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1 Introduction 

1.1 Preparation of Group-11 Organometallates 

The beginning of organocopper chemistry dates back to 1859, when Boettger reported the 

preparation of the copper(I) acetylide Cu2C2.
[1] More than sixty years later, Reich reported the 

isolation of phenylcopper from the reaction between CuI and a phenyl Grignard reagent.[2] In 1952, 

Gilman et. al. demonstrated in a seminal publication that the treatment of copper iodide or 

thiocyanate with one equivalent of methyl lithium leads to neutral methyl copper, which forms 

lithium dimethylcuprate upon addition of a second equivalent of methyl lithium (Scheme 1).[3] 

 
 
Scheme 1. Preparation of dimethylcuprate reagents by Gilman et. al. (X = I, SCN).[3]  
 

Indeed, the transmetallation of copper precursors with organometallic reagents constitutes a general 

route to organocuprates and leads to distinct classes of these compounds. Among them, notable 

examples are the already mentioned Gilman cuprates (Scheme 1) as well as the Lipshutz,[4] 

Normant,[5] and Knochel cuprates[6] (Scheme 2). The transmetallation of silver and gold precursors 

with two equivalents of organolithium or Grignard reagents, respectively, is also the method of 

choice for the preparation of organoargentates[7] and -aurates[8]. 

 
 
Scheme 2. Preparation of Lipshutz, Normant, and Knochel cuprates.[4–6] 
 

Beyond these “classical” organometallic reagents, the use of the silicon-based compound Si(CH3)3CF3, 

the so-called Ruppert-Prakash reagent, has been reported for the generation of trifluoromethyl-

cuprates,[9] -argentates,[10] and -aurates[11]. Such reactions usually require a Lewis base as an activator 

and presumably involve pentacoordinated siliconate species [Si(CH3)3(CF3)X]− (X = Lewis base).[12] 
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1.2 Application in Synthetic Organic Chemistry 

Organocuprates are valuable and versatile reagents in synthetic organic chemistry.[13] In 1941, 

Kharasch and Tawney discovered that methylmagnesium bromide undergoes an 1,4-addition to the 

α,β-unsaturated ketone isophorone in the presence of catalytic amounts of CuCl, while the 1,2-

addition is observed in the absence of CuCl (Scheme 3).[14] 

 
 
Scheme 3. 1,2- and 1,4-addition of MeMgBr to the conjugated enone isophorone in the absence and 
presence of catalytic amounts of CuCl.[14] 
 

Corey,[15] House,[16] Whitesides,[17] and Posner[18] pioneered in demonstrating the potential of 

organocuprates in preparative organic chemistry. Nowadays, the numerous applications of these 

reagents include conjugate additions,[4g,19–21] nucleophilic substitution of alkyl halides,[4e,h,19,20,22] 

epoxide-opening reactions,[4f,19] and carbocupration of alkynes[19a,23]. Organocopper reagents have 

also successfully been used in in the preparation of trifluoromethylated compounds, a substance 

class of increasing importance, especially in the fields of pharmaceutical chemistry and 

agrochemistry.[24,25] A possible way to bring about this transformation is the copper-mediated 

trifluoromethylation employing the so-called Ruppert-Prakash reagent, that is, Si(CH3)3CF3.[26] The 

preparation of the latter was reported by Ruppert et. al. in 1984, and its use as a trifluoromethylating 

reagent was first described by Prakash, Krishnamurti, and Olah in 1989.[27] Since then, it has been 

used in trifluoromethylation reactions of a broad range of substrates,[26] including arenes,[28] 

heteroarenes,[28c,d,f–h,j–l,n–q,29] alkenes,[28f,30] and alkynes[9b,25e,g,26a,31]. Trifluoromethylated alkynes are of 

particular interest as versatile building blocks for pharmaceuticals and agrochemicals.  

In contrast, the use of ate complexes of the heavier homologues silver and gold in synthetic organic 

chemistry is less explored. The first reports about silver-mediated coupling reactions were published 

between 1929 and 1940 by Gardner and coworkers, who discovered that reactions of Grignard 

reagents with stoichiometric amounts of silver salts gave rise to homo- and cross-coupling 

reactions.[32] During the 1970s, Kochi and Tamura demonstrated silver-catalyzed coupling of Grignard 

reagents and alkyl halides.[33] Almost a decade later, Vermeer, Kleijn, Westmijze, Meijer, and 

coworkers showed that organosilver compounds, RAg, and organoargentates(I), R2AgMgCl, are able 

to undergo addition reactions with various substrates, including enynes, 2-alkyne-nitriles, carbon 

disulfide, propargylic esters, conjugated enynes, enynenitriles, 2,4-pentadiynynl sulfinates, as well as 

enynyl sulfides, -sulfoxides, and –phospines.[34] These transformations often proceeded with regio- 

and stereoselectivity complementary to those of the analogous organocopper reagents. Kochi and 

coworkers also reported the preparation of dialkylaurate(I) species by treatment of a gold(I) 

precursor with organolithium reagents, and their use in the preparation of trialkylgold(III) complexes 

by oxidative addition reactions with various alkyl or aryl halides.[35] They noticed that the 

organoaurates undergo oxidative addition much faster than a neutral gold(I) species and observed 

reductive elimination reactions of the resulting Au(III) species.[35,36] Notably, the latter reaction 

proceeded without significant β-hydrogen elimination as side reaction.[36] Despite this synthetic 

potential, organoargentate and –aurate reagents are not widely employed in synthetic organic 
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chemistry.[37–39] In part, this neglect may be attributed to the higher prices of silver and gold 

compared to copper, especially when these metals are used in stoichiometric amounts. However, 

since the beginning of the 21st century, there has been a growing interest in silver- and gold-

mediated transformations.[40] This holds promise to increase the interest in organoargentates and –

aurates, as their use might offer alternative modes of reactivity that complement those of the well-

established cuprates, thereby providing alternatives for synthetic chemistry. 

1.3 Structure, Solution Speciation, and Reactivity of Group 11-Organometallates 

1.3.1 Solid-State Structure 

The structures of organocuprates in the solid state have been extensively studied by X-ray 

crystallography and depend on a variety of factors such as the nature of the organic group R, the 

solvent from which the crystals were obtained, and the presence of additives or byproducts.[41] 

Crystallization from polar solvents such as 1,2-dimethoxyethane or THF can afford structures with 

separated ion pairs, which consistently feature linear [CuR2]
− anions.[41] In particular, [CuMe2]

−,[42] 

[CuPh2]
−,[42a] [Cu{CH2(SiMe3)}2]

−,[42c] [Cu{C(SiMe3)3}2]
−,[43] and [Cu(CF3)2]

−[9a] have been observed. 

Furthermore, polynuclear organocuprate anions have also been identified by X-ray crystallography. 

Particularly noteworthy is a series of anions that comprise the pentanuclear species [Li2Cu3Ph6]
−,[44] 

[LiCu4Ph6]
−,[45] and [Cu5Ph5]

−[46] (Figure 1). While the first species crystallized from the reaction of 

CuCN and two equivalents of PhLi in Et2O, the latter two were obtained from the reaction of CuBr 

with two equivalents of PhLi in THF or Et2O, respectively. The structure of the [Li2Cu3Ph6]
− anion can 

be regarded as an aggregate of three (CuPh2]
− units forming the edges of a distorted trigonal prism, 

and two lithium cations sitting at the centers of the two trigonal faces of the prism. Thus, the three 

metals form a trigonal bipyramid with the copper cations residing at the equatorial vertices and the 

lithium cations occupying the axial sites. [LiCu4Ph6]
− and [Cu5Ph5]

− adopt analogous structures with Li+ 

successively replaced by Cu+. The reaction of CuCl with thienylmagnesium bromide in THF yielded a 

magnesium cuprate with the [Cu5R6]
− anion (R = thienyl), which is structurally directly comparable to 

[Cu5Ph5]
−.[47] 

 

 
Figure 1. Pentanuclear phenylcuprate anions identified by X-ray crystallography.[44,45,46] 
 

The solid-state structures of organoargentates and –aurates have not been explored to this extent, 

but still, crystal structures exist that show [MR2]
− anions. In particular, coinage metallates with 

perfluorinated organic groups such as [Ag(CF3)2]
−,[48] [Ag(CF3)Cl]−,[49] [Ag(C2F5)2]

−[50] [Ag{CF(CF3)2}2]
−[51] 

[Au(CF3)2]
−,[52] [Au(C6F5)2]

−,[53] and [Au(CF3)(C6F5)]
−[54] have been identified. The halogen-free, 

monomeric anions [Ag{C(SiMe3)3}2]
−,[55] [Ag(C3H3)2]

−[56], and [AuMe2]
−[57] have also been found in the 
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solid state. Like the mononuclear organocuprates, these argentates and aurates exhibit a linear 

coordination geometry. The pentanuclear argentate [Li2Ag3Ph6]
− has also been characterized by X-ray 

crystallography and exhibits a structure analogous to the pentanuclear cuprates discussed above.[58] 

Crystal structures of organometallates(III) feature [MR4]
− anions with a square-planar geometry for 

all three coinage metals. Notable examples include [Cu(CF3)4]
−,[59] [Ag(CF3)4]−,[48,60] [Au(CF3)4]

−,[61] 

[Cu(CF2H)4]
−,[62] [Ag(CF2H)4]−,[63] [trans-Ag(CF3)2(CN)2]

−,[64] [Ag(CF3)3(CH3)]
−[64] [Au(CF3)3(CN)]−,[65] 

[Au(C6F5)4]
−,[66] and [Au(C6Cl5)4]

−,[67] as well as the non-halogenated complexes [AuMe4]
−[57] and 

[AuPh4]
−[68]. 

1.3.2 Speciation in Solution 

The frequent use of organocuprates in organic synthesis has evoked investigations regarding their 

speciation in solution.[69] In particular, several studies of lithium organocuprates by Bertz[70] and 

others[71] found the [CuR2]
− anion to be the main component of both Gilman and cyanocuprates. 

These studies employed NMR and X-ray absorption spectroscopy as well as theoretical calculations 

and, thereby, settled the controversy between lower-order cuprates, LiCuR2  LiCN, and the so-called 

higher order cuprates, Li2CuR2(CN), in favor of the former one.[72] Further NMR studies from the 

Boche group revealed an equilibrium between solvent-separated ion pairs of [CuR2]
− and [Li(solv)]+ 

and a dimeric contact ion pair (solv)Li2Cu2R2 (Scheme 4).[73] The latter species, the so-called 

homodimer, is believed to prevail in weakly coordinating solvents such as Et2O, while the results 

indicate the preferred formation of solvent-separated ion pairs in the more strongly coordinating 

solvent tetrahydrofuran (THF). 

 
 
Scheme 4. Association/dissociation equilibrium of lithium organocuprates.[73] 
 

Putau et. al. used ESI mass spectrometry and gas-phase fragmentation experiments to determine the 

structure and aggregation state of organocuprates in ethereal solvents.[74] They observed the 

cyanide-free anions [Lin-1CunR2n]− (n = 1 and 3) together with [Li2(CN)(solv)n]+ cations as predominant 

species upon mass-spectrometric analysis of LiCuR2LiCN solutions. The anionic species were found to 

be in equilibrium with each other. The authors could show that the position of this equilibrium 

strongly depends on the solvent. Additional electrical conductivity measurements fully confirmed the 

ESI MS results.[74b] While the mononuclear cuprate [CuR2]
− is the dominating species in the more 

polar THF, higher aggregation states prevail in less polar solvents like Et2O. Furthermore, they 

concluded from the results of fragmentation experiments that [Li2Cu3R6]
− can be regarded as an 

adduct of anionic [CuR2]
− and neutral Li2Cu2R4. Both species had previously been identified as major 

components of ethereal cyanocuprate solutions (see above). While the molecular composition of 

lithium cuprates has been well studied, the solution speciation of magnesium cuprates remains only 

poorly understood.[41] This lack in understanding of magnesium cuprates might - at least partially – be 

attributed to the spectroscopic properties of magnesium. In contrast to lithium that can be readily 

studied by NMR spectroscopy, magnesium is more reluctant to analysis by NMR. 
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NMR spectroscopy was also used to study organoargentates and –aurates. Eaborn et. al. deduced 

from 6Li- and 7Li-NMR spectroscopic experiments that the lithium organoargentate 

[Li(THF)4][Ag{C(SiMe3)}2] dissociates into the corresponding ions upon dissolution in heptane or 

toluene.[55] Burch and Calabrese used 19F-NMR techniques to study perfluoroalkylsilver(I) compounds. 

They were able to show that in acetonitrile, neutral AgR(CH3CN) is present in an equilibrium with 

solvated Ag+ and the argentate [AgR2]
− (R = CF(CF3)2).

[51] Stating that this behavior is related to the 

known equilibrium of the silver halides (Eq. 1),[75] the authors suggested to regard the perfluoroalkyl 

groups as pseudohalogens. Naumann et. al. also performed 19F-NMR experiments to examine the 

solvent dependency of this equilibrium and found hints for higher aggregates in solution.[76] 

 2 AgX    Ag+  +  [AgX2]
− (1)  

Based on the results of 1H-NMR experiments of dimethylaurate solutions, Tamaki and Kochi noticed 

an exchange of ligands in solution,[77] but suggested that association of [AuMe2]
− with excess MeLi 

takes place only to a small extent, or not at all.[78] Rice and Tobias published results of 1H-NMR and 

Raman spectroscopy of lithium methylaurates(I) and (III) in diethyl ether, which were in accordance 

with solvent separated ion pairs of solvated Li+ and [AuMe2]
− or [AuMe4]

−, respectively.[79] They found 

the aurate(I) to be coordinated by the two methyl group in a linear way, and the aurate(III) featuring 

a square-planar geometry. 

Usón et. al. reported the preparation and characterization of several anionic arylgold complexes.[80] 

The infrared spectra of the aurates(I) [Au(C6F5)X]− (X = Cl, Br) and the related aurates(III) 

[Au(C6F5)3Br]− and [Au(C6F5)Br3]
− were consistent with a linear coordination of the aurates(I) and a 

square-planar geometry of the aurates(III).[80a] Furthermore, the examination of their electric 

conductivities showed that these organoaurates behaved as 1:1 electrolytes, thereby pointing to the 

presence of solvent-separated ion pairs in solution.[80a] Various trifluoromethyl-argentates[81] 

and -aurates[61,65] were also characterized by 1H-, 13C-, 19F-, and 109Ag-NMR. However, in contrast to 

the organocuprates, little is known about possible equilibria between solvent-separated ion pairs and 

contact ion pairs of organoargentates and –aurates or the presence of higher aggregates of these 

metallates. 

1.3.3 Reactivity 

The high reactivity of organocuprates and their use in synthetic organic chemistry has led to a 

number of mechanistic investigations,[82] because a deeper understanding of their mode of action at 

the molecular level is not only of scientific interest by itself, but also promises the directed use of 

rationally designed reagents under optimized conditions. Usually, organocuprate reagents employed 

in synthesis feature Cu(I) species with a 3d10 valence electron configuration. However, the 

involvement of Cu(III) species with a 3d8 configuration has long been postulated for several types of 

transformation of organocuprates.[17,82a,83] Indeed, seminal results obtained from low-temperature 

NMR spectroscopic experiments by Bertz, Ogle, and coworkers as well as the Gschwind group 

showed Cu(III) intermediates.[84,85] ESI mass spectrometry and gas-phase fragmentation experiments 

allowed the examination of their unimolecular reactivity.[86] Gas-phase fragmentation experiments of 

the tetraalkylcuprates(III) [RCuMe3]
− prepared from CuCN, MeLi, and alkyl halides RX revealed that 

these species undergo reductive elimination, resulting in the release of both the cross-coupling 

product RMe and the homo-coupling product Me2 (Scheme 5).[86a] The ratio between these two 

fragmentation pathways was found to depend on the nature of the substituent R. 
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Scheme 5. Gas-phase reactivity of tetraalkylcuprates(III) observed in collision-induced dissociation 
(CID) experiments.[86] 
 

A reaction mechanism involving Cu(III) intermediates has also been developed for the conjugate 

addition of organocuprates to α,β-unsaturated carbonyl compounds, one of the most important 

applications of organocuprates.[87] This mechanism features as key steps the oxidative addition of an 

enone to the cuprate, resulting in the formation of a Cu(III) intermediate, and a subsequent reductive 

elimination.[82b,83a,b,88] The selectivity for 1,4-addition over 1,2-addition is ascribed to the preference 

of Cu(I) to form a π-complex with the C-C double bond rather than with the C-O double bond.[82b] 

Also, the presence of the Lewis-acidic lithium is regarded necessary for the activation of the 

substrate through electrophilic assistance.[83a] 

Furthermore, Chu and Qing reported the copper-mediated trifluoromethylation of terminal alkynes 

in an oxidative fashion.[26a,28l,31a] These authors also conducted preliminary mechanistic studies and 

proposed a mechanism for this reaction, in which 1,10-phenanthroline-bound cuprate anions play a 

key role in the formation of both the desired trifluoromethylated product as well as an unwanted 

diyne byproduct (Scheme 6).[26a,28l,31a]  

 
 
Scheme 6. Reaction mechanism for the copper-promoted oxidative trifluoromethylation of terminal 
alkynes with Si(CH3)3CF3 and 1,10-phenanthroline as proposed by Chu and Qing.[26a] 
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Tresse et. al. also used Si(CH3)3CF3 for the copper-mediated oxidative trifluoromethylation of a wide 

range of alkynes and started to investigate the involved intermediates.[9b] By employing 19F-NMR 

spectroscopy, they observed the formation of the trifluoromethyl cuprates [Cu(CF3)2]
− and [Cu(CF3)4]

− 

upon treatment of CuI with Si(CH3)3CF3, N,N,N’,N’-tetramethylethylene diamine (TMEDA), and 

potassium carbonate (Scheme 7). Still, the origin of these intermediates and the mechanism of the 

overall reaction remained unclear. 

