil Wellens,
a,b

 Neil R. Brooks,
a
 Ben Thijs,

b
 Luc Van Meervelt

a
 and Koen Binnemans*

a
 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 

DOI: 10.1039/b000000x 5 

Metal oxides were found to dissolve in different imidazolium ionic liquids with a hydrogen atom in 

the C2 position of the imidazolium ring, but not if a methyl substituent was present in the C2 

position. The crystal structure of the product that crystallised from an ionic liquid containing 

dissolved silver(I) oxide showed that this was a silver(I) carbene complex. The presence of carbenes 

in solution was proven by 13C NMR spectroscopy and the reactions were also monitored by Raman 10 

spectroscopy. The dissolution of other metal oxides, namely copper(II) oxide, zinc(II) oxide and 

nickel(II) oxide was also studied in imidazolium ionic liquids and it was found that stable zinc(II) 

carbenes were formed in solution, but these did not crystallise under the given experimental 

conditions. A crystalline nickel(II) carbene complex could be obtained from a solution of nickel(II) 

chloride dissolved in a mixture of 1-butyl-3-methylimidazolium and 1-ethyl-3-methylimidazolium 15 

acetate.  

Introduction 

Since metal oxides are insoluble in most organic solvents, the 

processing of metal oxides is currently done in aqueous 

solutions.1;2 Although water is generally considered as a green 20 

solvent, it must be realized that hydrometallurgical processing of 

metal oxide concentrates often requires large volumes of water 

and that large amounts of waste water are generated. Therefore 

there is an interest in alternative solvents for the processing of 

metal oxides under ambient conditions. In the last decade a new 25 

class of solvents, namely ionic liquids (ILs), has been developed. 

Ionic liquids are solvents that consist entirely of ions. Many ionic 

liquids have a melting point below 100 °C and they have 

properties like a high thermal stability, a wide liquidus range, 

nonvolatility and nonflammability. These solvents have shown 30 

the ability to dissolve a large variety of organic and inorganic 

compounds, including metal oxides.3-6 Ionometallurgy is the ionic 

liquid analogue of hydrometallurgy.7 Dai et al. were able to 

dissolve UO3 in imidazolium chloroaluminate ionic liquids.8 

Billard and coworkers found that UO2, UO3, Nd2O3, Eu2O3 and 35 

Pr6O11 powders could be dissolved in the ionic liquid 1-methyl-3-

butyl-imidazolium bis(trifluoromethylsulfonyl)imide after 

addition of small amounts of nitric acid.9 Abbott and coworkers 

were able to dissolve a range of metal oxides in deep-eutectic 

solvents (DES), which are mixtures of choline chloride with a 40 

hydrogen-bond donor (e.g. urea, ethylene glycol, carboxylic 

acids) that show similar properties to ionic liquids.10;11 The 

functionalized ionic liquid betainium 

bis(trifluoromethylsulfonyl)imide showed selective solubility 

towards a range of metal oxides.12;13 The strongly bonded oxide 45 

anion is one of the problems associated with the digestion of the 

metal oxides in ionic liquids (or DES). The most straightforward 

method for digestion of a metal oxide in an ionic liquid is the 

addition of an acid which consumes the oxide anion with 

formation of water: 50 

 

MOy + 2y HX  MX2y+ y H2O                                   (1) 

 

Functionalized ionic liquids that contain acidic protons are able to 

react with metal oxides and solvate the liberated metal ion in the 55 

solution.13 Ionic liquids with imidazolium cations are one of the 

more common types of ionic liquids, but they do not contain 

protons that can be easily released.  

 We have tested the suitability of imidazolium ionic liquids for 

the dissolution of selected metal oxides. In some cases, we found 60 

that metal oxides were soluble in these imidazolium ionic liquids 

and that the dissolution mechanism proceeded via proton 

exchange at the C2 position of the imidazolium ring to form 

water and an N-heterocyclic carbene (NHC). In particular, we 

focused on the reaction with silver(I) oxide as it is already well 65 

known from work on homogeneous catalysts that silver can form 

N-heterocyclic carbenes.14-20 All literature reports on carbene 

formation make use of an organic solvent (e.g. dichloromethane, 

methanol) and not a pure ionic liquid.15;21-23.  

 In this paper, the dissolution of silver(I) oxide in undiluted 70 

imidazolium ionic liquids with linear alkyl chains and with 

chloride, thiocyanate, acetate and dicyanamide anions is reported. 

Carbene formation has been found to be the driving force for the 

dissolution of silver(I) oxide. The reactivity of imidazolium ionic 
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liquids was tested for dissolution of other metal oxides: 

copper(II) oxide, zinc(II) oxide and nickel(II) oxide. An overview 

of all chemical structures of the discussed ionic liquids, carbene 

complexes and other proposed compounds is presented in Figure 

1.  5 

 

Experimental 

Instrumentation and methods 

1H NMR and 13C NMR spectra were recorded on a Bruker 

Avance 300 spectrometer, operating at 300 MHz for 1H and at 75 10 

MHz for 13C. The samples were dissolved in DMSO-d6 and the 

chemical shifts are given in ppm relative to tetramethylsilane 

(TMS). Elemental analyses (carbon, hydrogen and nitrogen) were 

obtained using a CE Instruments EA-1110 elemental analyser. 