 
 
Scheme 7. Preparation of trifluoromethyl cuprates by Tresse et. al.[9b] 
 

Just as little progress has been made in the mechanistic elucidation of silver-mediated or -catalyzed 

coupling reactions.[33,37,39a,86b,89] In particular, the role of organoargentates in these transformations 

has received only little attention.[39b] Recently, however, Hardin and Ogle used rapid-injection NMR 

spectroscopy to study the reaction of LiAgMe2LiCl with allyl iodide in THF.[90] They were able to 

observe the oxidative addition of the organyl iodide to the argentate, resulting in the formation of 

the organoargentate(III) [RAgMe3]
− (R = allyl). This Ag(III) species slowly released 1-butene via a 

reductive elimination. 

1.4 ESI Mass Spectrometry of Organometallates – Potential and Limitations 

Building upon pioneering work by the Lipshutz group,[91] numerous studies have applied 

electrospray-ionization (ESI) mass spectrometry for the analysis of charged organometallics.[74,86a,92] 

This method has proven to be a valuable tool for mechanistic investigations as it offers precise 

information about the stoichiometric composition of the present ionic species and can provide 

detailed insight into their unimolecular reactivity by gas-phase fragmentation experiments.[93] A 

prerequisite for these experiments is the transfer of organometallic ions from the sample solutions 

into the gas phase. Electrospray ionization is well capable of this task, but it is mandatory to work 

under inert conditions to avoid decomposition of the sensitive organometallic species and to ensure 

constant experimental conditions. To this end, the ESI inlet system has to be flushed thoroughly with 

dry solvent prior to each mass spectrometric experiment. 

However, it should be kept in mind that ESI mass spectrometry, like all mass spectrometric 

techniques, can only detect charged species. It is therefore necessary that the analytes are either a 

priori charged species or at least form adducts with ions that are also present in the sample solution. 

A possible way to circumvent this shortcoming can be the use of charged tags that introduce a charge 

on otherwise neutral species.[92g,93d,94] Moreover, the detected ions stem from charged nanodroplets 

that are generated during the ESI process (see also chapter 3.2), and the composition of these 

nanodroplets can differ from that of the sample solution itself. In particular, as shown by previous 

studies, the analyte concentration in these nanodroplets is higher than in the original sample 

solution,[95] and their effective temperature may change, too.[96] The increased concentration of 
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analytes in the nanodroplets can result in a shift of equilibria that are already present in the sample 

solutions. In particular, a shift to higher aggregation states is possible.[74a] Therefore, the observed 

aggregates or the ratio of these aggreagates may not necessarily be identical to those in solution. 

Also, the observed signal intensities are not directly proportional to the concentrations of the 

respective species in the sample solutions, but depend on their concentration in the nanodroplets 

from where they are emitted into the gas phase, and, additionally, on the response factors of the 

respective ions. These response factors correlate with the surface activity of the analyte ions: the 

higher the surface activity, the higher the tendency to be ejected into the gas phase.[97] Therefore, a 

quantitative analysis is not straightforward. However, quantitative statements may be possible if a 

suitable calibration can be performed. 
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2 Objectives 

Despite the frequent use of magnesium organocuprates(I) in organic synthesis, the molecular 

composition of these reagents remains poorly understood. To achieve a better understanding of 

their speciation in solution, organocuprate reagents prepared from copper(I) precursors and 

Grignard reagents RMgCl (R = Ph, 2-thienyl, Bu, and Me3SiCH2) in THF were to be analyzed by ESI 

mass spectrometric experiments. The influence of the copper precursor (CuCl, CuBr, CuBrMe2S, 

CuCN), the amounts of employed Grignard reagent (2, 3, or 4 equivalents), and the reaction time was 

to be studied. In particular, the obtained results from the analysis of the magnesium cuprates had to 

be compared with the known behavior of their lithium-containing counterparts. 

Organometallates(I) of the higher homologues silver and gold have been studied even less. In order 

to identify the ionic components of these reagents and to examine trends in the speciation and 

aggregation across group-11 organometallates, sample solutions prepared from the respective 

coinage-metal cyanides MCN (M = Cu, Ag, Au) and RLi or RMgCl (R = Ph, Me) in THF were to be 

investigated by ESI mass spectrometry. Furthermore, comparing the fragmentation behavior of 

corresponding organometallate species upon collisional activation should provide insight into the 

influence of the kind of coinage metal on the unimolecular reactivity of the respective 

organometallates. 

Cu(III) intermediates have long been postulated to be involved in C-C bond forming reactions brought 

about by organocopper(I) reagents, and, eventually, several organocopper(III) species were detected 

and characterized. Recently, trifluoromethylcuprates(I) and (III) were observed in the copper-

mediated oxidative trifluoromethylation of alkynes employing a copper(I) halide and Si(CH3)3CF3. 

However, the origin of these intermediates and the mechanism of the overall reaction remained 

unclear. In the present work, ESI mass spectrometry and gas-phase fragmentation experiments were 

used to investigate the mechanism of these transformations in different solvents (THF, CH2Cl2, 

CH3CN) as well as with and without added 1,10-phenanthroline. 

Unlike organocuprates, organoargentates are not widely used in coupling reactions, although early 

work demonstrated the potential of silver to mediate these transformations. In particular, the role of 

organoargentates(I) and (III) as intermediates in these reactions has received only little attention. 

The present work sought to explore the formation of organoargentates(III) in oxidative addition 

reactions of dimethylargentate and organyl iodides RI (R = Me, allyl, Bu, Ph) with ESI mass 

spectrometry, and to examine the elementary step of reductive elimination from these Ag(III) species 

by gas-phase fragmentation experiments. Comparing the reactivity of argentates(III) and cuprates(III) 

will provide mechanistic insights that improve the fundamental understanding of the role of high-

valent transition metals in cross-coupling reactions. 

The insight into the speciation of organocuprates, -argentates, and -aurates and the improved 

mechanistic understanding provided by this work will not only contribute to our knowledge about 

organometallic reagents in general, but should also facilitate the rational optimization of these 

reagents for their well-directed use in synthetic chemistry. 
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3 ESI Mass Spectrometry and Gas-Phase Fragmentation Experiments 

3.1 General Aspects of Mass Spectrometry 

Mass spectrometry is an analytical technique for the study of ions in the gas phase.[98] In a mass 

spectrometer, gas-phase ions, which are generated from a sample in an ion source, are separated 

according to their mass-to-charge (m/z) ratio in a mass analyzer and registered with their respective 

abundances in a detector. A plot of the relative signal intensity against the m/z ratio yields a mass 

spectrum, which provides information about the charge and molecular mass of the analyte ions. 

Additionally, the isotopic patterns, which result from different isotopic compositions of elements 

with more than one isotope, can serve as a fingerprint for the identification of different ions. Further 

information can be obtained by deliberate fragmentation of particular ions in collision-induced 

dissociation (CID) experiments.[99] To this end, isolated precursor ions are subjected to collisions with 

a collision gas. The thus produced fragment ions are also separated and detected according to their 

m/z ratio. For this type of experiments, a mass spectrometer capable of performing two mass 

analysis steps is necessary. Such an instrument is called tandem (or MS2) mass spectrometer. 

3.2 Electrospray Ionization 

Electrospray ionization (ESI) is a soft method for the generation of gas-phase ions at ambient 

pressure with usually little or no fragmentation of analyte ions during the ionization process.[97,100] 

Therefore, it is well suited for the analysis of particularly sensitive compounds. The use of 

electrospray, which was already known in the coating of metal surfaces, as an ionization technique in 

mass spectrometry was first envisaged by Malcolm Dole in the 1960s.[101] John B. Fenn further 

developed this technique and was awarded the Nobel prize for his achievements in 2002.[102] During 

the ESI process, a sample solution containing the analyte is fed through a capillary, to which a high 

electric potential of several kV is applied (Scheme 8).[97,100,103] This potential generates an electric 

field, which in turn leads to charge separation at the liquid surface at the tip of the capillary.  

 
 
Scheme 8. Schematic depiction of the ESI process (positive-ion mode).[100b] 
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As a result, a so-called Taylor cone[104] is formed. As soon as the Coulombic repulsion of the charges 

at the surface equals the surface tension of the solution (the point which is known as the Rayleigh 

limit), a fine spray of small droplets with an excess charge is released from the tip of the Taylor cone. 

This process is usually supported by a coaxial flow of nebulizer gas. The charged droplets then move 

in the applied electric field towards the entrance of the mass spectrometer’s vacuum system. On 

their way, the droplets shrink due to solvent evaporation (aided by a stream of heated dry gas), 

which results in an increase of their charge density. Eventually, the Coulombic repulsion at the 

droplet surface overcomes the surface tension and, thereby, causes the release of smaller droplets in 

a process called Coulomb fission. This sequence of evaporation and fission events occurs repeatedly 

until droplets with radii in the range of a few nanometers are produced.[100b] The formation of gas-

phase ions then proceeds from these nanodroplets according to one of the following models. The ion 

evaporation model applies for the transfer of preformed analyte ions with low molecular weight into 

the gas phase.[97,100b] When a nanodroplet reaches the Rayleigh limit due to solvent evaporation, the 

Coulombic repulsion causes the ejection of solvated ions from the droplet surface into the gas phase. 

The remaining few solvent molecules are subsequently lost in collisions of the solvated ions with 

background gas.[100b] The charged residue model describes the release of large and globular species 

(in particular natively folded proteins) into the gas phase.[97,100b] In this case, it is assumed that 

charged nanodroplets are formed that contain only one analyte molecule. The solvent completely 

evaporates and ions that were formerly residing on the surface of the droplet are transferred to the 

analyte. For unfolded proteins, however, the so-called chain-ejection model is proposed.[100b] The 

unfolded protein chains move to the droplet surface because their extended and hydrophobic 

character renders it unfavorable to stay in the inside of the droplet. They are then transferred to the 

gas phase in a step-by-step process. 

3.3 Mass Analyzer 

3.3.1 Time-of-Flight Mass Analyzer 

In a time-of-flight (TOF) mass analyzer, a pulsed electrostatic field accelerates incoming ions, which 

then pass a field-free drift region of a given length before they reach the detector.[98,105] During the 

acceleration step, all ions receive the same kinetic energy, which results in final ion velocities that 

depend on the mass and charge of the respective ions. These velocities stay constant during the 

flight through the drift region. As ions with different m/z ratios are accelerated to different velocities, 

they need distinct times to travel through the drift region before they reach the detector. The 

determination of the m/z ratios of the ions is then possible from the time-of-flight and the known 

values for the acceleration voltage and the travelled distance.[105] However, before the acceleration 

step takes place, the ions possess certain initial distributions regarding position and velocity. As a 

consequence, ions with the same m/z ratio exhibit slight deviations in their final kinetic energy, 

which in turn lead to different flight times and, thus, decrease the resolution of the mass 

spectrometer. To compensate for these effects, an ion mirror, or reflector, can be used, which 

reflects the incoming ions by means of an electric field.[105] Ions of the same m/z ratio but with 

different kinetic energies will penetrate the reflector to different depths before they are repelled. 

The resulting different flight paths of the ions within the reflector translate into differences in flight 

time, thereby effecting a correction of the initial deviation in kinetic energy.[105] 
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3.3.2 Linear Quadrupole Mass Analyzer 

The linear quadrupole mass analyzer was developed by Paul and Steinwedel and consists of four 

parallel rod electrodes that are mounted in a square configuration.[98,106] An electric potential is 

applied to the electrodes with each pair of opposite electrodes held at the same polarity. This 

potential is composed of a radio frequency (RF) voltage superimposed with a direct current (DC) 

voltage. Ions that enter the quadrupole along its z-axis (parallel to the rods) alternatively experience 

attractive and repulsive forces in the xy-plane due to the applied potential, leading to complex ion 

trajectories that can be unstable or stable. If the trajectory is unstable, the ions will hit the rods and 

discharge; but in case of a stable trajectory, the ions will pass the analyzer. Conditions for stable ion 

trajectories can be derived from a set of parameters obtained from the so-called Mathieu 

equations.[98,106,107] In particular, these parameters depend on the values for the RF and DC voltage. 

Therefore, the stability of the trajectory for ions of a certain m/z ratio depends on the chosen values 

for the RF and DC voltage. Continuously varying the the applied potentials allows for scanning across 

a range of m/z ratios, because then only certain ions are able to travel through the analyzer at a 

given time. Alternatively, it is possible to hold the potentials at fixed values so that only ions within a 

particular m/z ratio are permitted to pass the analyzer. This mode of operation is used for the 

isolation of precursor ions in MS2 experiments. In contrast, quadrupoles to which only an RF voltage 

is applied allow all ions to pass and are therefore widely used as ion guides or collision cells.[98] 

3.3.3 Three-dimensional Quadrupole Ion Trap 

A three-dimensional quadrupole ion trap is closely related to a linear quadrupole and, therefore, 

their operation principles are quite similar.[98,108] Wolfgang Paul, who had already invented the linear 

quadrupole mass analyzer, received the Nobel prize for the development of the quadrupole ion trap 

in 1989.[109] Such an ion trap consists of a ring electrode, which replaces a pair of opposite electrodes 

used in a linear quadrupole, and two endcap electrodes, which have openings in their centers that 

allow for the injection and ejection of ions. An electric potential composed of DC and RF voltages is 

applied to the ring electrode, while the endcaps are grounded. The resulting quadrupolar field forces 

ions to undergo periodic motions both in radial and axial direction and, thus, confines them within 

the ion trap. The frequencies of these oscillations are called secular frequencies. Again, a set of 

equations of the Mathieu type yields parameters from which the conditions for stable trajectories 

can be derived. Mass analysis is accomplished by consecutively removing ions of successive m/z 

values from the ion trap in a process called resonant ejection.[98] To this end, an auxiliary RF field with 

fixed amplitude and frequency is applied to the endcap electrodes. The axial secular frequency 

depends on the m/z ratio of the respective ions and both the frequency and the amplitude of the RF 

voltage applied to the ring electrode. Ions can take up energy from the auxiliary field if their secular 

frequency matches the frequency of this field, resulting in ejection from the trap through the exit 

endcap. By continuous variation of the RF amplitude applied to the ring electrode, the axial secular 

frequencies of all ions present in the ion trap change likewise. Thus, ions with different m/z ratios 

successively encounter resonance with the auxiliary field, resulting in their consecutive emission 

from the trap to the detector. The isolation of precursor ions for MS2 experiments is achieved by 

resonant ejection of all but the ions of interest. The isolated ions are then brought into resonance 

with the auxiliary field. Collisions of the excited precursor ions with helium gas present in the ion trap 

can cause fragmentation. The fragment ions are then subjected to mass analysis as described above. 

Alternatively, the sequence of isolation and fragmentation can be repeated once or several times 

with mass-selected fragment ions serving as precursor ions for the next turn (MSn experiments). 
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3.4 Instrumental Setup 

3.4.1 Bruker micrOTOF-Q II Mass Spectrometer 

The main instrument used for this work was a micrOTOF-Q II mass spectrometer (Bruker Daltonik, 

Bremen),[110] which employs a combination of linear quadrupole and time-of-flight (TOF) mass 

analyzers for MS and MS2 experiments. In experiments with the time-of-flight instrument, the 

formation of gas-phase ions takes place by electrospray ionization in a spray chamber, which is 

connected by a metal-coated glass capillary to an ion transfer stage. The transfer stage consists of 

two ion funnels and a hexapole and is used for removal of drying gas and solvent as well as focusing 

of the ions, before they are transmitted to the so-called Q-q-stage. The Q-q-stage consists of two 

quadrupoles and provides the possibility to perform collision-induced dissociation (CID) experiments. 

In such experiments, the first quadrupole acts as a mass filter, where ions of interest are mass-

selected by removing all other ions. The second quadrupole serves as a collision cell where the 

previously isolated precursor ions undergo collisions with a collision gas (N2), which can result in the 

formation of fragment ions. In experiments without gas-phase fragmentation, the Q-q-stage acts as 

an additional ion-transfer stage. The ions are then ejected into a time-of-flight analyzer that includes 

a single reflector, and registered by a micro channel plate detector. All spectra shown in this work 

were recorded with the TOF-instrument, except otherwise noted. 

3.4.2 Bruker HCT Mass Spectrometer 

Additional experiments were performed with an HCT mass spectrometer (Bruker Daltonik, 

Bremen),[74a,92k] which uses a three-dimensional quadrupole ion trap as mass analyzer. In the ion trap 

instrument, similar to the time-of-flight instrument, the electrospray process occurs in a spray 

chamber, which is connected by a metal coated glass capillary to an ion transfer section. Within the 

transfer section, solvent and drying gas are removed, while the analyte ions are focused and 

transported to the ion trap. For this purpose, a skimmer, two octopoles, and two ion lenses are used. 

The ion trap is used both for MS and MSn experiments. Detection of the ions is accomplished by a 

Daly-type detector that consists of a conversion dynode and an electron multiplier.  
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4 Results and Discussion 

4.1 Association and Aggregation of Magnesium Organocuprates 

4.1.1 ESI Mass Spectrometry of Magnesium Organocuprate Solutions and Gas-Phase 

Fragmentation Experiments 

Phenylcuprates. Negative-ion mode ESI mass spectra of magnesium phenylcuprate solutions that 

were prepared from CuCl and 2 equiv. of PhMgCl in THF (30 min reaction time) showed [CuPh2]
− as 

base peak (Figure 2). In addition, [Cu2Ph3]
− and [Cu3Ph4]

− were detected in lower signal intensity. The 

measurement was also repeated with cryospray ionization (CSI), a variant of ESI that actively cools 

the spray and, thus, supposedly achieves even softer ionization conditions. However, the resulting 

mass spectrum did not significantly differ from the normal ESI mass spectrum. Warming-up of the 

sample solution from −78 °C to room temperature did not result in notable changes either. 

 
 
Figure 2. Negative-ion mode ESI mass spectrum of a solution of the products formed in the reaction 
of CuCl with 2 PhMgCl in THF. 
 

For further control experiments, sample solutions were prepared from CuBr or CuCN instead of CuCl, 

with an excess of PhMgCl (3 or 4 equiv.), or with an extended reaction time of 60 min. None of these 

changes had a significant effect. Performing the transmetallation in the presence of 2 equiv. of LiCl 

did not change the resulting ESI mass spectra either, except for the appearance of traces of 

[LiCu2Ph4]
−. The use of CuBr  Me2S as copper source resulted in somewhat more pronounced 

changes of the ESI mass spectrum and increased the relative signal intensities of the polynuclear 

cuprates (Figure 3). Not only did the base peak now correspond to [Cu2Ph3]
−, but higher homologues 

of the type [CunPhn+1]
− up to n = 6 became visible. Among these larger aggregates, [Cu5Ph6]

− exhibited 

a much higher signal intensity than its neighboring peaks whereas that of [Cu4Ph5]
− was particularly 

low. Presumably, these pronounced differences reflect enhanced and reduced stabilities of [Cu5Ph6]
− 

and [Cu4Ph5]
−, respectively. None of the observed cuprate anions showed the incorporation of Me2S. 
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Figure 3. Negative-ion mode ESI mass spectrum of a solution of the products formed in the reaction 

of CuBr  Me2S and 2 PhMgCl in THF. a: [Cu4Ph5]
−, b: [Cu6Ph7]

−. 
 

To gain further insight into the behavior of the phenylcuprates [CunPhn+1]
−, their fragmentation in the 

gas phase was also studied. The smaller aggregates with n ≤ 3 lost neutral CuPh units (Eq. 2a), 

whereas the larger ones exclusively released Cu4Ph4 (Eq. 2b). For the case of [Cu4Ph5]
−, the small 

abundance of this ion did not permit a conclusive fragmentation experiment. 

 [CunPhn+1]
−    [Cun−1Phn]−  +  CuPh   n ≤ 3 (2a)  

 [CunPhn+1]
−    [Cun−4Phn−3]

−  +  Cu4Ph4  n = 5, 6  (2b)  

The positive-ion mode ESI mass spectra did not display any copper-containing peaks, but were 

dominated by the trinuclear magnesium cations [Mg3Cl3(OMe)2(THF)3]
+ and [Mg3Cl3(OMe)2(THF)4]

+. 

These species are already known from ESI mass-spectrometric investigations of solutions of Grignard 

reagents.[92n] As shown in this previous work, the methoxy groups incorporated in these ions 

originate from residual traces of methanol, which was used for cleaning the ESI source and inlet 

system. To exclude any possible interference of this contaminant with the detected organocuprates, 

extra efforts were necessary to remove all residual traces of methanol (see Experimental Section). 

These measures completely eliminated the peaks of [Mg3Cl3(OMe)2(THF)x]
+ (x = 3, 4); instead, the 

methanol-free ions [MgnCl2n−1(THF)x]
+ (n = 2, 3; x = 2–5) now prevailed (Figure 4). The negative-ion 

mode ESI mass spectra recorded under the same conditions did not significantly differ from those 

obtained without extra efforts aiming at the complete removal of the residual traces of methanol. 

This finding shows that the latter do not affect the observed organocuprate anions. As an additional 

control experiment, the system CuCN/2 PhLi in THF was also revisited. With the typical experimental 

conditions (without extra efforts aiming at the complete removal of the residual traces of methanol), 

it was possible to reproduce previous results[74] and detect intact [Lin−1CunR2n]− anions (n = 1–3) and 

[Li2CuPh2(THF)x]
+ cations (x = 0–2), respectively. This finding lends further support to the adequacy of 

the present experiments. 
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Figure 4. Positive-ion mode ESI mass spectrum of a solution of the products formed in the reaction 
of CuCl and 2 PhMgCl in THF under rigorous exclusion of residual traces of methanol. 
a: [Mg3Cl3(OH)2(THF)3]

+, b: [Mg3Cl4(OH)(THF)3]
+, c: [Mg3Cl5(THF)3]

+, d: [Mg3Cl4(OH)(THF)4]
+, 

e: [Mg3Cl5(THF)4]
+. 

 

Thienylcuprates. Thienylcuprates prepared from CuCl and 2 equiv. of RMgCl (R = 2-thienyl) afforded 

negative-ion mode ESI mass spectra quite similar to those of the phenylcuprates with [CuR2]
− as the 

base peak and [Cu2R3]
− in minor abundance (Figure 5). 

 
 
Figure 5. Negative-ion mode ESI mass spectrum of a solution of the products formed in the reaction 
of CuCl and 2 RMgCl in THF (R = 2-thienyl). 
 

Upon gas-phase fragmentation, both ions lost neutral CuR (Eq. 3). However, for mononuclear [CuR2]
−, 

the preferred fragmentation pathway resulted in the elimination of thiophene (Eq. 4). 

 [CunRn+1]
−    [Cun−1Rn]−  +  CuR  n ≤ 1, 2 (3)  

 
 [CuR2]

−    [CuR−H]−  +  RH (4)  

Additionally, a peak with a sum formula of [Cu,C8,H5,S2,Cl]− was observed in low signal intensity 

(Figure 5). For its structure, the two alternatives [(R2−H)CuCl]− and [RCu(R+Cl−H)]− were considered. 

In the first structure, the copper center binds to one dimerized thienyl substituent and one chlorine 

atom, whereas in the second it bears two separate thienyl residues, one of which contains a chlorine 
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substituent. Upon gas-phase fragmentation, [Cu,C8,H5,S2,Cl]− afforded, among other ions, [R2−H]− 

(Eq. 5), but no [R]− or [R+Cl−H)]−. This finding indicates that the ion in question corresponds to 

[(R2−H)CuCl]−. 

 [Cu,C8,H5,S2,Cl]−    [R2−H]−  +  CuCl (5)  

Butylcuprates. The treatment of CuCl with 2 equiv. of BuMgCl furnished solutions, which quickly 

turned black when they were allowed to warm up to room temperature (Figure 5, left). ESI-mass 

spectrometric analysis of freshly prepared sample solutions detected butylcuprates [CunBun+1]
− 

(n = 1–5), of which the dinuclear ion [Cu2Bu3]
− displayed the highest signal intensity (Figure 5, right). 

Very similar mass spectra were obtained with the CSI source. 

 

 
 
Figure 5. Left: Photographs of the CuCl/2 BuMgCl sample solutions in THF at 0, 3, and 6 min after 
preparation (top to bottom). Right: Negative-ion mode ESI mass spectrum of a solution of the 
products formed in the reaction of CuCl with 2 BuMgCl in THF. 
 

Gas-phase fragmentation of the polynuclear cuprates [CunBun+1]
− (n = 2–4) resulted in the release of 

neutral CuBu units and butene (Eqs. 6a and 6b, see Figure 6 for n = 2 and 4). The second 

fragmentation channel obviously corresponds to a β-hydrogen elimination. Both reactions also 

occurred in a consecutive manner. Due to their low signal intensity, fragmentation experiments of 

[CuBu2]
− and [Cu5Bu6]

− were not feasible.  

 [CunBun+1]
−    [Cun−1Bun]−  +  CuBu   n = 2–4 (6a)  

 [CunBun+1]
−    [CunBunH]−  +  C4H8  n = 2–4 (6b)  

Control experiments performed under the rigorous exclusion of residual traces of methanol (see 

above) again detected methanol-free cations, whereas the negative-ion mode ESI mass spectra still 

found butylcuprate aggregates of the type [CunBun+1]
−, n = 3 and 4. In addition, the ions 

[MgCu2Bu2(OH)3]
− and ions [Mg2Cu2Bu(OH)5Cl]− appeared as new species and pointed to the 

occurrence of partial hydrolysis reactions. 
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Figure 6. Left: Mass spectrum of mass-selected [Cu2Bu3]

− and its fragment ions produced upon 

collision-induced dissociation at ELAB = 10 eV. a: [Cu2BuH2]
. Right: Mass spectrum of mass-selected 

[Cu4Bu5]
− and its fragment ions produced upon collision-induced dissociation at ELAB = 10 eV. 

a: [Cu4Bu4H]. 
 

(Trimethylsilyl)methylcuprates. The transmetallation of CuCl with 2 equiv. of RMgCl (R = Me3SiCH2) 

produced solutions, whose ESI mass spectra again showed cuprates of the type [CunRn+1]
− (n = 1–5) 

(Figure 7). Of these aggregates, those with n = 2 and 3 exhibited the highest signal intensity. Upon 

collisional activation, the loss of single CuR units was observed for the [CunRn+1]
− ions with n = 2–4 

(Eq. 7), whereas the larger aggregate [Cu5R6]
− cleaved off neutral Cu3R3 and Cu4R4 (Eqs. 8a and 8b). 

 
 
Figure 7. Negative-ion mode ESI mass spectrum of a solution of the products formed in the reaction 
of CuCl and 2 RMgCl in THF (R = Me3SiCH2). 
 

 [CunRn+1]
−    [Cun−1Rn]−  +  CuR  n = 2–4 (7)  

 
 [Cu5R6]

−       [Cu2R3]
−  +  Cu3R3 (8a)  

 [Cu5R6]
−         [CuR2]

−  +  Cu4R4 (8b)  

A peculiar reactivity was observed for the case of mononuclear [CuR2]
−, which exclusively afforded 

the ion [CuR(Me)]− (Eq. 9 and Figure 8). This fragmentation apparently corresponded to a β-methyl-

elimination and gave Me2Si=CH2 as a neutral byproduct. While such simple silenes undergo fast 
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cyclodimerization in solution, such bimolecular reactions do not occur in the diluted gas phase, 

where the formation of silenes is well documented.[111] 

 [CuR2]
−    [CuR(Me)]−  +  C3H8Si (9)  

 

 
 
Figure 8. Mass spectrum of mass-selected [CuR2]

− (R = Me3SiCH2) and its fragment ions produced 
upon collision-induced dissociation at ELAB = 20 eV. 
 

4.1.2 Speciation and Aggregation of Magnesium Organocuprates 

The present findings clearly show that solutions of magnesium cuprates contain anions of the type 

[CunRn+1]
−. Variation of the organyl substituent R, the counter-ion of the copper precursor CuX, or the 

addition of dimethyl sulfide has only limited effects and mainly influences the degree of aggregation 

of the [CunRn+1]
− anions. In this context, it is important to remember that the aggregation states 

observed by ESI mass spectrometry do not necessarily equal those of the cuprates present in 

solution, because the increased effective concentrations during the ESI process favor the formation 

of higher aggregates (see chapter 1.4).Despite this complication, the observed distribution of the ESI 

signal intensities points to a particular stability of the [Cu5Ph6]
− aggregate. The enhanced stability of 

this anion is fully consistent with the formation of [Cu5R6]
− anions (R = Ph, 2-thienyl) in the solid 

state.[41,46,47] In analogy to the formation of [Li2Cu3R6]
− from anionic [CuR2]

− and neutral Li2Cu2R4 (see 

chapter 1.3.2), these aggregates can be understood as adducts of linear [CuR2]
− anions with neutral 

[Cu4R4] tetramers. The latter are also known from X-ray crystallography and adopt cyclic structures as 

well.[41,47,112,113] As both the anionic and the neutral component are relatively stable, it is not 

surprising that their combination appears to afford anionic aggregates more stable than alternative 

ones. The putative composition of the [Cu5R6]
− aggregates from [CuR2]

− and [Cu4R4] subunits is 

directly supported by the gas-phase fragmentation experiments. The inferred origin of the [Cu5R6]
− 

anions from [CuR2]
− and [Cu4R4] and, more generally, of [CunRn+1]

− from [CuR2]
− and [CuR]n−1, also 

implies that the relative abundances of mono- and polynuclear cuprates contain information on the 

ratio between copper tied up in anionic and neutral species, respectively. While the obtained data 

does not permit a rigorous quantitative analysis (see above), the prominence of polynuclear cuprates 

suggests that, at least for the alkylcuprates, most of the copper is present in the form of neutral 

organocopper species. 
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The [CunRn+1]
− complexes observed in the present study moreover closely resemble [Cu2Mes3]

−, which 

had previously been found as the anionic component of crystals produced upon the reaction of 

CuMes with MesMgBr.[114] In addition, the absence of any halide in the detected cuprates agrees with 

the results of a previous report on magnesium methylcuprates formed in the reactions of CuX (X = Cl, 

Br, I) or MeCu with MeMgX in THF.[115] Furthermore, this study provided evidence of the monomeric 

and dimeric nature of the probed methylcuprates. The formation of cuprates in different aggregation 

states is in full accordance with the current findings. 

A conspicuous feature of the inspected magnesium cuprate solutions is the almost complete absence 

of any magnesium-containing species in the negative-ion mode ESI mass spectra. Instead of forming 

anionic magnesates[92n] or being incorporated in the cuprate anions, magnesium forms bi- and 

trinuclear cations. This partitioning of copper and magnesium reflects the different electropositivity 

of the two metals and their abilities to stabilize negative and positive charges, respectively. Very 

similar behavior has been previously observed for transmetallation reactions between iron,[92o,s] 

cobalt,[92r] palladium,[116] or zinc compounds[117] with Grignard reagents. 

4.1.3 Stoichiometry and Stability of Magnesium Organocuprates 

Another notable aspect of the observed [CunRn+1]
− species is their stoichiometry, which does not 

agree with the 1:2 ratio of the CuX and RMgCl reactants. This deviation indicates the occurrence of 

decomposition reactions, in which organyl residues are consumed. Previous work has already 

established the limited stability of magnesium methylcuprate reagents at room temperature.[115] For 

the case of the butylcuprates, decomposition reactions could be observed directly. The darkening of 

the sample solutions upon warming up points to the formation of colloidal copper(0). The alleged 

reduction of the copper must be accompanied by the release of the organyl residues. Insight into the 

microscopic mechanism of these decomposition reactions is afforded by the gas-phase 

fragmentation experiments. For the butylcuprates, these experiments revealed a relatively high 

tendency toward β-hydrogen elimination. Although these reactions themselves do not change the 

oxidation state of copper, the resulting hydride species may well undergo consecutive processes, 

which lead to a reduction. The fact that the butylcuprates showed the highest propensity to produce 

colloidal copper and were the only systems prone to β-hydrogen eliminations indeed suggests a 

connection between these two findings. The absence of any observable hydride complexes in the 

sample solutions might moreover indicate that such species decompose quite fast. 

Another decomposition pathway operates for the (trimethylsilyl)methylcuprates, which lack any β-

hydrogen atoms. The fragmentation of the mononuclear complex results in a β-methyl elimination. 

Although this reaction type has been observed before, the far majority of known cases involves early 

transition metals.[118,119] The present findings suggest that β-methyl eliminations can also operate for 

complexes of late transition metals, provided that no energetically more favorable reactions, such as 

β-hydrogen eliminations, are feasible. 

4.1.4 Comparison of Magnesium Organocuprates with Lithium Organocuprates 

The behavior of the magnesium cuprates can also be compared with that of their well-studied 

lithium counterparts. In the negative-ion mode ESI mass spectra of THF solutions of lithium cuprates 

LiCuR2 ∙ LiX (X = CN, Cl, Br, I), heteronuclear complexes of the type [Lin−1CunR2n]− predominate.[74,86a] 

Likewise, numerous crystal structures of lithium cuprates reveal direct interactions between the 

cuprate anion and its lithium counter-ion.[41,73a] What is the reason for the different affinities of the 
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cuprates to Li+ on the one hand and MgX+ on the other? Quantum chemical calculations carried out 

by Thomas Auth in the Koszinowski group for the phenylcuprates showed that the absence of 

heterononuclear complexes containing magnesium does not result from an intrinsically low stability 

of the latter.[120] In fact, isolated [MgClCu2Ph4]
− is predicted to be relatively more stable than 

[LiCu2Ph4]
−. However, the examination of solutions of LiCuPh2∙LiCl and MgClCuPh2∙MgCl2 in THF by 

quantum chemical calculations revealed, that the situation changes completely if the solvation shell 

and counter-ions are included in the analysis. In this case, the magnesium-containing heteronuclear 

aggregates were calculated to be relatively less stable than their lithium-containing counterparts.[120] 

This reversal of the relative stabilities chiefly originates from the different stabilities of the 

corresponding counter-ions. For the magnesium cuprates, the formation of heteronuclear aggregates 

is accompanied by the energetically costly breakage of solvated [Mg2Cl3]
+ cations.[120] The 

considerable thermodynamic stability of [Mg2Cl3]
+ is also evident from several crystal structures 

obtained from THF[121] and from its observation in the present positive-ion mode ESI-mass 

spectrometric experiments under rigorous exclusion of methanol (Figure 4). In contrast, the 

formation of the analogous lithium-containing cuprates does not suffer from a comparable energetic 

penalty because of the easy availability of free [Li(THF)4]
+ ions in THF.[120] Thus, the stability of the 

counter-ions controls the speciation of the organocuprate anions. 