ESI mass spectra were recorded on a Thermo Finnigan LCQ 15 

Advantage mass spectrometer. DSC traces were recorded in a 

helium atmosphere with a Mettler-Toledo DSC822e module with 

a heating/cooling rate of 10 °C/min. Indium was used as a 

standard for temperature and enthalpy calibrations. The IR 

spectra were recorded in attenuated total reflectance mode on a 20 

Bruker Vertex 70 FTIR spectrometer at a resolution of 4 cm-1. 

Raman spectra were recorded with a Bruker Vertex Ram II 

spectrometer using 150 mW laser power (Nd-YAG; 1064 nm) for 

32 scans at a resolution of 4 cm-1. 

Crystals of complexes [Ag(C2mim-ylide)2][SCN], [Ag(C2mim-25 

ylide)2][DCA], [Ag(C2mim-ylide)2][OAc] and Ni(C2mim-

ylide)2(OAc)2 suitable for single crystal X-ray diffraction were 

glued on a nylon loop attached to a copper pin and placed at room 

temperature on an Agilent SuperNova diffractometer using Mo 

Kα radiation (λ = 0.71073 Å). The absorption corrections were 30 

applied using CrysAlisPro.24 All structures were solved using 

direct methods and refined by the full-matrix least-squares 

procedure in SHELXL.25 All hydrogen atoms were placed in 

calculated positions and refined using a riding model. In the 

structure of [Ag(C2mim-ylide)2][SCN], due to the space group 35 

symmetry the SCN anion is disordered over two positions. Also 

the H atoms on the methyl group of the cation were disordered 

and modelled over two positions rotated by 60° from each other. 

A summary of the crystallographic data can be found further in 

the experimental section and Table 1 contains pertinent bond 40 

lengths, angles and geometrically values. CCDC-968222-968225 

contains the supplementary crystallographic data for this paper. 

These data can be obtained free of charge from The Cambridge 

Crystallographic Data Center via 

www.ccdc.cam.ac.uk/data_request/cif. The program OLEX2 was 45 

also used in refinement and making pictures of the structures.26  

The metal contents in the ionic liquids were determined using a 

bench top total reflection X-ray fluorescence (TXRF) 

spectrometer (Picofox S2, Bruker). A certain mass of the ionic 

liquid solution (approx. 0.1 g) was dissolved in an aqueous HCl 50 

solution (0.1 M, 20 mL). Gallium was added as an internal 

standard. A 5 μL aliquot of the test solution was applied onto a 

quartz glass carrier, dried by evaporation in a hot air oven (60 °C) 

and measured with an exposure time of 400 s.  

 55 

 

 

 

 
Figure 1: Overview of the chemical structures of the discussed compounds: (a) 1-ethyl-3-methylimidazolium chloride, (b) 1-ethyl-3-methylimidazolium 60 

thiocyanate, (c) 1-ethyl-3-methylimidazolium acetate, (d) 1-ethyl-3-methylimidazolium dicyanamide, (e) 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide, (f) bis(1-ethyl-3-methylimidazol-2-ylidene)silver(I) thiocyanate, (g) bis(1-ethyl-3-methylimidazol-2-ylidene)silver(I) 

acetate, (h) bis(1-ethyl-3-methylimidazol-2-ylidene)silver(I) dicyanamide, (i) 1-ethyl-3-methylimidazolium dichloroargentate(I), (j) 1-ethyl-3-
methylimidazolium dithiocyanatoargentate(I), (k) bis(1-ethyl-3-methylimidazol-2-ylidene)nickel(II) acetate. 
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Chemicals 

1-Ethyl-3-methylimidazolium chloride (>98%), 1-ethyl-3-

methylimidazolium thiocyanate (>98%), 1-ethyl-3-

methylimidazolium dicyanamide (>98%), 1-ethyl-3-

methylimidazolium acetate (>95%), 1-butyl-3-5 

methylimidazolium acetate (>98%), 1-butyl-3-

methylimidazolium chloride (>98%), 1-hexyl-3-

methylimidazolium chloride (>98%), 1-octyl-3-methyl-

imidazolium chloride (>98%), 1-decyl-3-methylimidazolium 

chloride (>98%), 1-butyl-2,3-dimethylimidazolium chloride 10 

(99%) and 1-ethyl-3-methylimidazolium bis(trifluoromethyl-

sulfonyl)imide (>99.5%) were purchased from Iolitec (Heilbronn, 

Germany). silver(I) oxide (>99%) was purchased from Alfa 

Aesar, zinc(II) oxide (>99%), copper(II) oxide (>99%) and 

anhydrous nickel(II) chloride were purchased from Sigma-15 

Aldrich. Nickel(II) oxide (76% Ni) was purchased from Acros 

Organics. All chemicals were used as received, without further 

purification. 

 

Dissolution of silver(I)oxide in 1-alkyl-3-methylimidazolium 20 

ionic liquids 

Silver(I) oxide (0.75 g, 15 w.%) was added to [Cxmim][X] (4.25 

g) (with x = 2, 4, 6, 8, 10 and X = chloride (Cl-), thiocyanate 

(SCN-), dicyanamide (DCA-) and acetate (OAc-)) at 90 °C, the 

mixture was stirred until the reaction was completed (typically 25 

overnight). 

 
Dissolution of silver(I)oxide in 1-butyl-2,3-
dimethylimidazolium chloride and 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide 30 

Silver(I) oxide (0.1 g, 2 wt.%) was added to [C4dmim][Cl] or 

[C2mim][NTf2] (4.9 g) (at 90 °C) and the mixture was stirred 

overnight. 