Unlike the magnesium cuprates, most of their lithium counterparts have stoichiometries that exactly 

match the 1:2 ratio of the CuX and LiR reactants. Furthermore, solutions of LiCuBu2 ∙ LiX and all other 

probed lithium cuprates proved to be stable at room temperature.[74,86a] Possibly, the higher stability 

of the lithium cuprates results from their enhanced tendency toward ion pairing. To test this 

hypothesis, the gas phase fragmentation of the [CunBun+1]
− species was compared with that of 

[Li2Cu3Bu6]−. Previous experiments had shown that the heteronuclear complex undergoes β-hydrogen 

elimination to a much smaller extent than now observed for their CunBun+1
− analogues.[74a] This result 

supports the inferred higher stability of the lithium-containing cuprates. Presumably, the interaction 

with the lithium counter-ions restricts the conformational flexibility of the cuprates and prevents 

them from accessing geometries on the way toward decomposition reactions. Interestingly, the 

presence of LiCl during the transmetallation of CuCl with PhMgCl afforded only minor quantities of 

lithium-containing cuprates. Apparently, the addition of LiCl to the sample solution does not provide 

significant amounts of free Li+ ions available for the incorporation into heteronuclear lithium 

cuprates. Thus, the experimental findings support the results of the quantum chemical calculations, 

which predicted LiCl to form preferentially the Li2Cl2 dimer in THF in accordance with experimental 

results.[122] 

Most likely, the different microscopic compositions of magnesium and lithium cuprates also translate 

into different reactivities. For reactions involving Lewis acids for the activation of the electrophilic 

substrates, such as conjugate addition reactions (see chapter 1.3.4), lithium cuprates usually appear 

to be the reagent of choice because they combine both the nucleophilic [CuR2]
− moiety and the 

Lewis-acidic Li+ in one molecular entity (at least in Et2O).[72,73a] In line with this analysis, Michael-type 

additions commonly make use of lithium cuprates.123 In contrast, magnesium cuprates may be a 

viable alternative for reactions that do not require a Lewis-acidic activation of the electrophilic 

substrates, such as cross-coupling reactions. Even in these cases, care must be taken to avoid the 

unwanted thermal decomposition of the cuprate reagent.  
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4.2 From Organocuprates to –aurates: Trends in Transition Metal Chemistry 

4.2.1 ESI Mass Spectrometry of Group-11 Organometallate Solutions 

Phenylmetallates. Negative-ion mode ESI mass spectra of sample solutions that were prepared from 

1 equiv. of MCN (M = Cu, Ag, Au) and 2 equiv. of PhLi in THF showed coinage-metal ate complexes 

with the general formula [Lin-1MnPh2n]− (n = 1–3; Figures 9–11). In spectra of the cuprate and 

argentate solutions, the mononuclear species [MPh2]
− was observed as the base peak, and 

[Li2M3Ph6]
− and [LiM2Ph4]

− were detected with intermediate or low signal intensity, respectively. For 

M = Au, the base peak corresponded to [Li2Au3Ph6]
−, but [AuPh2]

− and [LiAu2Ph4]
− also appeared in 

large abundance. Additionally, [AuPh4]
− was detected, which is an Au(III)-species and most likely 

stems from a contamination of the employed AuCN with Au(CN)3 (Figure 11). 

  
 
Figure 9. Left: Negative-ion mode ESI mass spectrum of a solution of the products formed in the 
reaction of CuCN with 2 PhLi in THF. a: [LiCu2Ph3(CN)]−, b: [LiCu2Ph4]

−. Right: Measured (black) and 
simulated (red) isotopic pattern of [Li2Cu3Ph6]

−. 
 

  
 
Figure 10. Left: Negative-ion mode ESI mass spectrum of a solution of the products formed in the 
reaction of AgCN with 2 PhLi in THF. a: [Ag2Ph3]

−, b: [LiAg2Ph3(OH)]−, c: [LiAg2Ph4]
−. Right: Measured 

(black) and simulated (red) isotopic pattern of [Li2Ag3Ph6]
−. 
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Figure 11. Left: Negative-ion mode ESI mass spectrum of a solution of the products formed in the 
reaction of AuCN with 2 PhLi in THF. Right: Measured (black) and simulated (red) isotopic pattern of 
[Li2Au3Ph6]

−. 
 

The treatment of a mixture of 0.5 eq of M1CN and 0.5 eq of M2CN (M1, M2 = Cu, Ag, Au; M1 ≠ M2) with 

2 equiv. of PhLi in THF furnished solutions whose mass spectra featured the already known ions as 

well as additional signals for ate complexes with two different coinage metals ([LiM1M2Ph4]
−, 

[Li2M
1

2M
2Ph6]

−, [Li2M
1M2

2Ph6]
−). The transmetallation of a mixture of all three coinage-metal cyanides 

(0.33 equiv. each) with 2 equiv. of PhLi in THF also produced [Li2CuAgAuPh6]
− (Figure 12). Beyond 

organometallates that exclusively contained organyl residues, ions bearing cyanide or hydroxide 

ligands were also present in minor amounts. These species presumably originate from partial 

hydrolysis reactions. Apart from species of the type [MPh2]
−, the dinuclear [Ag2Ph3]

− was the only 

other lithium-free species that could be observed in mass spectra of sample solutions prepared from 

PhLi (Figure 10). 

  
 
Figure 12. Left: Negative-ion mode ESI mass spectrum of a solution of the products formed in the 
reaction of CuCN, AgCN, and AuCN (0.33 equiv. each) with 2 PhLi in THF. a: [LiCuAuPh3(CN)]−, b: 
[LiAu2Ph4]

− + [Li2Cu2AgPh6]
−, c: [Li2CuAg2Ph6]

−, d: presumably overlapping signals of [Li2Ag3Ph6]
− and 

[Li2Cu2AuPh6]
−, e: [Li2CuAgAuPh6]

−, f: [Li2Ag2AuPh6]
−, g: [Li2CuAu2Ph6]

−, h: [Li2AgAu2Ph6]
−, i: 

[Li2Au3Ph6]
−. Right: Measured (black) and simulated (red) isotopic pattern of [LiCuAgAuPh6]

−. 
 

Sample solutions prepared from 1 equiv. of MCN and 2 equiv. of PhMgCl in THF also yielded 

negative-ion mode ESI mass spectra showing coinage metal ate complexes. The mononuclear ions 
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[CuPh2]
− and [AuPh2]

− dominated the mass spectra of the respective cuprate and aurate solutions, 

while the heterobimetallic complex [MgAg2Ph2(CN)2Cl]− was the base peak in spectra of argentate 

solutions. Further heterobimetallic species incorporating magnesium and silver or gold, respectively, 

were found with low intensity, but only if OH−, CN−, Cl−, or a combination of these inorganic ligands 

were also part of the complex. Heterobimetallic species that contained solely organic residues could 

not be detected. Additionally, the homometallic phenylmetallates [Cu2Ph3]
−, [AgPh2]

− and [Ag2Ph3]
− 

were observed, but only with moderate to low intensities. 

Methylmetallates. Organometallate solutions prepared from 1 equiv. of MCN (M = Cu, Ag, Au) and 

2 equiv. of MeLi in THF afforded negative-ion mode ESI mass spectra that showed ate complexes 

similar to those of the phenylmetallates. The lithium-containing species [Li2M3Me6]
− was present for 

all three coinage metals and represented the base peak for M = Ag and Au. Spectra of aurate 

solutions also showed high amounts of [AuMe2]
− and [LiAu2Me3(CN)]−. A related cyanide-containing 

ion, [LiCu2Me2(CN)2]
−, exhibited the highest signal intensity in spectra of methylcuprate solutions. 

Similar to the phenylmetallates, methylaurates with the general sum formula [Lin-1AunMe2n]− could be 

observed for n = 1–4 and 6 (Figure 13). Additionally, a higher number of the homometallic ions 

[MnMen+1]
− became visible for M = Cu (n = 2, 3) and M = Ag (n = 1–4), albeit with lower intensities. 

Beyond the already mentioned [LiCu2Me2(CN)2]
− and [LiAu2Me3(CN)]−, ions, in which some of the 

methyl groups were exchanged for hydroxy- or cyanide ligands, were present with different 

intensities in all spectra of solutions prepared from MCN and MeLi. The presence of these species, 

also in higher abundance, points to more pronounced hydrolysis reactions of the methylmetallates 

compared with their phenyl counterparts. The gold(III)-species [AuMe4]
− was also present and, just as 

in the case of [AuPh4]
−, probably resulted from a contamination of the gold precursor with Au(CN)3. 

  
 
Figure 13. Left: Negative-ion mode ESI mass spectrum of a solution of the products formed in the 
reaction of AuCN with 2 MeLi in THF. a: [AuMe2]

−, b: [AuMe4]
−, c: [LiAu2Me4]

−, d: [LiAu2Me3(CN)]−, 
e: [LiAu2Me2(CN)2]

−, f: [Li2Au3Me6]
−, g: [Li2Au3Me3(CN)3]

−, h: [Li3Au4Me8]
− + [Li3Au4Me7(OH)]−, 

i: [Li3Au4Me7(CN)]− + [Li3Au4Me6(CN)(OH)]−, j: [Li3Au4Me6(CN)2]
− + [Li3Au4Me5(CN)2(OH)]−, 

k: [Li3Au4Me4(CN)4]
− + [Li3Au4Me3(CN)4(OH)]−, l: [Li5Au6Me12]

−. The peaks centered at m/z 706 and 
m/z  717 correspond to [Li2Au3Me5(CN)]− and [Li2Au3Me4(CN)2]

−, respectively. Right: Measured (black) 
and simulated (red) isotopic pattern of [Li5Au6Me12]

−. 
 

Negative-ion mode ESI mass spectra of sample solutions prepared from 1 equiv. of MCN and 2 equiv. 

of MeMgCl in THF predominantly exhibited heterobimetallic organometallates that always included 

hydroxide, cyanide, or chloride ligands. Similar to the phenylmetallates prepared from PhMgCl, no 
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heterobimetallic species bearing only organic ligands could be identified. Except for the cyanide-

containing ions [Cu2Me(CN)2]
− and [Au2Me2(CN)]−, no further magnesium-free species were detected. 

In addition, spectra of the methylmetallates solutions prepared from MeMgCl suffered from 

generally lower signal intensities. Here, hydrolysis was apparently a major issue. 

Cationic Species. Positive-ion mode ESI mass spectra of sample solutions that were prepared by 

treating 1 equiv. of MCN (M = Cu, Ag, Au) with 2 equiv. of PhLi in THF afforded two types of ions: 

heterobimetallic cations of the type [Li2MPh2(THF)x]
+ (M = Cu, Ag, Au, x = 0–2), as well as the 

homometallic lithium monomers and dimers [Li2(CN)(Bu2O)]+, [Li2(CN)(THF)2]
+, [Li(Bu2O)(THF)]+, and 

[Li2(CN)(Bu2O)(THF)]+ (see Figure 14 for the case of M = Au). (Please note: Bu2O stems from the PhLi 

reagent used for the sample preparation, which was purchased as Bu2O-solution.) The signal 

intensities of the present species varied, however, [Li2MPh2(THF)2]
+ (M = Cu, Ag, Au) always appeared 

among the most intense ions. Furthermore, the Bu2O-containing ions [Li2AgPh2(Bu2O)(THF)]+ and 

[Li2AuPh2(Bu2O)(THF)]+ as well as the higher aggregate [Li3Au2Ph4(THF)]+ were observed. Likewise, 

sample solutions prepared by treating a mixture of two coinage-metal cyanides with phenyl lithium 

produced positive-ion mode mass spectra that included the heterobimetallic cations of both 

employed coinage metals, together with the homometallic lithium species. As an exception, spectra 

of sample solutions stemming from mixtures of AgCN and AuCN only showed the gold-containing 

heterobimetallic cations as well as the lithium monomers and dimers. This particular result was also 

obtained for solutions prepared by transmetallation of a mixture of all three coinage metals with 

phenyl lithium. Positive-ion mode ESI mass spectra of sample solutions that were prepared from 

1 equiv. of MCN (M = Cu, Ag, Au) and 2 equiv. of MeLi in THF always showed cations with the general 

sum formula [Li2MMe(CN)(THF)x]
+ (M = Cu, Ag, Au; x = 1, 2). The ion with x = 2 was the main species 

in all cases. Additionally, the silver- and gold-containing ions [Li3Ag(CN)2(OH)(THF)x]
+ (x = 0, 1) and 

[Li2AuMe2(THF)x]
+ (x = 1, 2) were identified. 

 
 
Figure 14. Positive-ion mode ESI mass spectrum of a solution of the products formed in the reaction 
of AuCN with 2 PhLi in THF. a: [Li2(CN)(Bu2O)]+, b: [Li2(CN)(THF)2]

+, c: [Li(Bu2O)(THF)]+, d: 
[Li2(CN)(Bu2O)(THF)]+, e: [Li2AuPh2]

+, f: [Li2AuPh2(Bu2O)(THF)]+, g: [Li3Au2Ph4(THF)]+. 
 

Sample solutions prepared from MCN and Grignard reagents exhibited [Mg3Cl3(OMe)2(THF)x]
+ 

(x = 3, 4) upon positive-ion mode ESI mass spectrometric analysis. The methoxy residues in these 

species originate from methanol that was used for flushing the ESI inlet system of the 

spectrometer.[92n] It has been shown that its presence and the formation of these magnesium species 

does not interfere with the formation of the anionic ate complexes (see chapter 4.1). 
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4.2.2 Gas-Phase Fragmentation Experiments of Group-11 Organometallates 

Fragmentation of [Li2M3R6]
−. Upon collision-induced dissociation (CID) of [Li2M3Ph6]

− (M = Cu, Ag, 

Au), the loss of neutral Li2M2Ph4 led to the formation of [MPh2]
− (see Figure 15, left, for the case of 

M = Au). Gas-phase fragmentation of the analogous species [Li2M
1

2M
2Ph6]

− and [Li2M
1M2

2Ph6]
− (M1, 

M2 = Cu, Ag, Au; M1 ≠ M2) also resulted in the release of mononuclear fragment ions, [M1Ph2]
− and 

[M2Ph2]
−, corresponding to the loss of Li2M

2
2Ph4, Li2M

1
2Ph4, and Li2M

1M2Ph4 (see Figure 15, right, for 

the case of M1 = Cu, M2 = Ag). The fragment ion with the coinage metal that was present two times in 

the precursor ion always appeared with roughly twice the intensity of the other fragment ion. 

Similarly, [Li2CuAgAuPh6]
− formed [MPh2]

− (M = Cu, Ag, Au) in approximately equal amounts in CID 

experiments, accompanied by the release of Li2AgAuPh4, Li2CuAuPh4, and Li2CuAgPh4 (Figure 16). 

  
 
Figure 15. Left: Mass spectrum of mass-selected [Li2Au3Ph6]

− and its fragment ions produced upon 
collision-induced dissociation at ELAB = 10 eV. Right: Mass spectrum of mass-selected [Li2CuAg2Ph6]

− 
and its fragment ions produced upon collision-induced dissociation at ELAB = 10 eV. 
 

 
 
Figure 16. Mass spectrum of mass-selected [Li2CuAgAuPh6]

− and its fragment ions produced upon 
collision-induced dissociation at ELAB = 10 eV. 
 

Likewise, collisional activation of the related methyl metallates [Li2M3Me6]
− (M = Cu, Ag, Au) yielded 

the mononuclear fragment ions [MMe2]
− by elimination of Li2M2Me4 (see Figure 17 for M = Ag and 

M = Au, and Eq. 10a). This type of dissociation was one of the main fragmentation channels of 

[Li2Ag3Me6]
− and [Li2Au3Me6]

−. However, only very little amounts of [CuMe2]
− were produced in the 
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fragmentation of [Li2Cu3Me6]
−. Instead, the latter favored the release of [Cu2Me3]

− (Eq. 10b). The 

homologous silver-species [Ag2Me3]
− was also generated in high abundance as ionic fragment of 

[Li2Ag3Me6]
− (Eq. 10b). Additionally, the heterobimetallic fragment ions [LiM2Me4]

− (M = Cu, Ag, Au) 

could be identified as well, albeit with different intensities: it was observed with high intensity in the 

fragmentation of [Li2Au3Me6]
− and appeared with medium and low intensity in CID experiments of 

[Li2Cu3Me6]
− and [Li2Ag3Me6]

−, respectively (Eq. 10c). 

  
 
Figure 17. Left: Mass spectrum of mass-selected [Li2Ag3Me6]

− and its fragment ions produced upon 
collision-induced dissociation at ELAB = 10 eV. a: [LiAg2Me4]

− Right: Mass spectrum of mass-selected 
[Li2Au3Me6]

− and its fragment ions produced upon collision-induced dissociation at ELAB = 10 eV. 
 
 [Li2M3Me6]

−    [MMe2]
−  +  Li2M2Me4 M = Cu, Ag, Au (10a)  

 [Li2M3Me6]
−    [M2Me3]

−  +  Li2MMe3 M = Cu, Ag (10b)  

 [Li2M3Me6]
−    [LiM2Me4]

−  +  LiMMe2 M = Cu, Ag, Au (10c)  

 

Fragmentation of [LiM2R4]
−. Gas-phase fragmentation experiments of [LiM2Ph4]

− (M = Cu, Ag, Au) 

primarily featured the formation of the mononuclear species [MPh2]
−. The CID spectra of [LiCu2Ph4]

− 

and [LiAg2Ph4]
− also showed [Cu2Ph3]

− and [Ag2Ph3]
− as well as [LiAgPh3]

−, respectively, but [Cu2Ph3]
− 

and [LiAgPh3]
− were only detected in trace amounts. The mixed metallates [LiM1M2Ph4]

− (M1, 

M2 = Cu, Ag, Au; M1 ≠ M2) similarly fragmented into the mononuclear ate complexes [M1Ph2]
− and 

[M2Ph2]
−. While always both of these ions were formed, the species with lower m/z ratio prevailed in 

fragmentation spectra of [LiCuAuPh4]
− and [LiAgAuPh4]

− (Figure 18). In contrast, the formation of the 

heavier fragment ion was preferred in the case of [LiCuAgPh4]
−, which additionally produced 

[CuAgPh3]
− (Figure 19). CID experiments of [LiAu2Me4]

− proceeded analogously and afforded solely 

[AuMe2]
−. Fragmentation of the copper and silver homologues [Li2CuMe4]

− and [LiAg2Me4]
− was not 

possible due to the absence of these species in the respective ESI mass spectra. 
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Figure 18. Left: Mass spectrum of mass-selected [LiCuAuPh4]

− and its fragment ions produced upon 
collision-induced dissociation at ELAB = 15 eV. Right: Mass spectrum of mass-selected [LiAgAuPh4]

− 
and its fragment ions produced upon collision-induced dissociation at ELAB = 15 eV. 
 

 
 
Figure 19. Mass spectrum of mass-selected [LiCuAgPh4]

− and its fragment ions produced upon 
collision-induced dissociation at ELAB = 12.5 eV. a: [CuAgPh3]

−. 
 

Fragmentation of [MR2]
−. The gas-phase fragmentation behavior of the mononuclear complexes 

[MR2]
− (M = Cu, Ag, Au; R= Ph, Me) exhibited more pronounced differences. While [CuPh2]

− afforded 

the phenyl anion Ph− (Figure 20, left), no fragment ions could be detected in the fragmentation of 

[AgPh2]
−. However, the signal intensity of the latter decreased upon increasing the collision energy. In 

contrast, [AuPh2]
− showed several fragmentation pathways: in addition to the phenyl anion, Ph−, the 

CID spectrum included Au−, [AuPh]−, and [AuPh(H)]− (Figure 20, right). 
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Figure 20. Left: Mass spectrum of mass-selected [CuPh2]

− and its fragment ions produced upon 
collision-induced dissociation at ELAB = 30 eV. Right: Mass spectrum of mass-selected [AuPh2]

− and its 
fragment ions produced upon collision-induced dissociation at ELAB = 30 eV. a: [AuPh]−, b: [AuPh(H)]−. 
 

Of the mononuclear methylmetallates, only the silver complex [AgMe2]
− produced fragment ions, 

namely Ag− and [AgMe]− (Figure 21). [AuMe2]
− did not yield any ionic fragments upon collisional 

activation, and [CuMe2]
− was not present in the regular ESI mass spectrum. 

 
 
Figure 21. Mass spectrum of mass-selected [AgMe2]

− and its fragment ions produced upon collision-
induced dissociation at ELAB = 10 eV. 
 

Fragmentation of [MR4]
−. Gas-phase fragmentation of [AuR4]

− (R = Ph, Me) led to the formation of 

[AuR2]
− in both cases (Figure 22). This corresponds to the reductive elimination of biphenyl or ethane, 

respectively. 
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Figure 22. Left: Mass spectrum of mass-selected [AuPh4]

− and its fragment ions produced upon 
collision-induced dissociation at ELAB = 15 eV. Right: Mass spectrum of mass-selected [AuMe4]

− and its 
fragment ions produced upon collision-induced dissociation at ELAB = 10 eV. 
 

4.2.3 Formation of Organometallate Anions 

The detection of organometallates with the general formula [Lin-1MnR2n]− (M = Cu, Ag, Au; R = Ph, Me; 

n = 1–3) in the present experiments is completely in line with previous reports on lithium 

cyanocuprates and Gilman cuprates.[74a,c] The gold species [Li3Au4Me8]
− and [Li5Au6Me12]

− even 

extend the range to n = 4 and 6. Moreover, the mixed metallates [LiM1M2Ph4]
−, [Li2M

1
2M

2Ph6]
−, 

[Li2M
1M2

2Ph6]
−, and [Li2CuAgAuPh6]

− also resemble the aforementioned formula for n = 2 and 3. 

These findings point to close similarities between copper, silver, and gold in the formation of 

organometallates. The occurrence of [Lin-1CunR2n]− anions in mass spectra of lithium cyanocuprate 

solutions has been rationalized in terms of association/dissociation equilibria.[74] In particular, species 

of the general type [Li2Cu3R6]
− were regarded as adducts of the ionic organocuprate monomer [CuR2]

− 

and the neutral organocuprate homodimer Li2Cu2R4,
[74] which have been identified as the 

predominant species in ethereal cyanocuprate solutions.[69,73,124] Gschwind and coworkers proposed 

an equilibrium between the two latter species (Scheme 4).[42c,69,73a,c,124] and suggested a shift of the 

equilibrium towards the solvent-separated ion pairs in THF. If the increase in concentration during 

the ESI process is taken into account,[95] a shift to the dimeric species and further association to 

higher ionic aggregates such as [Li2Cu3Ph6]
− appears quite likely, thus explaining their observation in 

mass spectrometric experiments. The appearance of the corresponding aggregates [Lin-1AgnR2n]− 

(n = 2, 3) and [Lin-1AunR2n]− (n = 2–4, 6) thus indicates, that similar association/dissociation equilibria 

apply to organoargentates and –aurates as well. 

The observation of mixed phenylmetallates reveals the operation of analogous equilibria between 

mononuclear phenylmetallates, homodimers bearing different coinage metals, and higher 

aggregates. In particular, the formation of [Li2M
1

2M
2Ph6]

− and [Li2M
1M2

2Ph6]
− can be rationalized by 

association of mononuclear phenylmetallates of one coinage metal and the neutral homodimer of 

another coinage metal (Eqs. 11a and 11b). Dissociation of the thus formed mixed metallates then 

yields the mixed neutral dimer Li2M
1M2Ph4 (Eqs. 12a and 12b), which in turn can form [LiM1M2Ph4]

− 

(Eq. 13). In phenylmetallate solutions prepared from all three coinage metal, association of the mixed 

neutral dimer with the diphenylmetallate of the respective third coinage metal, [M3Ph2]
−, affords 

[Li2M
1M2M3Ph6]

−, i.e. [Li2CuAgAuPh6]
− (Eq. 14).  
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 [M1Ph2]
−  +  Li2M

2
2Ph4    [Li2M

1M2
2Ph6]

− (11a)  

 [M2Ph2]
−  +  Li2M

1
2Ph4    [Li2M

1
2M

2Ph6]
− (11b)  

 
 [Li2M

1M2
2Ph6]

−    [M2Ph2]
−  +  Li2M

1M2Ph4 (12a)  

 [Li2M
1

2M
2Ph6]

−    [M1Ph2]
−  +  Li2M

1M2Ph4 (12b)  

 
 Li2M

1M2Ph4    Li+  +  [LiM1M2Ph4]
− (13)  

 
 Li2M

1M2Ph4  +  [M3Ph2]
−    [Li2M1M2M3Ph6]

− (14)  

Furthermore, the sum formulas of [Li2Cu3Ph6]
− and [Li2Ag3Ph6]

− agree with those of pentanuclear 

organocuprates (Figure 1) and argentates that have been found in the solid state,[44,58] which suggests 

that the species identified by ESI mass spectrometry and by X-ray crystallography may be identical. 

Even more, these two solid-state anions adopt structures that are remarkably similar, which prompts 

the assumption of a structural motif common for all species of the type [Li2M3R6]
− found in the 

present study. The occurrence of lithium-free organometallates like [Ag2Ph3]
− and [MnMen+1]

− (n = 2, 

3 for M = Cu, and n = 2–4 for M = Ag) is also not surprising. Homometallic organocuprates of the type 

[CunRn+1]
− have been observed before in mass spectrometric experiments of Normant cuprates and 

were discussed as decomposition products (see chapter 4.1). Accordingly, their appearance here also 

implies the operation of degradation processes. 

Coinage-metal ate complexes could also be observed in ESI mass spectra upon addition of Grignard 

reagents to coinage-metal cyanides in THF. In particular, the mass spectra of phenyl cuprate and 

aurate solutions prepared from CuCN or AuCN with 2 PhMgCl were largely dominated by the 

respective monomeric species [MPh2]
−. This result is in full agreement with the outcome of mass 

spectrometric analysis of magnesium phenylcuprates prepared from CuCl instead of CuCN (see 

chapter 4.1). Mass spectra of magnesium phenylargentates prepared from AgCN and PhMgCl also 

showed [AgPh2]
− and additionally [Ag2Ph3]

−. However, the base peak corresponded to 

[MgAg2Ph2(CN)2Cl]−. The high abundance of this species, together with the presence of 

[MgAg2Ph2(CN)2(OH)]− can be attributed to hydrolysis reactions. Despite this complication, the 

formation of coinage-metal ate complexes from MCN and PhMgCl apparently results in similar 

species for copper, silver, and gold. However, in the case of R = Me, hydrolysis was a major issue for 

all three coinage metals, and no complexes bearing exclusively organic ligands were observed.  

4.2.4 Formation of Cationic Species 

Positive-ion mode ESI mass spectra of organometallate solutions that were prepared from MCN and 

organolithium reagents showed two types of cations. On the one hand, the inorganic lithium species 

[Li(solv)n]+ and [Li2(CN)(solv)n]+ (solv = THF, Bu2O; n = 1, 2) were observed. These results are 

consistent with the mass-spectrometric analysis of Gilman and cyanocuprates in THF, Et2O, and 

further ethereal solvents, in which these or similar species were found.[74] In these solutions, the 

presence of free, solvated lithium cations is a direct consequence of the equilibrium between the 

neutral homodimer Li2Cu2R2 and the mononuclear cuprate [CuR2]
−, as suggested by Gschwind and 

coworkers (Scheme 4).[42c,69,73a,c,124] Putau and Koszinowski further rationalized the formation of 

[Li2(CN)(solv)n]+ by additional association/dissociation equilibria (Eq. 15).[74b] In the present work, the 

observation of [Li(solv)n]+ and [Li2(CN)(solv)n]+ in ESI mass spectra of organocuprate, -argentate 

and -aurate solutions points to the operation of similar equilibria as a feature that is common to all of 

these reagents.  
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 [Li(solv)n]+  +  2 CN−    Li(CN)(solv)n  +  CN−    [Li(CN)2(solv)n]− (15)  

On the other hand, the heterobimetallic cations [Li2MPh2(solv)n]+ (M = Cu, Ag, Au; solv = THF, Bu2O; 

n = 0–2) and [Li2AuMe2(THF)n]+ (n = 1, 2) were found in positive-ion mode ESI mass spectra of sample 

solutions prepared from MCN and PhLi or MeLi, respectively. Previously published studies of mass 

spectrometric experiments also found organometallic cations of this type in mass spectra of 

cyanocuprates[74b] and Gilman cuprates[74c]. However, the earlier experiments detected these species 

only in small quantities, but in the present work, cations of this type were among the most intense 

species in the spectra. Slight differences in sample preparation and the use of different mass 

spectrometers might - at least in part - account for these different findings, but still, the exact reason 

for this discrepancy remains unclear. Nonetheless, the question arises of how the formation of 

[Li2MR2(solv)n]+ can be rationalized. In addition to the already discussed dissociation of the 

homodimer, yielding monomeric cuprates and lithium cations, a further possibility is conceivable, in 

which a neutral homodimer dissociates into the monomeric [MR2]
− and the heterobimetallic cation 

[Li2MR2(THF)n]+ (Eq. 16), thus providing a straightforward explanation for the presence of the latter. 

The (probably stepwise) association of two lithium cations and one monomeric metallate might also 

account for the formation of [Li2MR2(THF)n]+ (Eq. 17). 

 Li2M2R4(solv)x   [MR2]
−  +  [Li2MR2(THF)n]+ (16)  

 
 2 [Li(solv)x]

+  +  [MR2]
−    [Li(solv)x]

+  +  LiMR2(solv)n    [Li2MR2(solv)n]+ (17)  

The related species [Li2MMe(CN)(THF)n]+ (M = Cu, Ag, Au, n = 1, 2), which dominated spectra of 

solutions that were prepared from coinage-metal cyanides and methyl lithium, are most likely the 

result of partial hydrolysis of the aforementioned species followed by a replacement of OH− by CN−. 

4.2.5 Gas-Phase Reactivity of Organocuprates, -argentates, and -aurates 

[Li2M3R6]
−. The gas-phase fragmentation of the pentanuclear complexes [Li2M3Ph6]

− consistently 

proceeded by loss of neutral Li2M2Ph4 and led to the formation of the respective mononuclear 

[MPh2]
− species, regardless of the kind of coinage metal that was included, or if one, two, or all three 

coinage metals were present in the precursor ion. The preference for this dissociation pathway is in 

full accordance with the previously observed behavior of a range of similar cuprates [Li2Cu3R6]
− 

(R = Me, Et, nBu, sBu, Ph) in CID experiments[74a] and apparently constitutes the preferred mode of 

fragmentation for [Li2M3Ph6]
− species in general. As already discussed above, the formation of 

[Li2M3Ph6]
− can be rationalized as association of the mononuclear ate complex [MPh2]

− and the 

neutral homodimer Li2M2Ph4. The observed dissociation of [Li2M3Ph6]
− into exactly these two species 

lends further support to this interpretation as it represents exactly the reversed formation reaction. 

In fragmentation experiments of [Li2M
1

2M
2Ph6]

− and [Li2M
1M2

2Ph6]
−, the fragment ion including the 

coinage metal that was present two times in the parent ion always appeared with higher intensity 

than the other fragment ion. The intensity ratio of these two fragment ions was approximately 2:1 in 

each case, except for [Li2CuAu2Ph6]
− and [Li2AgAu2Ph6]

−, where the ratio was somewhat closer to 

unity. Fragmentation of [Li2CuAgAuPh6]
− resulted in the formation of [CuPh2]

−, [AgPh2]
−, and [AuPh2]

− 

in approximately equal amounts. These results point to a rather statistical fragmentation of the 

mixed pentanuclear metallates, which does not depend on the nature of the included coinage 

metals, and, beyond this, further support the assumption of a common structure of [Li2M3Ph6]
− and 

the associated mixed species. 
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Additional dissociation channels were observed upon collisional activation of the analogous methyl-

metallates [Li2M3Me6]
−. Again, fragmentation of [Li2Ag3Me6]

− and [Li2Au3Me6]
− afforded high amounts 

of the respective mononuclear ions [MMe2]
− by release of the corresponding neutral fragment 

Li2M2Me4, but now, [Ag2Me3]
− and [LiAu2Me4]

− were also detected. Even more, fragmentation of 

[Li2Cu3Me6]
− afforded both [Cu2Me3]

− and [LiCu2Me4]
−, but only traces of [CuMe2]

−. However, a 

previous CID experiment on [Li2Cu3Me6]
− by Putau and Koszinowski produced [CuMe2]

− and [Cu2Me3]
− 

as fragment ions,[74a] thus resembling the fragmentation pattern of [Li2Ag3Me6]
−. The discrepancy 

between the present findings and the results obtained by Putau and Koszinowski may be attributed 

to the use of different mass spectrometers. In particular, the fragmentation experiments in the study 

of Putau and Koszinowski were performed in a three-dimensional ion trap, while the time-of-flight 

instrument used in the present study employs a linear quadrupole as collision cell. Nevertheless, 

changing the organyl ligand R from phenyl to methyl in [Li2M3R6]
− species apparently provides access 

to further dissociation channels, which now depend more strongly on the present coinage metal. 

While the [Li2M3Ph6]
− anions have the possibility of lithium-phenyl π-binding, this kind of interaction 

is not possible in [Li2M3Me6]
− species. Perhaps, this π-binding reduces the influence of the individual 

metal-carbon bond strengths between the ipso-carbon atoms of the phenyl groups and Cu, Ag, or Au, 

respectively, in [Li2M3Ph6]
−, thereby resulting in a uniform fragmentation behavior. In contrast the 

influence of the respective bond strengths becomes more decisive for the outcome of unimolecular 

fragmentation reactions in [Li2M3Me6]
− anions that lack the possibility of π-binding. Additionally, the 

lower steric demand of the methyl groups in [Li2M3Me6]
− might increase their conformational 

flexibility compared to their phenyl analogues, thereby allowing the ions to assume geometries from 

which the additional fragmentation pathways can emanate. 

[LiM2R4]
−. The formation of the mononuclear species [MPh2]

− also dominated the gas-phase 

fragmentation of the trinuclear complexes [LiM2Ph4]
−. The mixed metallates [LiM1M2Ph4]

− likewise 

afforded [M1Ph2]
− and [M2Ph2]

−. Of the corresponding methyl metallates, only [LiAu2Me4]
− was 

present in the regular mass spectra, but its copper homologue [LiCu2Me4]
− has been studied in 

previous experiments.[74a] Similar to the phenyl complexes, both methyl metallates yielded the 

monomeric ate complexes [CuMe2]
− and [AuMe2]

−. In addition, the binuclear fragment ions [Cu2Ph3]
−, 

[Ag2Ph3]
−, [CuAgPh3]− could be detected in different amounts. Their formation corresponds to the 

elimination of PhLi from the precursor ion and has been observed upon gas-phase fragmentation of 

[LiCu2Me4]
− before.[74a] These fragments belong to the [M2R3]

− type of ions, which also appeared in 

CID experiments of [Li2M3Me6]
− species (see above). Thus, the fragmentation of [LiM2R4]

− species not 

only proceeds similarly for all three coinage metals but also closely resembles the behavior of the 

higher aggregates [Li2M3R6]
−. 

However, deviating from the mixed pentanuclear complexes [Li2M
1

2M
2Ph6]

− and [Li2M
1M2

2Ph6]
−, the 

ratio of the product ions afforded by fragmentation of [LiM1M2Ph4]
− clearly does not show a 

statistical distribution of 1:1, but points to a more pronounced influence of the present coinage 

metals: apparently, the ratio of the product ion formation is now modulated by the nature of M1 and 

M2. As the release of a particular [M1Ph2]
− fragment ion is always accompanied by the elimination of 

the respective lithium-containing neutral fragment LiM2Ph2 and vice versa, the resulting intensity 

ratios may be attributed to different lithium-affinities of [M1Ph2]
− and [M2Ph2]

−, which should directly 

depend on the incorporated coinage metal. For example, if [M1Ph2]
− has a higher affinity to Li+ than 

[M2Ph2]
−, the dissociation of [LiM1M2Ph4]

− should preferentially lead to LiM1Ph2 and [M2Ph2]
−. 