 

Dissolution of NiO, CuO and ZnO in 1-ethyl-3-35 

methylimidazolium ionic liquids. 

15 wt.% of the metal oxide [= 176 mg(MO)/g(IL)] was added to 

in 1-ethyl-3-methylimidazolium acetate or chloride and stirred at 

90 °C overnight. The solution was filtered and the filtrate 

analyzed for its metal content. 40 

 
General procedure for the formation [bis(1-ethyl-3-
methylimidazol-2-ylidene)silver(I)][X]:  

After dissolution of silver(I) oxide in the ionic liquid, the hot 

solution was filtered over a 0.45µm glass micro fiber syringe 45 

filter (GMF) to remove undissolved Ag2O and Ag particles. 

When cooling the filtrate to room temperature, crystals started to 

form and the solution was placed in a refrigerator overnight to 

complete crystallisation. The sample was centrifuged (3000 rpm, 

10 min), the liquid was decanted and crystals were further 50 

purified by washing them with toluene. Finally the crystals were 

dried in vacuo at room temperature. 

Analytical data for [bis(1-ethyl-3-methylimidazol-2-

ylidene)silver(I)][thiocyanate] ([Ag(C2mim-ylide)2][SCN]) 

IR (ATR,    / cm-1): 3143 ν(CH), 3099 ν(CH), 2975 ν(CH), 2948 55 

ν(CH), 2872 ν(CH), 2056 ν(CN), 1632, 1564, 1468, 1448, 1438, 

1410, 1379, 1352, 1265, 1219, 1167, 1105, 1092, 1034, 955, 924, 

906, 845, 796, 769, 746 ν(CS), 727, 669, 646, 621, 606, 453, 411. 

NMR: δH (300 MHz, DMSO-d6): 1.40 (t, 3H, CH3-CH2), 3.84 (s, 

3H, N-CH3), 4.18 (q, 2H, CH3-CH2-N), 7.49 (d, 2H, CH-ar); δc 60 

(75 MHz, DMSO-d6): 17.13, 38.08, 45.92, 121.43, 122.99, 

129.21, 180.25. ESI(+)MS calc. for C12H20AgN4
+:  m/z= 327.1, 

329.1; found: m/z = 326.8, 328.8. CHN analysis:  Calc. for 

C13H20AgN5S
 (386.26): C, 40.42; H, 5.22; N, 18.13 %. Found: C, 

40.83; H, 4.56; N, 18.02 %. Melting point: 108 °C. Crystal Data 65 

for C13H20AgN5S (M =386.27): colourless block 0.30 × 0.08 × 

0.03 mm3, monoclinic, space group C2/c (no. 15), a = 

16.7075(11) Å, b = 8.1360(5) Å, c = 13.3162(8) Å, β = 

111.810(7)°, V = 1680.53(18) Å3, Z = 4, T = 298(2) K, μ(Mo Kα) 

= 1.321 mm-1, Dcalc = 1.527 g/mm3, 10704 reflections measured 70 

(5.66 ≤ 2Θ° ≤ 58.2), 2066 unique (Rint = 0.0229) which were used 

in all calculations. The final R1 was 0.0266 (> 2(I)) and wR2 was 

0.0600 (all data).  

 

Analytical data for [bis(1-ethyl-3-methylimidazol-2-75 

ylidene)silver(I)][dicyanamide] ([Ag(C2mim-ylide)2][DCA]) 

 

IR (ATR,    / cm-1): 3149 ν(CH), 3111 ν(CH), 3089 ν(CH), 3010 

ν(CH), 2979 ν(CH), 2951 ν(CH), 2227 ν(CN), 2191 ν(CN), 2127 

ν(CN), 1743, 1639, 1566, 1470, 1452, 1441, 1410, 1385, 1358, 80 

1311, 1261, 1221, 1169, 1109, 1090, 1032, 951, 898, 874, 798, 

771, 727, 673, 648, 621, 513, 461, 405. NMR: δH (300 MHz, 

DMSO-d6): 1.40 (t, 3H, CH3-CH2), 3.84 (s, 3H, N-CH3), 4.17 (q, 

2H, CH3-CH2-N), 7.49 (d, 2H, CH-ar); δc (75 MHz, DMSO-d6): 

17.13, 38.08, 45.93, 118.9, 121.5, 123, 178.4. ESI(+)MS calc. for 85 

C12H20AgN4
+:  m/z= 327.1, 329.1; found: m/z = 326.9 328.8. 

CHN analysis: Calc. for C14H20AgN7
 (394.22): C, 42.65; H, 5.11; 

N, 24.87 %. Found: C, 42.62; H, 4.74; N, 25.10 %. Melting point: 

104 °C. Crystal Data for C14H20AgN7 (M =394.24): colourless 

block 0.40 × 0.10 × 0.04 mm3, monoclinic, space group C2/c (no. 90 

15), a = 20.344(2) Å, b = 6.9249(4) Å, c = 15.2990(17) Å, β = 

126.766(16)°, V = 1726.6(3) Å3, Z = 4, T = 298(2) K, μ(Mo Kα) 

= 1.175 mm-1, Dcalc = 1.517 g/mm3, 3572 reflections measured 

(6.4 ≤ 2Θ° ≤ 58.58), 1981 unique (Rint = 0.0217) which were used 

in all calculations. The final R1 was 0.0360 (>2 (I)) and wR2 was 95 

0.0901 (all data).  

 

Analytical data for [bis(1-ethyl-3-methylimidazol-2-
ylidene)silver(I)][acetate] ([Ag(C2mim-ylide)2][OAc]) 

 100 

IR (ATR,    / cm-1): 3143 ν(CH), 3082 ν(CH), 2964 ν(CH), 2872 

ν(CH), 1574 ν(C=O), 1562, 1470, 1450, 1377 ν(CO), 1319, 1261, 

1223, 1176, 1126, 1107, 1092, 993, 955, 903, 866, 798, 760, 725, 

663, 633, 613, 459, 407. NMR: δH (300 MHz, DMSO-d6): 1.40 (t, 
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3H, CH3-CH2), 1.51 (s, 3H, CH3-COO), 3.84 (s, 3H, N-CH3), 

4.18 (q, 2H, CH3-CH2-N), 7.50 (d, 2H, CH-ar); δc (75 MHz, 

DMSO-d6): 17.10, 26.21, 38.08, 45.89, 121.44, 123.00, 172, 179. 

ESI(+)MS calc. for C12H20AgN4
+:  m/z= 327.1, 329.1; found: m/z 

= 326.9 328.8. CHN analysis: Calc. for C14H23AgN4O2
 (387.23): 5 

C, 43.42; H, 5.99; N, 14.47. Found: C, 42.69; H, 7.03; N, 13.52. 

Melting point: 94 °C. Crystal Data for C14H23AgN4O2 

(M =387.23): colourless block 0.50 × 0.15 × 0.15 mm3,  

monoclinic, space group C2/c (no. 15), a = 15.4432(7) Å, b = 

8.6443(4) Å, c = 13.5597(6) Å, β = 108.450(5)°, V = 1717.13(13) 10 

Å3, Z = 4, T = 294.4(3) K, μ(Mo Kα) = 1.183 mm-1, Dcalc = 

1.498 g/mm3, 3891 reflections measured (5.86 ≤ 2Θ° ≤ 58.28), 

1974 unique (Rint = 0.0127) which were used in all calculations. 

The final R1 was 0.0237 (>2(I)) and wR2 was 0.0643 (all data). 

 15 

Procedure for the formation [bis(1-ethyl-3-methylimidazol-2-
ylidene)nickel(II)][acetate]: 

After dissolution of anhydrous nickel(II) chloride (20 wt%) in 1-

butyl-3-methylimdazolium acetate, an equal volume of 1-ethyl-3-

methylimidazolium acetate layer was placed on top, by diffusion 20 

over time a few yellow crystals were formed. These crystals were 

harvested and used for the crystal structure determination, but it 

was impossible to characterise this compound in bulk. Crystal 

Data for C16H26N4NiO4 (M =397.12): yellow block 0.40 × 0.10 × 

0.04 mm3, monoclinic, space group C2/c (no. 15), a = 25 

12.4371(15) Å, b = 9.8200(10) Å, c = 15.9240(19) Å, β = 

97.565(12)°, V = 1927.9(4) Å3, Z = 4, T = 293(2) K, μ(Mo Kα) = 

1.033 mm-1, Dcalc = 1.368 g/mm3, 4251 reflections measured (5.7 

≤ 2Θ ≤ 57.44), 2205 unique (Rint = 0.0445) which were used in all 

calculations. The final R1 was 0.0632 (>2(I)) and wR2 was 30 

0.1954 (all data). 

Results and discussion:  

 

Reactivity of silver(I) oxide with 1-ethyl-3-methylimidazolium 
chloride. 35 

 When 15 wt% silver(I) oxide was added to the ionic liquid 1-

ethyl-3-methylimidazolium chloride, an instant vigorous reaction 

was observed and the oxide completely dissolved after about 2 

hours at 90 °C. However, virtually no solubility of silver(I) oxide 

was found in other types of ionic liquids that were tested, such as 40 

quaternary ammonium ionic liquids. The dissolution reaction was 

monitored by 13C NMR and the chemical shift of the carbon 

nucleus in the 2-position of the imidazolium ring shifted 

dramatically from about 136 ppm in the pure ionic liquid to about 

179 ppm on formation of a carbene (Figure 2). Also the 45 

resonances of all the other carbon nuclei in the compounds were 

shifted by 2 to 3 ppm, so it can be clearly seen in the 13C spectra 

that the solution consists of a mixture of the starting ionic liquid 

and its carbene form. 

 Silver(I) carbene complexes have previously been reported 50 

especially as N-heterocyclic carbene catalysts.14-18;27;28 The 

carbene formation by reaction between 1-ethyl-3-

methylimidazolium chloride and silver(I) oxide is known.21;29 

However, the reaction has always been carried in a molecular 

solvent, such as methanol or dichloromethane. This paper reports 55 

for the first time on reactions of silver(I) oxide in undiluted ionic 

liquids, which both act as solvent and reagent. Furthermore the 

reactions for different alkyl chain lengths and IL anions have 

been investigated. 