Specifically, the formation of [CuPh2]
− or [AgPh2]

−, respectively, is preferred over the generation of 
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[AuPh2]
− in fragmentation experiments of [LiCuAuPh4]

− and [LiAgAuPh4]
− (Figure 18). Accordingly, the 

elimination of LiAuPh2 is favored over the release of LiCuPh2 and LiAgPh2. In turn, the fragmentation 

of [LiCuAgPh4]
− prefers the fragmentation that affords [AgPh2]

− and LiCuPh2 over the dissociation that 

yields [CuPh2]
− and LiAgPh2. (Figure 19). As a consequence thereof, it is possible to arrange the 

mononuclear phenylcuprates according to their respective lithium affinity, which increases in the 

order [AgPh2]
− < [CuPh2]

− < [AuPh2]
−. This situation can be considered an example of Cooks’ kinetic 

method, which allows the determination of relative ion affinities from the intensity ratio of fragment 

ions formed in the competitive dissociation of ion-bound heterodimers that were mass-selected and 

subjected to gas-phase fragmentation experiments.[125] 

[MR2]
−. In contrast to the pentanuclear and trinuclear species [Li2M3Ph6]

− and [LiM2Ph4]
−, which 

showed a qualitatively consistent fragmentation behavior, the gas-phase reactivity of the 

mononuclear ate complexes [MPh2]
− exhibited fundamental differences for copper, silver, and gold. 

The release of phenyl anions, Ph−, was observed upon collisional activation of [CuPh2]
− and [AuPh2]

−. 

This corresponds to the loss of MPh (M = Cu, Au) and parallels the elimination of neutral CuR 

fragments that was observed in CID experiments of [CunRn+1]
− species as well (see chapter 4.1.1). 

Additionally, [AuPh2]
− also expelled naked gold anions (sic) as well as [AuPh]− and [AuPh(H)]−. The 

generation of Au− ions from the linear [AuPh2]
− complex can formally be regarded as reductive 

elimination of biphenyl. For a process like this, however, the transition structure would have to 

feature a highly bent geometry, which should be energetically unfavorable, thus rendering this 

fragmentation mechanism rather unlikely. It seems more probable, that a subsequent loss of two 

phenyl radicals accounts for the formation of Au−. The assumption of such a stepwise formation is 

supported by the presence of [AuPh]− in the fragmentation spectrum, which presumably originates 

from the parent [AuPh2]
− ion through loss of a phenyl radical, and might undergo further loss of the 

remaining phenyl group via homolytic dissociation, resulting in the formation of Au−. Moreover, the 

identification of the hydride-containing fragment ion [AuPh(H)]− indicates a process in which benz-

yne is released as neutral species. 

Unexpectedly, collisional activation of [AgPh2]
−, did not produce any observable fragment ions, but 

only resulted in the decrease of the precursor-ion intensity (at a collision energy of ELAB = 10 eV, the 

signal intensity of the precursor ion had dropped to approximately 50 % of the initial value at 

ELAB = 0 eV). However, the corresponding methyl argentate [AgMe2]
− afforded [AgMe]− and Ag− as 

fragment ions at the same collision energy (ELab = 10 eV). This dissociation pattern partially resembles 

that of [AuPh2]
− and probably proceeds in a stepwise fashion as well (see above). Rijs and O’Hair 

performed CID experiments on the mixed argentate [MeAgPh]−.[92f] Their fragmentation spectrum 

showed [AgPh]− as the main fragment ion, which corresponds to the loss of a methyl radical, and only 

traces of the phenyl anion. These findings are not in disagreement with the present result that a 

methyl radical can be expelled from [AgMe2]
− upon collisional activation, but [AgPh2]

− does not lose a 

phenyl radical at the same collision energy. Still, the question remains why the fragmentation of 

[AgPh2]
− into the phenyl anion and neutral AgPh was not observed, as could have been expected 

from the CID experiments on [CuPh2]
− and [AuPh2]

−. In a further gas-phase study, [AgPh2]
− has been 

found to undergo electron detachment in photodetachment action spectroscopy experiments.[126] Of 

course, laser irradiation and collisional activation are two fundamental different processes. But the 

observation of electron detachment from [AgPh2]
− upon irradiation at least opens up the possibility, 

that diphenylargentate could possibly also lose an electron upon collisional activation, thereby 

accounting for the absence of any fragment ions in CID experiments. This explanation might also be 
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invoked for the case of [AuMe2]
−, which also did not exhibit any observable fragmentation in CID 

experiments. However, it should be noted, that a hypothetically formed methyl anion (m/z 15) would 

not be detectable due to the low-mass cut-off of the spectrometer. 

Comparison and Trends. As can be seen from the results of the CID experiments, the neutral 

fragments released in deaggregation of [Li2M3R6]
− and [LiM2R4]

− always included lithium. Apparently, 

the lithium-containing structure of these higher aggregates facilitates the elimination of neutral 

species that either can be regarded as ion pairs of lithium cations and organometallates (especially 

Li2M2R4 and LiMR2) or correspond to RLi. In particular, the release of RLi corresponds to a 

transmetallation reaction that is reverse to that used for the generation of the cuprates. Thus, the 

structure of [Li2M3R6]
− and [LiM2R4]

− determines their unimolecular reactivity, thereby reducing the 

influence of the individual coinage metal centers. In contrast, the outcome of collisional activation of 

the mononuclear [MR2]
− heavily depends on the nature of the present coinage metal. Obviously, 

[MR2]
− anions cannot dissociate by deaggregation processes, so their unimolecular gas-phase 

reactivity is solely governed by the coinage metal M. 

[AuR4]
−. CID experiments of the AuIII-containing ions [AuPh4]

− and [AuMe4]
− resulted in the formation 

of the corresponding AuI-species, [AuPh4]
− and [AuMe4]

−, and elimination of biphenyl and ethane, 

respectively. In contrast to the fragmentation reactions of [AuPh2]
− and [AgMe2]

−, which probably 

proceed as subsequent losses of phenyl and methyl radicals (see above), reductive elimination 

reactions are quite likely for [AuR4]
− ions, as this reactivity has been observed before for 

organoaurates(III)[8a,b,h,36,127] as well as for tetraalkylcuprates(III)[86] and tetraalkylargentates(III)[90].  



46 
 

 

 

 

The following section (“4.3 The Role of Ate Complexes in the Copper-Mediated 
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4.3 The Role of Ate Complexes in the Copper-Mediated Trifluoromethylation of Alkynes 

4.3.1 In-Situ Formed Homoleptic Cuprate Complexes 

Trifluoromethyl-cuprate solutions were prepared by adding Si(CH3)3CF3 to a suspension of CuI and KF 

in THF and analyzed by ESI mass spectrometry. Besides [CuI2]
− and I3

−, the resulting negative-ion 

mode ESI mass spectra showed the homoleptic Cu(I) complex [Cu(CF3)2]
− in small and its Cu(III) 

counterpart [Cu(CF3)4]
− in larger abundance (Figure 23),[128] in full accordance with the 19F-NMR 

spectroscopic experiments of Tresse et al.[9b] Gas-phase fragmentation of [Cu(CF3)2]
− led to the loss of 

difluorocarbene and the formation of [Cu(CF3)F]− (Eq. 18, Figure 24, left). Analogous behavior had 

previously been observed for [(CF3CO2)CuCF3]
−.[93e] Fragmentation of [Cu(CF3)4]

− afforded both 

[Cu(CF3)3]
− and [Cu(CF3)2]

− (Eqs. 19a and 19b, Figure 24, right).  

 [Cu(CF3)2]
−    [Cu(CF3)F]−  +  CF2 (18)  

 
 [Cu(CF3)4]

−    [Cu(CF3)3]
−  +  CF3 (19a)  

 [Cu(CF3)4]
−    [Cu(CF3)2]

−  +  CF3CF3 (19b)  

The energy dependence of these two fragmentation channels suggested that the latter did not 

predominantly result from a secondary fragmentation of the former, but that it mainly originated 

from the direct expulsion of the homo-coupling product CF3CF3. Such reductive eliminations are well-

known for Cu(III) complexes.[86a] Minor amounts of [Cu(CF3)F]− observed upon fragmentation of 

[Cu(CF3)4]
− presumably resulted from the consecutive decomposition of the primary fragment ion 

[Cu(CF3)2]
−. Positive-ion mode ESI MS did not detect any copper-containing species. However, the 

spectra showed adducts of sodium and potassium with 9-octadecenamide (oleamide, C17H33CONH2, 

see Figure 25). Oleamide is a slip agent, which was reported to leach from laboratory plasticware into 

solvents.[129] 

  
 
Figure 23. Left: Negative-ion mode ESI mass spectrum of a solution of the products formed in the 
reaction of CuI with KF and Si(CH3)3CF3 in THF. Signal intensities displayed in the mass range from m/z 
195–205 are enlarged by a factor of 50. Right: Measured (black) and simulated (red) isotopic pattern 
of [Cu(CF3)4]

−
 observed upon negative-ion mode ESI of a solution of CuI, KF, and Si(CH3)3CF3 in THF. 
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Figure 24. Left: Mass spectrum of mass-selected [Cu(CF3)2]

− and its fragment ions produced upon 
collision-induced dissociation (VEXC = 0.60 V, recorded with the quadrupole-ion trap instrument). 
[Cu(CF3)2]

− in turn was obtained by collision-induced dissociation of mass selected [Cu(CF3)4]− 
(VEXC = 0.40 V, spectrum not shown). a = [Cu(CF3)2]

−. Right: Mass spectrum of mass-selected 

[Cu(CF3)4]
 and its fragment ions produced upon collision-induced dissociation at ELAB = 15 eV.  

 

 
 
Figure 25. Positive-ion mode ESI mass spectrum of a solution of the products formed in the reaction 
of CuI, KF, and Si(CH3)3CF3 in THF. 
 

4.3.2 In-Situ Formed Heteroleptic Cuprate Complexes 

Trifluoromethyl-cuprate solutions treated with phenyl acetylene showed the already known ions 

[Cu(CF3)4]
−, [Cu(CF3)2]

−, and [CuI2]
− as well as the heteroleptic cuprate [Cu(CF3)3R]− (R = CC-Ph) upon 

negative-ion mode ESI (Figure 26, left). In contrast to [Cu(CF3)4]
−, [Cu(CF3)3R]− did not lose a CF3 

radical or the homo-coupling product CF3CF3 when subjected to fragmentation, but selectively 

released the cross-coupling product R−CF3 in a reductive elimination (Eq. 20, Figure 26, right). As an 

additional fragment ion, [Cu(CF3)F]− was observed, which presumably originated from the 

consecutive decomposition of [Cu(CF3)2]
− (Eq. 18). 

 [Cu(CF3)3R]−    [Cu(CF3)2]
−  +  R-CF3 (20)  
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Figure 26. Left: Negative-ion mode ESI mass spectrum of a solution of the products formed in the 
reaction of CuI with KF, Si(CH3)3CF3, and phenyl acetylene in THF (R = CC-Ph). Right: Mass spectrum of 
mass-selected [Cu(CF3)3R]− (R = CC-Ph) and its fragment ions produced upon collision-induced 
dissociation at ELAB = 5 eV. 
 

Analogous experiments were performed with several other aromatic alkynes (Scheme 9). Except for 

the case of ethynyl pyridine, which did not react, all of them showed heteroleptic cuprate complexes 

of the general formula [Cu(CF3)3R]− (R = aromatic alkynyl) in the obtained negative-ion mode ESI mass 

spectra as well as [Cu(CF3)4]
−, [Cu(CF3)2]

−, and [CuI2]
−. In another experiment, both phenyl acetylene 

and (4-methoxy)phenyl acetylene were added to a trifluoromethyl-cuprate solution. As expected, 

heteroleptic cuprates [Cu(CF3)3R]− of both of the acetylenes could be observed, but no 

trifluoromethyl cuprate [Cu(CF3)2RR')]− (R = CC-C6H5, R' = CC-C6H4-OCH3) bearing two different alkynyl 

substituents. 

 
 
Scheme 9. Aromatic alkynes used. 
 

Upon fragmentation, the heteroleptic cuprates [Cu(CF3)3R]− produced [Cu(CF3)2]
− (Eq. 20), along with 

[Cu(CF3)F]−. Thus, again only cross-coupling, but no homo-coupling was observed. The large 

preference for the former reaction channel can be attributed to the different electronic properties of 

the trifluoromethyl group on the one hand and the alkynyl substituents on the other. The strongly 

electron-withdrawing character of the former[130] can better help to stabilize the negative charge of 

the Cu(I) fragment ion generated in the reductive elimination than the less electron-withdrawing 

alkynyl substituents. Therefore, the formation of [Cu(CF3)2]
−, together with the cross-coupling 

product, is favored on energetic grounds. A similar behavior had previously been observed for 

tetraalkyl cuprates [Cu(CH3)3R'']− (R'' = alkyl).[86a] Positive-ion mode ESI mass spectra again did not 

show any copper-containing ions. 

4.3.3 Cuprates Formed in the Presence of 1,10-Phenanthroline 

Trifluoromethyl cuprates binding 1,10-phenanthroline (phen) as a ligand have been proposed as key 

intermediates in the oxidative trifluoromethylation of alkynes (Scheme 6).[9b,26a,31a] To test this 
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hypothesis, solutions of CuI, KF, 1,10-phenanthroline, and Si(CH3)3CF3 in THF were prepared. 

Negative-ion mode ESI mass spectra of these solutions showed [Cu(CF3)4]
− and [Cu(CF3)2]

−, but no 

[CuI2]
− and no phenanthroline-containing anions (Figure 27, left). Furthermore, trifluoromethyl 

cuprates prepared in the presence of 1,10-phenanthroline were allowed to react with phenyl 

acetylene. In this case, negative-ion mode ESI mass spectra exhibited [Cu(CF3)4]
− as well as 

[Cu(CF3)3R]− (R = CC-Ph), but again neither [CuI2]
− nor phenanthroline-containing cuprates were found 

(Figure 27, right). As the present results clearly prove, ESI MS is well capable of detecting alkynyl-

containing cuprate anions. Thus, the absence of the species postulated by Chu and Qing in the 

recorded mass spectra provides strong evidence against their formation and involvement in the 

trifluoromethylation of alkynes (unless the phenanthroline is bound to the copper center only very 

weakly). Presumably, the coordination of Lewis bases to copper(I) or (III) ate complexes is intrinsically 

rather unfavorable because it would disturb their preferred linear or tetragonal geometries. 

To test for the possible presence of uncharged phenanthroline-containing copper complexes, control 

experiments with 4,7-dihydroxy-1,10-phenanthroline (HO-phen) were performed. Under the reaction 

conditions, this ligand should be easily deprotonated, thus possibly giving rise to complexes of the 

type [(O-phen)CuCF3]
−, which would be amenable to ESI-mass spectrometric detection. However, ESI-

mass spectra of solutions of CuI, KF, 4,7-dihydroxy-1,10-phenanthroline, and Si(CH3)3CF3 in THF did 

not find this complex or related species, but only the anions already known. This negative result may 

at least partly reflect the poor solubility of 4,7-dihydroxy-1,10-phenanthroline in THF. 

Notwithstanding this complication, the absence of [(O-phen)CuCF3]
− is also in accordance with a 

previous study, which found [(phen)Cu(CF3)] to be unstable in solution and to undergo a spontaneous 

ionic disproportionation to afford [Cu(phen)2][Cu(CF3)2].
[28h] 

  
 
Figure 27. Left: Negative-ion mode ESI mass spectrum of a solution of the products formed in the 
reaction of CuI with KF, 1,10-phenanthroline, and Si(CH3)3CF3 in THF. Right: Negative-ion mode ESI 
mass spectrum of a solution of the products formed in the reaction of CuI with KF, 
1,10-phenanthroline, Si(CH3)3CF3, and phenyl acetylene (R = phenylethynyl) in THF. 
 

The positive-ion mode ESI mass spectra found [Cu(phen)2]
+ as well as phenanthroline complexes of 

Na+ and K+, the origin of the sodium ions probably being the used glassware (Figure 28). Possibly, the 

beneficial effect of the phenanthroline mainly lies in its ability to help dissolve the otherwise not 

completely soluble CuI, thus making it available for its participation in the trifluoromethylation 

reaction.  



51 
 

  
 
Figure 28. Left: Positive-ion mode ESI mass spectrum of a solution of the products formed in the 
reaction of CuI with KF, 1,10-phenanthroline (phen), and Si(CH3)3CF3 in THF. Right: . Positive-ion 
mode ESI mass spectrum of a solution of the products formed in the reaction of CuI with KF, 
1,10-phenanthroline (phen), Si(CH3)3CF3, and phenyl acetylene in THF. a = [Cu(phen)2]

+. 
 

Furthermore, negative-ion mode ESI mass spectra of phenanthroline-containing cuprate solutions 

featured perfluorinated carbanions (Figure 27). Si(CH3)3CF3 is known to react to the perfluorinated 

branched carbanion 1 in the presence of fluoride ions (Scheme 10).[131] As has been demonstrated by 
19F-NMR spectroscopy, 1 further decomposes into a another carbanion 2, a fluorine atom, and the 

organic radical 3.[131] The present experiments detected ions with sum formulas consistent with those 

of 1 and 2 as well as several further perfluorinated carbanions (Figure 27). This observation implies 

that Si(CH3)3CF3 does undergo partial degradation under the applied reaction conditions. 