 Silver carbenes complexes with halide anions are known to be 60 

relatively stable against moisture and light.30 Reactions have even 

been carried out in water as solvent.31 The silver(I) carbene 

complexes in the chloride ionic liquids [Cxmim][Cl] were found 

to be stable to moisture and light. No degradation of the solution 

was observed over a period of several weeks. 65 

 

Influence of alkyl chain length 

 The reaction between silver(I) oxide with other 1-alkyl-3-

methylimidazolium chloride ionic liquids [Cxmim][Cl] (x = 4, 6, 

8, 10) was also tested. Carbene formation could clearly be 70 

identified by 13C NMR for all these ionic liquids, irrespective of 

the alkyl chain length. No crystals could directly be isolated from 

any of the ionic liquid solutions. In the literature, liquid- 

crystalline behaviour has been reported for silver(I) N-

heterocyclic carbenes with imidazole moieties with longer alkyl 75 

chain lengths [Ag((C16H33)2im-ylide)2Cl] (im-ylide = imidazol-2-

ylidene) when it was mixed with the corresponding imidazolium 

salt [(C16H33)2im-ylide-H][Cl] in a 1:1 ratio.15  

 

Reactivity of silver(I) oxide with methyl substituted 80 

imidazolium at the C2 position. 

 The solubility of silver(I) oxide in 1-butyl-3-

methylimidazolium chloride [C4mim][Cl] was compared with its 

solubility in 1-butyl-2,3-dimethylimidazolium chloride [C4-2,3-

dmim][Cl], in which the acidic hydrogen atom at the C2 position 85 

on the imidazolium ring is substituted by a methyl group. This 

substituent blocks the formation of an imidazolylidene carbene. 

However, an unexpected reaction of Ag2O with imidazolium 

methyl substituted at the C2 position to form silver NHC 

complexes through oxidative cleavage of the C-C bond has been 90 

reported.32 In the case of [C4mim][Cl] a very good solubility of 

Ag2O was found, whereas in the case of [C4-2,3-dmim][Cl] no 

reaction between Ag2O and the ionic liquid was observed. This 

confirms that carbene formation is proceeding by deprotonation 

of the carbon atom in the C2 position. Therefore, the presence of 95 

a hydrogen atom on the C2 carbon atom of the imidazolium ring 

is a requirement for dissolution of silver(I) oxide in imidazolium 

ionic liquids.  

 

Reaction with imidazolium ionic liquids with other anions 100 

 1-Ethyl-3-methylimidazolium ionic liquids with different 

anions were tested as reactive solvents for dissolution of silver(I) 

oxide: [C2mim][X], where X = thiocyanate (SCN-), dicyanamide 

(DCA-), acetate (OAc-) or bis(trifluoromethylsulfonyl)imide 

(Tf2N
-) was tested for the dissolution of silver(I) oxide. Silver(I) 105 

oxide was found to dissolve in [C2mim][SCN], [C2mim][DCA] 

and [C2mim][OAc], but not in [C2mim][Tf2N]. On cooling of the 

reaction mixtures, single crystals suitable for structure 

determination by X-ray diffraction were obtained in 

[C2mim][SCN], [C2mim][DCA] and [C2mim][OAc]. The crystal 110 

structure determinations showed that compounds of formulae 

[Ag(C2mim-ylide)2][SCN] (Figure 3), [Ag(C2mim-ylide)2][DCA] 

(Figure 4) and [Ag(C2mim-ylide)2][OAc] (Figure 5) had been 

formed in the respective ionic liquids. All the crystal structures 

belong to the monoclinic space group C2/c, but with different  115 
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Figure 2: 13C NMR spectrum of [C2mim][Cl] after reaction with 15 wt% of Ag2O. Resonances from [C2mim][Cl] are labeled with a and resonances from the 

ylide with b. The multiplet at 39.5 ppm is from the DMSO-d6 solvent. 

 

unit cell parameters. A common feature is that the 5 

crystallographic asymmetric units contain one half of the cation 

and one half of the anion, with the remainder being generated by 

symmetry operations. The silver center have a linear or near 

linear two-coordinate silver(I) ion coordinated via the carbon in 

the 2-position of the imidazolium ring of two ylides, wherein the 10 

Ag–C bond lengths are in the expected ranges (Table 1).33 In 

[Ag(C2mim-ylide)2][DCA] the two planes created by the 

imidazole units are coplanar, but those in the other compounds 

are twisted with respect to each other (Table 1). All three 

structures have the two ethyl groups of the coordinated C2mim-15 

ylide moieties on opposite side in a transoid conformation. The 

ethyl groups do not lie in the plane of the imidazolium moiety as 

shown by the C2–N–C–C torsion angles (Table 1). In contrast to 

the chloride-containing carbene complexes, it was observed for 

the anions [SCN], [DCA] and [OAc] that the ionic liquid 20 

solutions containing the silver(I) carbene complexes degraded by 

forming a black precipitate after period of several weeks exposed 

to air and light. However, this degradation was not observed 

during the first few days after synthesis. The isolated solid 

products [Ag(C2mim-ylide)2][X] did not show any degradation 25 

over the period of several weeks exposed to air and light. 

 

Table 1 Bond lengths, angles, torsions and plane-plane angles from the 

crystal structures of [Ag(C2mim-ylide)2][DCA], [Ag(C2mim-

ylide)2][SCN] and [Ag(C2mim-ylide)2][OAc]. 30 

 [DCA] [SCN] [OAc] 

Ag–C / Å 2.075(3) 2.084(2) 2.108(2) 
C–Ag–C / ° 180.0(2) 179.56(11) 161.26(11) 

C–N–C–C / ° 91.2(5) -83.0(3) 88.6(3) 

plane-plane / ° 0.0(3) 55.09(7) 53.32(6) 

 

 

 

 
Figure 3 View of the crystal structure of [bis(1-ethyl-3-methylimidazol-2-35 

ylidene)silver(I)][thiocyanate]. The disorder of SCN anion and H atoms on 
the CH3 group is not shown. 

 

 
Figure 4: View of the crystal structure of [bis-(1-ethyl-3-methylimidazol-40 

2-ylidene)silver(I)][dicyanamide]. 
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Figure 5: View of the crystal structure of [bis(1-ethyl-3-methylimidazol-2-

ylidene)silver(I)][acetate]. 

Mechanism of Ag-NHC formation 

 For stoichiometric reactions in molecular solvents between 5 

silver(I) oxide and imidazolium rings with short chains three 

main structures of silver carbenes have been reported.16;17;19;20;34 

Namely, one where silver is linearly bonded to the halide and 

carbene ((CxCxim)AgX), dimers with two bridging halides 

(CxCxim)-Ag-(µ2X)2-Ag-(CxCxim) and a cationic 10 

bis(imidazolylidene)silver(I) balanced with dihalogenoargentate 

anion [Ag(CxCxim-ylide)2]
+[AgX2]

-.  

 The reaction mechanism of the formation silver NHC 

complexes from silver(I) oxide has previously been extensively 

investigated with density functional theory (DFT) computations 15 

by Hayes et al.34 More in particular they investigated the reaction 

mechanism between silver(I) oxide and two 1,3-

dimethylimidazolium iodide moieties [C1mim][I] in 

dichloromethane with the formation of two (C1mim-ylide)AgX 

compounds. In their reaction mechanism, the authors proposed 20 

that first an exergonic deprotonation step occurs which is driven 

by the strong basicity of the Ag2O and this step is then followed 

by an exergonic metalation, with only a low energy barrier for 

which the transition state is stabilized by a second imidazolium 

cation. The products formed at this intermediate step are AgOH 25 

and (C1mim-ylide)AgI, but with the ‘AgOH’ stabilised by 

interactions to the new ylide complex (equation 2). The next step 

is a second deprotonation in which silver(I) hydroxide abstracts 

the proton of a second imidazolium cation and a second 

metalation step now without an imidazolium assisting the 30 

reaction forming a second (C1mim-ylide)-Ag-I complex  

(equation 3). The overall reaction is given by equation 4. 

 

Ag2O + [C1mim][I] AgOH + (C1mim-ylide)AgI  (2) 

AgOH + [C1mim][I] H2O + (C1mim-ylide)AgI   (3) 35 

Ag2O + 2[C1mim][I]  2[(C1mim-ylide)AgI] +H2O  (4) 

 

To achieve the final product with two carbenes coordinated to the 

same Ag center ([Ag(CxCxim-ylide)2]
+) a rearrangement reaction 

is required (reaction 5).  40 

 

2[(CxCxim-ylide)AgX]  [Ag(CxCxim-ylide)2]
+[AgX2]

-  (5) 

 

This equilibrium is known to exist and has been extensively 

reviewed by Lin et al.17 In ionic liquid solvents, the equilibrium is 45 

likely to lie to the right hand side due to the ionic nature of the 

solvent and products. 

 However, one has to be aware that that reactions in ionic 

liquids can follow different pathways than in molecular 

solvents.35-37 Whilst dichloromethane is a somewhat polar 50 

solvent, the ionic nature of the ionic liquid solvents may favour 

more ionic intermediates so species like [(CxCxim-ylide)AgX] 

may not get formed at all. We propose that in the case of the 

[Cxmim][X] compounds studied here as pure ionic liquids, the 

process begins with the same barrier-less and exergonic 55 

deprotonation step, followed by a low barrier and exergonic 

metalation to form a complex of formation [(Cxmim-

ylide)AgXAgOH···(Cxmim)][X] (Scheme 1). This complex that 

acts as the base and deprotonates the second imidazolium moiety 

and then metallation occurs by the silver center that is already 60 

coordinated by the carbene leading to a [Ag(Cxmim-ylide)2] 

cation, a [Ag2X]- anion and a molecule of water (Scheme 1) 

rather than two molecules of [(CxCxim-ylide)AgX] proposed by 

Hayes et al.34 The highly ionic nature of the ionic liquid would 

favour the formation of two ionic species over the formation of 65 

two separate neutral [(Cxmim-ylide)AgX] complexes.35-37  

 The solid products isolated in the cases of [Ag(Cxmim-

ylide)2][X] ([X] = [SCN], [DCA] and [OAc]) are formed by 

anion exchange of the formed [Ag(Cxmim-ylide)2]
+[AgX2]

- 

complex and the ionic liquid giving the following as overall 70 

reaction scheme:   

 

Ag2O + 3[C2mim][X]  [Ag(C2mim-ylide)2][X](s) + H2O + 

[C2mim][Ag(X)2](dissolved)     (6) 