 
 
Scheme 10. In the presence of F−, Si(CH3)3CF3 reacts to the perfluorinated carbanion 1, which 
subsequently decomposes into 2, a fluorine atom, and 3, as reported by Tyrra et. al.[131] 
 

4.3.4 Solvent Effects 

Additional experiments sampled solutions of CuI, KF and Si(CH3)3CF3 in dichloromethane and 

acetonitrile, respectively.[132] Negative-ion mode ESI mass spectra of these solutions showed 

[Cu(CF3)4]
−, [Cu(CF3)2]

−, and [CunIn+1]
− (n = 1, 3, 4), much alike those of the corresponding solutions in 

THF. The solutions in CH2Cl2 afforded lower signal intensities, however, whereas those in CH3CN gave 

also rise to additional mono-, di- and trinuclear copper complexes incorporating deprotonated 

acetonitrile moieties or cyanide (Figure 29).  
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Figure 29. Negative-ion mode ESI mass spectrum of a solution of the products formed in the 
reaction of CuI with KF and Si(CH3)3CF3 in CH3CN. a: [Cu2(CF3)2(CN)]−, b: [Cu(CF3)3(CH2CN)]−, c: [CuI2]

−, 
d: [Cu2(CF3)3(CH2CN)2]

−, e: [Cu2(CF3)4(CF2)(CH2CN)]−, f: [Cu3(CF3)4(CF2)(CH2CN)2]
−. 

 

Presumably, the bidentate nature of deprotonated acetonitrile is essential for stabilizing these 

polynuclear aggregates. The apparent deprotonation of the solvent under typical reaction conditions 

is not surprising given that acetonitrile and phenyl acetylene have similar acidities.[133] The 

deprotonation of CH3CN by F− or CF3
−, respectively, has actually been demonstrated.[12a,134] Most 

likely, the observed deprotonation of the solvent will interfere with the intended 

trifluoromethylation of alkynes and, thus, may account for the rather poor yields reported for this 

transformation in CH3CN.[9b] Treatment of solutions of trifluoromethyl cuprates in CH3CN with phenyl 

acetylene led to the detection of small amounts of the heteroleptic cuprate [Cu(CF3)3R]− (R = CC-Ph) 

upon negative-ion mode ESI, besides [Cu(CF3)4]
− and the species mentioned above. In contrast, the 

analogous experiments with 4-chlorophenyl acetylene or (4-methoxy)phenyl acetylene, respectively, 

did not find the corresponding heteroleptic cuprate complexes. 

4.3.5 Genesis of Heteroleptic Cuprates 

The formation of the heteroleptic cuprates [Cu(CF3)3R]− constitutes a crucial step in the 

trifluoromethylation reaction. As no heteroleptic copper(I) ate complexes [Cu(CF3)R]− were detected 

upon negative-ion mode ESI of solutions of trifluoromethyl cuprates treated with aromatic 

acetylenes, it seems less likely that anionic copper(I) species act as precursors of the observed 

heteroleptic copper(III) ate complexes [Cu(CF3)3R]−. This finding is consistent with the results of the 

Vicic group, who studied trifluoromethylation reactions mediated by an (NHC)Cu-CF3 complex 

(NHC = N-heterocyclic carbene).[9a] This complex turned out to be in an equilibrium with the 

cuprate(I) salt [(NHC)2Cu][Cu(CF3)2], with the [Cu(CF3)2]
− anion appearing to be no reactive 

intermediate in the examined trifluoromethylations.  

An alternative way of formation of [Cu(CF3)3R]− might be the substitution of one CF3
− moiety in 

[Cu(CF3)4]
− by an acetylide R− (Eq. 21).  

 [Cu(CF3)4]
−  +  R−    [Cu(CF3)3R]−  +  CF3

− (21)  

To test for this possibility, it was necessary to reduce the complexity of the system under 

investigation and to probe solutions containing solely [Cu(CF3)4]
− as copper component. Therefore, 

the pre-formed [NBu4][Cu(CF3)4] complex[9c] was dissolved in THF and phenyl acetylene was added. 
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Analysis by negative-ion mode ESI MS showed the absence of any heteroleptic cuprates (Figure 30). 

The addition of either KF or both KF and Si(CH3)3CF3 did not change this negative result. 

 
 
Figure 30. Negative-ion mode ESI mass spectrum of a solution of pre-formed [NBu4][Cu(CF3)4] and 
phenyl acetylene in THF. 
 

In a series of additional experiments, the absolute negative-ion mode ESI signal intensities of 

[Cu(CF3)4]
− and [Cu(CF3)3R]− of solutions of trifluoromethyl-cuprate solutions were recorded over a 

period of 100 min after the addition of phenyl acetylene, (4-methoxy)phenyl acetylene, or methyl 

4-ethynylbenzoate, respectively. If an interconversion between the two cuprates took place, the 

signal intensity of [Cu(CF3)3R]− should increase at the expense of that of [Cu(CF3)4]
−. In no case, 

however, a clear trend could be discerned. These findings confirm that [Cu(CF3)4]
− does not represent 

the precursor of [Cu(CF3)3R]−; the inferred low reactivity of [Cu(CF3)4]
− is fully in line with recent 

reports by Nebra and Grushin.[9c] Presumably, the heteroleptic cuprates [Cu(CF3)3R]− originate from 

uncharged copper species, such as Cu(CF3)3, which are not amenable to analysis by ESI MS. 

4.3.6 Oxidation of Cu(I) Complexes 

Although the performed experiments started from a copper(I) reactant, the obtained ESI mass 

spectra showed the presence of copper(III) ate complexes in significant abundance. Likewise, the 

detection of I3
− pointed to the occurrence of oxidation reactions. Previous reports invoked oxygen as 

oxidizing agent in oxidative trifluoromethylations of terminal alkynes,[9b,31] as these reactions are 

commonly performed under air. Indeed, the exclusion of oxygen in the present experiments 

significantly decreased the amount of detected copper(III) species, thus corroborating the postulated 

role of oxygen as oxidizing agent (Figure 31). Note, however, that the radical products resulting from 

the inferred decomposition of Si(CH3)3CF3 (see Scheme 10) may also contribute to the oxidation of 

the copper(I) reactant. 



54 
 

 
 
Figure 31. Negative-ion mode ESI mass spectrum of a solution of the products formed in the 
reaction of CuI, KF, and Si(CH3)3CF3 in THF. For this control experiment under the exclusion of 
oxygen, the Si(CH3)3CF3 reagent was carefully degassed by passing a stream of argon gas through it 
and by subjecting it to repeated freeze-evacuate-thaw cycles. 
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The following section (“4.4 Argentate(I) and (III) Complexes as Intermediates in Silver-

Mediated Cross-Coupling Reactions”) is based on the publication given below . Excerpts of 

this publication were taken, partly modified, and extended by further results. 

The following figures were taken from this publication: 

32 (left) and 35 

The following figures were taken from the Supporting Information of this publication: 

32 (right) and 37 (left and right) 
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4.4 Argentate(I) and (III) Complexes as Intermediates in Silver-Mediated Cross-Coupling 

Reactions 

4.4.1 In-Situ Formed Organoargentate(III) Complexes 

Upon the addition of methyl or allyl iodide so solutions of LiAgMe2∙Li(CN) in THF (see chapter 4.2), 

the negative-ion mode ESI mass spectra showed mononuclear Ag(III) ate anions as well as the 

corresponding higher aggregates as new species (Figure 32). The reaction with methyl iodide 

afforded the lithium-bound dimer [LiAg2Me8]
− as base peak. The same ion as well as the related 

heteroleptic species [LiRAg2Me7]
− and [LiR2Ag2Me6]

− were observed for the reaction with allyl iodide.  

  
 
Figure 32. Left: Negative-ion mode ESI mass spectrum of the products formed upon reaction of 
LiAgMe2∙Li(CN) with methyl iodide (0.5 equiv.) in THF. a: [LiAgIMe(CN)2]

−, b: [AgIMe(I)]−, c: 
[LiAgIMe(CN)(I)]−, d: [LiAgI

2Me3(CN)]− and [LiAgI
2Me2(OH)(CN)]−, e: [LiAgI

2Me2(CN)2]
−, f: 

[LiAgIII
2Me7(CN)]−, g: [Li2AgI

2Me2(CN)2(I)]
−, h: [Li2AgI

3Me3(CN)3]
−. Right: Negative-ion mode ESI mass 

spectrum of a solution of the products formed in the reaction of Ag(CN) with methyl lithium 
(2 equiv.) and allyl iodide (0.5 eq) in THF (R = allyl). a: [AgIMe2]

−, b: [AgIMe(I)]]−, c: [AgI
2Me3]

−, d: 
[LiAgI

2Me3(CN)]− + [LiAgI
2Me2(OH)(CN)]−, e: [LiAgI

2Me2(CN)2]
−, f: [LiAgI/III

2Me5(CN)]−, g: 
[LiRAgI/III

2Me4(CN)]−, h: [Li2AgI
3Me6]

− (R = allyl). 
 

Similar spectra were obtained if butyl or phenyl iodide were used (Figure 33). In particular, [RAgMe3]
− 

and [LiRAg2Me7]
− (R = butyl, phenyl) could be detected as well, but [AgMe4]

− and [LiR2Ag2Me6]
− 

(R = butyl, phenyl) were missing in both cases, while [LiAg2Me8]
− was only present in spectra of 

sample solutions prepared with butyl iodide. The methyl-, allyl-, and butylargentates(III) resemble 

the respective Cu(III) species, which have been characterized by ESI mass spectrometry before.[86a] 

The formation of [PhAgMe3]
− and [LiPhAg2Me7]

− (Figure 34), however, is particularly noteworthy, as it 

shows, that the ability of the dimethylargentate ion to undergo oxidative addition reactions is not 

restricted to alkyl halides but includes aryl halides as well. Additionally, the presence of these 

phenylargentates(III) points to different reactivities of dimethylargentate and dimethylcuprate, as 

the corresponding phenylcuprates(III) have not been observed in a previous study.[86a] 

The mass spectrometric results alone cannot provide information about the geometry of the 

observed organoargentates(III). However, quantum chemical calculations predicted a square-planar 

geometry for [AgMe4]
− in the gas phase,[90] which is in full accordance with the experimentally 

determined solid-state structures of several [AgR4]
− complexes[48,60,63,64] as well as the higher 

homologue [AuMe4]
− [57] (see chapter 1.3.1). Therefore, it is reasonable to assume that the 
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heteroleptic species [RAgMe3]
− (R = butyl, allyl, phenyl) feature similar structures. According to 

further calculations, the higher aggregate [LiAg2Me8]
− consists of two [AgMe4]

− units that are bound 

together by a central lithium cation.[90] Presumably, the related heteroleptic species [LiRAg2Me7]
− and 

[LiR2Ag2Me6]
− adopt comparable configurations. 

  
 
Figure 33. Left: Negative-ion mode ESI mass spectrum of the products formed upon reaction of 
LiAgMe2∙Li(CN) with butyl iodide (0.5 equiv.) in THF. a: [LiAgIMe(CN)2]

−, b) [LiAgIMe(CN)(I)]−, c) 
[LiAgI

2Me3(CN)]−, d) [LiAgI/III
2Me5(CN)]−, e) [LiRAgI/III

2Me5]
−, f) [Li2AgI

3Me6]
−, g) [Li2AgI

2Me2(CN)2(I)]
−, h) 

[Li2AgI
3Me3(CN)3]

− (R = butyl). Right: Negative-ion mode ESI mass spectrum of the products formed 
upon reaction of LiAgMe2∙Li(CN) with phenyl iodide (0.5 equiv.) in THF. a) [LiAgIMe(CN)2]

−, b) 
[RAgIMe]−-, c) [LiAgIMe(CN)(I)]−, d) [LiAgI

2Me3(CN)]−, e) [LiAgI/III
2Me5(CN)]−, f) [LiAgI/III

2Me4(CN)2]
−, g) 

[LiRAgI/III
2Me4(CN)]−, h) [Li2AgI

2Me2(CN)2(I)]
−, i) [Li2AgI

3Me3(CN)3]
− (R = phenyl). 

 

  
 
Figure 34. Left: Measured (black) and simulated (red) isotopic pattern of [PhAgIIIMe3]

−. Right: 
Measured (black) and simulated (red) isotopic pattern of [LiPhAgIII

2Me7]
−

. 
 

In order to study the formation of argentate(III) complexes in solvents that are less polar than THF 

(relative permittivity ε 298 K = 7.42),[135] additional experiments were performed in cyclopentyl methyl 

ether (CPME, ε 298 K = 4.76)[135] and tert-butyl methyl ether (MTBE, ε 298 K = 2.60),[136] respectively. ESI 

mass spectrometry of CPME and MTBE solutions of LiAgMe2∙Li(CN) that were treated with methyl 

iodide also showed argentate(III) complexes. The spectra from CPME solutions featured [AgIIIMe4]
− 
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and [Li2AgIII
2Me8]

− in significant abundances (the latter species being even the main peak). However, 

only minor amounts of these species were detected in the spectra obtained from MTBE solutions. 

Instead, [Li2Ag3Me6]
− dominated the spectrum, and significant amounts of the hydroxide-containing 

ions [Li4AgI
5Me8(OH)2]

−, [Li4AgI
5Me7(OH)3]

−, and [Li5AgI
6Me8(OH)4]

− were observed. The presence of 

organoargentates in spectra of both CPME and MTBE solutions clearly shows, that the formation of 

these organometallic species is also possible in solvents that are less polar than THF, although 

hydrolysis was apparently an issue in the case of MTBE. 

4.4.2 Gas-Phase Fragmentation Reactions of Organoargentate(III) Complexes 

The gas-phase fragmentation of the mass-selected homoleptic mononuclear complex [AgMe4]
− solely 

led to the reductive elimination of ethane (Eq. 22), which is in full agreement with results of quantum 

chemical calculations carried out by Thomas Auth in the Koszinowski group.[90] According to these 

calculations, the exothermic release of ethane from [AgMe4]
− proceeds via a C2-symmetric transition 

structure, which is predicted to be 166 kJ mol−1 higher in energy than the reactant, followed by an 

easy dissociation of the resulting ion-molecule complex into [AgMe2]
− and the coupling product. A 

natural population analysis (NPA) showed that the release of ethane is accompanied by a decrease of 

the charge of the silver center from 0.56 to 0.25, consistent with a reduction from Ag(III) to Ag(I).[90] 

 [AgMe4]
−    [AgMe2]

−  +  Me2 (22)  

The heteroleptic complex [RAgMe3]
− (R = allyl) also underwent reductive elimination (Figure 35) and 

preferentially released the cross-coupling product RMe (Eq. 23a), whereas the homo-coupling 

product Me2 (Eq. 23b) was formed only to a much smaller extent. 

 
 
Figure 35. Mass spectrum of mass-selected [RAgIIIMe3]

− (R = allyl) and its fragment ions produced 
upon collision-induced dissociation at ELAB = 7.5 eV.  
 

 [RAgMe3]
−    [AgMe2]

−  +  RMe (23a)  

 [RAgMe3]
−    [RAgMe]−  +  Me2 (23b)  

This result is consistent with solution-phase NMR experiments,[90] but is in stark contrast with gas-

phase fragmentation of the related allylcuprate, [RCuMe3]
−, for which the dominant channel affords 

the homo-coupling product.[86a] The butylmetallates [RAgMe3]
− and [RCuMe3]

− (R = butyl) also 

exhibited significant differences in their gas-phase fragmentation behavior. Similar to the 
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allylargentate, the butylargentate showed a high selectivity in favour of the cross-coupling product 

(Figure 36, left), while fragmentation of the butylcuprate led to the formation of both coupling 

products in approximately equal amounts.[86a] In CID experiments of [PhAgMe3]
−, cross-coupling was 

only slightly preferred over homo-coupling (Figure 36, right). In this case, however, the analogous 

Cu(III) species has not been observed at all (see above).[86a] Preliminary quantum chemical 

calculations on the competition between the reductive elimination elementary steps for isolated 

[RAgMe3]
− and [RCuMe3]

− anions (R = allyl) revealed that fundamentally different mechanisms 

operate.[90,137]  

  
 
Figure 36. Left: Mass spectrum of mass-selected [RAgIIIMe3]

− (R = butyl) and its fragment ions 
produced upon collision-induced dissociation at ELAB = 10.0 eV. Right: Mass spectrum of mass-
selected [RAgIIIMe3]

− (R = phenyl) and its fragment ions produced upon collision-induced dissociation 
at ELAB = 7.5 eV. 
 

Fragmentation of the lithium-bound dimers [LiRAg2Me7]
− (R = methyl, allyl) resulted in formation of 

the mononuclear complexes (Eqs. 24a and 24b) and reductive eliminations (Eqs. 25a and 25b). For 

the heteroleptic complexes, cross-coupling (Eq. 25a) again strongly prevailed over homo-coupling 

(Eq. 25b, Fig. 37). Secondary fragmentation reactions were also observed (Eqs. 26 and 27). Due to the 

low signal intensities of [LiRAg2Me7]
− (R = butyl, phenyl), fragmentation experiments of these ions 

were not feasible. 
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Figure 37. Left: Mass spectrum of mass-selected [LiRAgIII

2Me7]
− (R = allyl) and its fragment ions 

produced upon collision-induced dissociation at ELAB = 7.5 eV; a: [RAgIIIMe3]
−, b: [AgI

2Me3]
−, c: 

[LiAgI
2Me4]

−, d: [LiRAgI/III
2Me5]

−. Right: Mass spectrum of mass-selected [LiR2AgIII
2Me6]

− (R = allyl) and 
its fragment ions produced upon collision-induced dissociation at ELAB = 5.0 eV; a: [AgIIIMe4]

−, b: 
[AgI

2Me3]
−, c: [LiAgI

2Me4]
−. 