 75 

The formation of the [AgX2]
- anion was shown by speciation 

studies of the silver(I) complexes in [Cxmim][SCN] investigated 

by in-situ Raman spectroscopy. The shift in the νCN stretching 

vibration of the [SCN] anion is very indicative of the 

coordinating nature of the anion. The spectra of the homogeneous 80 

solutions, the neat ionic liquid and the crystal are shown in Figure 

6. The stretching vibration νCN of pure [C2mim][SCN] at 2055 

cm-1 is partly shifted to 2080 cm-1 in the silver-containing 

[C2mim][SCN] solution, which indicates coordination of the 

thiocyanate anion to the Ag+ ion. A linear [Ag(SCN)2] anion is 85 

the most probable product as the new peak corresponds with the 

νCN of the [Ag(SCN)2]
- complex observed in other non-aqueous 

solvents.38 The Raman spectrum of the filtrate, after 

crystallisation of the [Ag(C2mim-ylide)2][SCN], shows the 

absorption band of the coordinated thiocyanate anions was 90 

intensified compared to that of the uncoordinated thiocyanate 

anion due to the depletion of thiocyanate anions from the solution 

by precipitation as the [Ag(C2mim-ylide)2][SCN] complex and so 

a net increase of the [Ag(SCN)2]
- anion is observed.39;40 The 

spectrum of the pure [Ag(C2mim-ylide)2][SCN] shows a peak at 95 

2061 cm-1 indicating the presence of non-coordinating 

thiocyanate groups. This peak is slightly shifted compared to pure 

[C2mim][SCN] due to the former being in the solid state and the 

latter in the liquid state.  
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Scheme 1: Proposed mechanism for the reaction between Ag2O and imidazolium ionic liquids of the type [Cxmim][X] (with X = Cl-, SCN-, DCA- or OAc-). 
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Figure 6: Raman spectra between 2150 and 2000 cm-1 of [C2mim][SCN] 
(red), [(C2mim-ylide)2Ag][SCN] (blue), Ag(I)-containing-[C2mim][SCN]-5 

solution (green) and the filtrate (black). 

 The dissolution of silver(I) oxide in [C2mim][X], (X = SCN, 

DCA or OAc) also occurred at room temperature, but the 

reactions were slower, because the ionic liquids have a much 

higher viscosity compared to molecular solvents, especially at 10 

room temperature. At elevated temperatures the viscosity is lower 

and there is more energy to overcome the energy barriers of the 

reaction. 

 The fact that silver(I) oxide does not react with [C2mim][NTf2] 

in the ionic liquid solution but does react when performed in a 15 

molecular solvent is puzzling.23 Looking at the reaction 

mechanism, the first deprotonation step requires the 

transformation of solid Ag2O into an intermediate Ag(OH)Ag 

species that is brought into solution and stabilised by a hydrogen-

bond with the formed carbene, a free imidazolium moiety and 20 

Ag-anion interactions (Scheme 1). With [NTf2]
- having the least 

coordinating ability of the anions studied, it is reasonable to 

propose that the [NTf2]
- anion cannot stabilise the [(Cxmim-

ylide)AgXAgOH···(Cxmim)[X]] intermediate without the 

additional solvation effects of a molecular solvent.  25 

 

Reactivity of ZnO, NiO and CuO in imidazolium ionic liquids 

 Other metal oxides were tested for their reactivity in 

imidazolium ionic liquids, in particular CuO, NiO and ZnO in 

[C2mim][X] (X = Cl, OAc). Table 2 reports the amount of the 30 

metal oxides that could be dissolved in the ionic liquid and shows 

that both CuO and ZnO show are appreciable solubility in 

[C2mim][Cl], whereas only ZnO is well soluble in 
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[C2mim][OAc]. NiO is slightly soluble in [C2mim][Cl], but only 

poorly soluble in [C2mim][OAc]. 

 In the case of ZnO, the dissolution product could be 

investigated by 13C NMR spectroscopy since Zn2+ is a 

diamagnetic ion. The undissolved material was filtered off from 5 

the solution and the 13C NMR spectra recorded in DMSO-d6. 

Carbene formation was observed in both the chloride and acetate 

imidazolium ionic liquid, as indicated by the large shift of the 

carbon nucleus in the C2 position of the imidazole ring (Figure 

7). However, in contrast to the spectra recorded from the silver(I) 10 

ylides, two peaks appeared in the carbene region. In 

[C2mim][OAc], these peaks were at 175.1 and 174.2 ppm with an 

approximate relative intensity ratio of 2:1 (Figure 7 (bottom); the 

resonance of the COO- group of the OAc anion at 173.9 ppm also 

appears in this region). The same intensity ratio was also found in 15 

[C2mim][Cl] with the resonances at 173.2 and 172.8 ppm (Figure 

7 (top)). Also, the chemical shifts of all the other carbon nuclei in 

the spectrum showed two new small peaks due to the ylide 

formation, shifted by 2 to 3 ppm relative to the parent 

imidazolium nuclei. The formation of two new peaks with a 2:1 20 

ratio is also seen in the 1H NMR spectrum. The fact that two new 

peaks appear (instead of one as for the silver complex) can 

possibly be ascribed to two different coordination environments 

around the Zn2+ ion. For instance, zinc(II) could be coordinated 

as [Zn(C2mim-ylide)2X2] or as [Zn(C2mim-ylide)X3]
-. 25 

Unfortunately no crystals could be isolated from the solution for 

further investigation of the structure of the carbene complexes.  

 Previous reports on zinc ylides with N-heterocyclic carbenes 

are rare as reported in a recent review article by Budagumpi et 

al.41 One example is the 1-butyl-3-methylimidazolylidene zinc 30 

complex [ZnBr2(C4mim-ylidene)2] which was directly 

synthesized from the corresponding ionic liquid [C4mim]Br using 

diethyl zinc (ZnEt2).
42 In contrast to ZnEt2 which must be handled 

in moisture-free environments, we show that zinc carbenes 

complexes can be formed starting from ZnO and that zinc 35 

carbenes are relatively stable in non-dried ionic liquid solution. 

 The solutions formed by dissolution of copper(II) oxide and 

nickel(II) oxide in the imidazolium ionic liquids could not be 

investigated by 13C NMR, because of their paramagnetic 

behaviour.  40 

 

Table 2: Dissolution of CuO, NiO and ZnO in [C2mim][Cl] and 

[C2mim][OAc] at 90 °C reported as mg (MO)/g (IL). 

 [C2mim][Cl] [C2mim][OAc] 

CuO 64 2.3 

NiO 5 0.9 
ZnO 36 83 

 

 45 

In a related study, but using NiCl2 as nickel source instead of 

NiO, crystals of a nickel carbene complex were isolated. 20 wt% 

of NiCl2 could be dissolved in [C4mim][OAc]. However in the 

case of [C2mim][OAc] when 15 wt% NiCl2 was dissolved at 90 

°C, a yellow amorphous solid was found to precipitate, although 50 

an appreciable amount of Ni2+ stayed dissolved in the solution 

 

 

Figure 7: 13C NMR spectra showing carbene formation upon addition of ZnO to [C2mim][Cl] (top) (peaks from [C2mim][Cl] indicated 

with a and peaks from the ylide with b and c; and to [C2mim][OAc] (bottom). Peaks from [C2mim]+ indicated with d and peaks from the 55 

ylide with e and f). 
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 (82 mg/g). Characterization of the species formed in the solid 

and liquid states proved difficult so a crystallisation experiment 

was devised to slowly introduce [C2mim][OAc] by way of 

layering into the 20 wt% NiCl2 solution in [C4mim][OAc]. After 

several days, small yellow crystals appeared in the solution and 5 

these were characterised by single crystal X-ray diffraction and 

found to be a nickel(II) N-heterocyclic carbene complex of 

formula [Ni(C2mim-ylide)2][OAc]2. Although, several crystals 

were formed it was not possible to isolate a bulk sample so that 

no bulk analysis results are available.  10 

 Nickel(II) N-heterocyclic carbene compounds are relatively 

common, but most of these compounds have large substituents 

such as diisopropyl on the imidazolium rings, as seen, for 

example, in diiodo bis(1,3-diisopropylimidazol-2-ylidene) 

nickel(II).43 These authors also report N-heterocyclic carbenes 15 

with less bulky substituents such as diiodo bis(1-methyl-3-

propylimidazol-2-ylidene) nickel(II).43 There exist no literature 

reports about nickel(II) N-heterocyclic carbene compounds with 

acetate ligands,33 although Ni(OAc)2 is quite frequently used as a 

starting material in these syntheses.43-45 The formation of 20 

carbenes in acetate ionic liquids has been studied by other 

research groups and the H-atom at the C2 position of the 

imidazolium ring is known to be exchangeable and could 

protonate the acetate anion, so that the [C2mim]+ cation and the 

acetate anion are in equilibrium with the carbene and acetic 25 

acid.35;46 In the case of [Ni(C2mim-ylide)2][OAc]2, the carbene 

forms a complex with the Ni2+ ion and then precipitates from the 

solution.  

 The structure of the [Ni(C2mim-ylide)2][OAc]2 crystals was 

collected in air at room temperature, showing their relative 30 

stability, and was found to be in monoclinic space group C2/c 

with the complex lying on a crystallographic two-fold axis. The 

nickel centers are square planar with the two ylides and the two 

acetate ligands cis to each other (Figure 8).  

This cis orientation of two ylides has only been seen before in  35 

bis(1,3-di-isopropylimidazol-2-ylidene)bis(phenylsilyl)nickel(II) 

and bis(1,3-diisopropylimidazol-2-

ylidene)hydrido(methyl(diphenyl)silyl)nickel(II),47 whereas the 

trans configuration is much more prevalent,33 for example in the 

dihalides mentioned above.43 The bond lengths (Ni–C = 1.865(4) 40 

Å, Ni–O = 1.926(3) Å) and bond angles (C–Ni–C = 91.9(2)°, O–

Ni–O = 89.80(19)°, C–Ni–O = 89.15(17), 178.41(15)°) are within 

expectations. The two ylides are twisted by 88.58(15)° with 

respect to each other which allows them to occupy cis 

coordination sites and the ethyl groups are out of the plane of the 45 

imidazolylidene rings (C2–N–C–C = 117.2(6)°). 

 
Figure 8: View of the crystal bis-(1-ethyl-3-methylimidazol-2-ylidene)-

diacetato-nickel(II). 

Conclusions 50 

In this paper, the dissolution of the metal oxides Ag2O, NiO, CuO 

and ZnO has been investigated in several imidazolium ionic 

liquids without an additional solvent or additional base. It was 

found that carbene formation is the driving force behind the 

dissolution process. New crystal structures of silver(I) and 55 

nickel(II) N-heterocyclic carbenes were determined. The 

speciation of the metal center was investigated by Raman and 13C 

NMR spectroscopy. Stable zinc(II) carbenes were identified in 

these ionic liquids. The structure of the ionic liquid is of prime 

importance for the dissolution process: this means that dissolution 60 

was only found for imidazolium ionic liquids with a hydrogen 

atom in the C2 position of the imidazolium ring, because only 

these ionic liquids can form carbenes by deprotonation of the C2 

carbon. Neither in imidazolium ionic liquids with a methyl group 

in the C2 position nor for ionic liquids with cations other than 65 

imidazolium dissolution of metal oxides was observed. The anion 

also plays a role, since carbene formation was observed for 

imidazolium ionic liquids with chloride, thiocyanate, 

dicyanamide and acetate anions, but not for 

bis(trifluoromethylsulfonyl)imide anions. 70 
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