 

Again, the outcome of these gas-phase fragmentation experiments is fully consistent with theoretical 

results. For the lithium-bound dimer [LiAg2Me8]
− the energy of the transition structure associated 

with the reductive elimination of ethane is calculated at 127 kJ mol−1, a value significantly lower than 

for the mononuclear complex.[90] Apparently, the interaction with the lithium center lowers the 

barrier substantially. This effect can be rationalized by Li+ withdrawing electron density from the ate 

complex and thereby raising the propensity of the silver(III) center to regain its preferred oxidation 

state of +I by reductive elimination. A similar trend has been found for the corresponding cuprate(III) 

complexes [CuMe4]
− and [LiCu2Me8]

−.[86a] The competing dissociation of [LiAg2Me8]
− (Eq. 24) requires 

an energy of 173 kJ mol−1 and, thus, is energetically more demanding than the reductive 

elimination.[90] However, the latter reaction is entropically favored, which explains why it is found to 

compete with the former in the experiment.[90] 

Theoretical methods were also used to investigate the mechanism of silver-mediated C−C coupling in 

THF.[90] The results indicate that reductive elimination from Ag(III) ate complexes is also a key step in 

these transformations in solution. Apart from free [AgMe4]
−, solvent-separated and contact-ion pairs 

were also considered. The calculations predict that ion pairing does not strongly affect the Gibbs 

energy of the reactant argentate(III) complex, but that the interaction with Li+ in the contact-ion pair 

substantially stabilizes the transition state, thus facilitating the overall reaction. This reactivity-

enhancing effect of lithium essentially equals that already found for the gaseous [LiAg2Me8]
− complex 

discussed above. For comparison, the analysis also included the neutral species AgMe3, but the 

overall reaction proceeding via neutral AgMe3 was found to be less favorable than the reaction via 

the contact-ion pair. 
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5 Conclusions 

Negative-ion mode ESI mass spectra of solutions of magnesium cuprates in THF show [CunRn+1]
− 

anions, n = 1-6. The stoichiometry of these aggregates deviates from the 1:2 ratio of the CuX/RMgCl 

reactants and, thus, points to the occurrence of degradation reactions. For the case of the 

butylcuprates, such degradation reactions, which apparently produced colloidal copper, could 

directly be observed. Possibly, the degradation of the butylcuprates proceeds via β-hydrogen 

eliminations as these reactions also occurred upon their deliberate fragmentation in the gas phase. 

Another type of decomposition reaction was observed for [Cu(CH2SiMe3)2]
−, which underwent a β-

methyl elimination. Only few examples of these reactions have been previously reported for 

complexes of late transition metals. In all cases, the gas-phase fragmentation of the polynuclear 

[CunRn+1]
− anions also led to deaggregation processes. 

The behavior of the magnesium cuprates differs considerably from that of the extensively studied 

lithium cuprates. The latter preferentially form heteronuclear species, whose stoichiometry matches 

the ratio of the used reactants and, thereby, excludes the occurrence of degradation reactions. 

Presumably, the incorporation of lithium in the cuprates enhances their stability, possibly by 

restricting their conformational flexibility. Indeed, the [Li2Cu3Bu6]
− complex proved to be much more 

reluctant toward decomposition by β-hydrogen elimination than its [CunBun+1]
− congeners. 

The different tendencies of lithium and magnesium cations to bind to the cuprate anions are in 

accordance with quantum chemical calculations. These calculations point to the critically important 

role of the preferred association state of the lithium and magnesium counter-ions. In the case of 

lithium, the easy availability of free [Li(THF)4]
+ ions facilitates the formation of heteronuclear 

complexes. In contrast, the high stability of the dinuclear magnesium cation [(THF)6Mg2Cl3]
+ severely 

limits the availability of free solvated MgCl+ cations and renders their incorporation into hypothetical 

heteronuclear magnesium cuprates energetically unfavorable. These finding show how the 

speciation of cuprate reagents in solution is influenced by rather subtle effects. Knowing these 

effects and the microscopic composition of organocuprates is also the prerequisite for understanding 

their reactivity and for their well-directed use in synthetic applications. 

Negative-ion mode ESI mass spectra of solutions of MCN (M = Cu, Ag, Au) treated with PhLi in THF 

show organometallates with the general sum formula [Lin-1MnPh2n]−. These complexes closely 

resemble species that were detected in previous ESI mass spectrometric studies of cyanocuprates 

and Gilman cuprates in ethereal solvents. Beyond that, lithium phenylmetallate solutions that were 

prepared from mixtures of two or all three coinage metals additionally featured the mixed anions 

[LiM1M2Ph4]
−, [Li2M

1
2M

2Ph6]
− and [Li2M

1M2
2Ph6]

−, as well as [Li2CuAgAuPh6]
−. Among the detected 

organometallates, the pentanuclear anions [Li2M3Ph6]
− and the respective mixed species are of 

particular interest because their sum formulas match those of the copper and silver complexes 

[Li2Cu3Ph6]
− and [Li2Ag3Ph6]− that were found in the solid state by X-ray crystallography. These 

structures exhibit strong similarities, thereby indicating a common structural motif for all ions 

belonging to the [Li2M3Ph6]
− type. In addition, the gas-phase fragmentation behavior of 

[Li2M
1

2M
2Ph6]

−, [Li2M
1M2

2Ph6]
−, and [Li2CuAgAuPh6]

− exactly mirrors that of [Li2M3Ph6]
−, which further 

supports the assumption of a common structure for all of these ions. Moreover, the observation of 

mixed pentanuclear phenylmetallates can be rationalized by the action of association/dissociation 

equilibria between mononuclear phenylmetallates [MPh2]
− and neutral dimers Li2M2Ph4 containing 

different coinage metals. These findings are in full accordance with results of previous studies on 
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organocuprates and point to close similarities in the aggregation behavior of organo-

cuprates, -argentates, and -aurates. Even more, the presence of heterobimetallic cations such as 

[Li2MPh2(THF)x]
+, which were quite abundant in positive-ion mode mass spectra of all investigated 

phenylmetallate solutions, hint at further association/dissociation equilibria between the neutral 

homodimers (THF)xLi2M2Ph2 and [Li2MPh2(THF)x]
+ as well as [MPh2]

−. Thus, phenylmetallates of the 

coinage metals exhibit remarkable similarities with respect to their speciation and the equilibria 

operative in THF solutions. 

Gas-phase fragmentation experiments of both the pentanuclear and the trinuclear phenylmetallates 

equally resulted in deaggregation reactions that led to the formation of the mononuclear ate 

complexes. However, in contrast to CID experiments of the mixed pentanuclear anions, which point 

to a mainly statistical fragmentation process, the intensity ratios of the fragment ions formed upon 

collisional activation of [LiM1M2Ph4]
− deviate from the value expected for a statistical dissociation. 

This behavior is ascribed to different lithium affinities of the two mononuclear metallates [M1Ph2]
− 

and [M2Ph2]
− present in [LiM1M2Ph4]

−. The mononuclear complexes [MPh2]
− (M = Cu, Ag, Au) cannot 

dissociate by deaggregation anymore. Instead, they exhibit qualitatively different fragmentation 

patterns, which now obviously depend on the nature of the coinage metal. Apparently, the 

fragmentation behavior differs with regard to the aggregation state: the outcome of collisional 

activation of the pentanuclear species is determined by their structure, the fragmentation patterns 

of the mononuclear complexes are governed by the present metal, and the dissociation of the 

trinuclear ions is affected by both their structure and the included metals. 

Sample solutions prepared from coinage metal cyanides and PhMgCl in THF also showed phenyl-

metallates in negative-ion mode ESI mass spectra. Comparable species were identified for all three 

coinage metals. In particular, high amounts of [CuPh2]
− and [AuPh2]

− were observed, which agrees 

well with the results obtained by mass-spectrometric analysis of Normant cuprate solutions prepared 

from CuCl and PhMgCl. ESI mass spectrometry of solutions prepared from coinage metal cyanides 

and MeLi detected species equivalent to their phenyl counterparts, but also several species that 

presumably originated from hydrolysis reactions. Solutions prepared from MeMgCl were even 

stronger affected by hydrolysis. Apparently, the methyl metallates are more sensitive towards 

hydrolysis than the phenyl metallates. 

ESI mass spectra of solutions of CuI, KF, and Si(CH3)3CF3 in THF showed the homoleptic cuprates 

[Cu(CF3)2]
− and [Cu(CF3)4]

−. Upon the addition of terminal alkynes, heteroleptic cuprates [Cu(CF3)3R]− 

(R = aromatic alkynyl) could be observed as well. Both Cu(III) species underwent reductive 

eliminations upon gas-phase fragmentation: [Cu(CF3)4]
− released the homo-coupling product CF3CF3, 

whereas [Cu(CF3)3R]− exclusively formed the synthetically desired cross-coupling product R−CF3. The 

perfect selectivity of the second reaction is ascribed to the strong electron-withdrawing properties of 

the trifluoromethyl group. By accepting electron density, the CF3 groups help to stabilize the negative 

charge in the copper(I) fragment anion, thus, rendering the formation of [Cu(CF3)2]
−/R−CF3 

energetically more favorable than that of [Cu(CF3)R]−/CF3CF3. 

Changing the solvent from THF to CH2Cl2 or CH3CN led to the detection of essentially the same 

species, although in lower signal intensities. In CH3CN solutions, further anions bearing deprotonated 

acetonitrile moieties were also observed. The addition of 1,10-phenanthroline did not afford any 

cuprate anions binding this ligand, which had been postulated in the literature. Presumably, 
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phenanthroline does not directly participate in the reaction, but enhances the solubility of the CuI 

reactant. 

The absence of any heteroleptic copper(I) ate complexes [Cu(CF3)R]− indicates that they do not act as 

precursors of the [Cu(CF3)3R]− key intermediates. As preformed [Cu(CF3)4]
− did not react with phenyl 

acetylene under the typical reaction conditions, the former can also be ruled out as a precursor of 

the heteroleptic [Cu(CF3)3R]− complexes. Possibly, the latter originate from neutral precursors not 

amenable to analysis by ESI mass spectrometry. In any case, the presence of [Cu(CF3)4]
− and 

[Cu(CF3)3R]− implies the occurrence of oxidation processes, which apparently involve oxygen as 

oxidizing agent. In addition, radical decomposition products of the Si(CH3)3CF3 reagent may also 

contribute to the oxidation. 

The present study has identified key intermediates of the copper-mediated oxidative 

trifluoromethylation of alkynes and probed their unimolecular reactivity. A mechanistic 

understanding of this transformation is thus beginning to emerge, which in the long term should help 

in the rational optimization and extension of this and related trifluoromethylation reactions. 

It has also been demonstrated that Ag(I) and Ag(III) ate complexes are crucial intermediates in C−C-

coupling. Remarkably, the silver-mediated coupling reactions with butyl and allyl halides differed 

significantly from the previously studied copper-mediated reactions. For copper, the cross-coupling 

product evolves from the neutral allyl-containing intermediate [RCuMe2]. The findings of this study, 

however, suggests that the silver-mediated formation of the cross-coupling product proceeds from 

anionic Ag(III) ate complexes. The gas-phase experiments directly show the feasibility of this reaction. 

This mode of reactivity deviates from that of the analogous cuprate, which preferentially affords the 

homo-coupling instead of the cross-coupling product. Clearly, organoargentates are more than just a 

costly variant of the all popular organocuprates. The improved understanding of their mode of action 

also promises to boost their use in synthesis. 
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Parts of the following section (“6.2 Sample Preparation - Procedure for the Preparation of 

Homoleptic Trifluoromethyl Cuprates, General Procedure for the Preparation of Heteroleptic 

Trifluoromethyl Cuprates, Procedure for the Preparation of Trifluoromethyl Cuprates in the 

Presence of 1,10-Phenanthroline or 4,7-Dihydroxy-1,10-phenanthroline, Preparation of 

[NBu4][Cu(CF3)4]”) were taken from the publication given below. 
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6 Experimental Section 

6.1 Materials and Methods 

Standard Schlenk techniques were applied in all cases to exclude traces of moisture. Tetrahydrofuran 

was dried over sodium/benzophenone and freshly distilled. CH2Cl2 was predried over CaCl2 for 24 h 

and freshly distilled from P2O5. CH3CN was predried by distilling it from NaH and then freshly distilled 

from P2O5. Anhydrous cyclopentyl methyl ether (CPME) and anhydrous methyl tert-butyl ether 

(MTBE) were used as purchased. 

Grignard reagents RMgCl with R = 2-thienyl or Me3SiCH2 were prepared from Mg turnings and 

2-thienyl chloride or (trimethylsilyl)methyl chloride (see chapter 6.2). All other organometallic 

reagents were used as purchased: PhMgCl (2.0 mol L−1 in THF), MeMgCl (3.0 mol L−1 in THF), BuMgCl 

(2.0 mol L−1 in THF), PhLi (1.9 mol L−1 in Bu2O), MeLi (1.6 mol L−1 in Et2O). The exact concentrations of 

these reagents were determined by iodometric titration.[138] LiCl was dried by heating under vacuum 

and stored under argon before use. AgCN and AgCN-containing sample solutions were handled under 

the exclusion of light. [NBu4][Cu(CF3)4] was prepared according to a procedure reported in the 

literature.[9c] 

All other chemicals were purchased and used without further purification. 

6.2 Sample Preparation 

General Procedure for the Preparation of Magnesium Cuprates 

A 10-mL Schlenk flask with magnetic stir bar was charged with CuCl (0.625 mmol, 1.00 equiv.) and 

repeatedly evacuated and flushed with argon. The CuCl was then dried under vacuum at 140 °C for 

90 min. After cooling to room temperature, THF (5 mL) was added via a syringe through a rubber 

septum. The resulting suspension was cooled to −78 °C, and RMgCl (1.25 mmol, 2.00 equiv, 

R = phenyl, 2-thienyl, butyl, (trimethylsilyl)methyl) was added via a syringe through a rubber septum. 

After stirring the reaction mixture at −78 °C for 30 min, an aliquot (1 mL) was transferred via a 

syringe to another 10-mL Schlenk flask filled with cold THF (4 mL, −78 °C). This diluted solution was 

then injected into the ESI source of the mass spectrometer. 

Control experiments were performed with alternative copper precursors (CuBr, CuBr  Me2S, CuCN), 

an excess of PhMgCl (3 or 4 equiv.), or an extended reaction time (60 min). In the case of 

CuBr  Me2S, a Schlenk flask was charged with the copper compound in an argon-filled glove-box and 

used directly without any further evacuation or drying in order to avoid removal of the volatile Me2S. 

Preparation of Grignard Reagents from 2-Thienyl Chloride or (Trimethylsilyl)methyl Chloride 

A Schlenk flask was charged with magnesium turnings (28.0 mmol, 1.12 equiv.) and repeatedly 

evacuated and flushed with argon at 350 °C. After cooling to room temperature and the addition of 

THF (20 mL), 2-thienyl chloride or (trimethylsilyl)methyl chloride (25.0 mmol, 1.00 equiv.) was added 

dropwise. After approx. 0.5 h, an exothermic reaction set in, and the flask was cooled with ice water. 

The reaction mixture was then stirred overnight at room temperature. 
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Procedure for the Preparation of Magnesium Cuprates from CuCl and PhMgCl in the Presence of 

LiCl 

A 10-mL Schlenk flask with magnetic stir bar was charged with CuCl (0.625 mmol, 1.00 equiv.) and 

repeatedly evacuated and flushed with argon. The CuCl was then dried under vacuum at 140 °C for 

90 min. After cooling to room temperature, a solution of anhydrous LiCl in THF (1.25 mmol, 

2.00 equiv., 5 mL, 0.25 M) was added via a syringe through a rubber septum. The resulting 

suspension was cooled to −78 °C, and PhMgCl (1.25 mmol, 2.00 equiv.) was added via a syringe 

through a rubber septum. The reaction mixture was stirred at −78 °C for 30 min. Then, an aliquot 

(1 mL) of the reaction mixture was transferred via a syringe to another 10-mL Schlenk flask, which 

already contained cold THF (4 mL, −78 °C). This diluted solution was then injected into the the ESI 

source of the mass spectrometer. 

General Procedure for the Preparation of Organometallates from Coinage Metal Cyanides 

A 10-mL Schlenk flask with magnetic stir bar was charged with MCN (M = Cu, Ag, or Au, respectively; 

0.625 mmol, 1.00 equiv.) and repeatedly evacuated and flushed with argon. The MCN was then dried 

under vacuum at 140 °C for 90 min. After cooling to room temperature, THF (5 mL) was added via a 

syringe through a rubber septum. The resulting suspension was cooled to −78 °C, and RLi or RMgCl 

(R = Ph, Me; 1.25 mmol, 2.00 equiv.) was added via a syringe through a rubber septum. The reaction 

mixture was stirred for 30 min at −78 °C. Then, an aliquot (1.0 mL) of the reaction mixture was 

transferred via a syringe to another 10-mL Schlenk flask, which already contained cold THF (4.0 mL, 

−78 °C). This diluted solution was then injected into the ESI source of the mass spectrometer. 

Organometallate solutions from two or three coinage metal cyanides were prepared accordingly, but 

with two coinage metal cyanides M1CN and M2CN (0.313 mmol, 0.50 equiv. each) or all three coinage 

metals (0.208 mmol, 0.33 equiv. each) instead of just one metal cyanide. 

Procedure for the Preparation of Homoleptic Trifluoromethyl Cuprates 

An oven-dried 10-mL Schlenk flask with magnetic stir bar was charged with KF (1.50 mmol, 2.00 eq) 

and CuI (0.75 mmol, 1.00 eq) under argon. The substances were dried under vacuum at 140 °C for at 

least 60 min. After cooling to room temperature, the solvent (THF, CH2Cl2, or CH3CN, respectively, 

5 mL) and Si(CH3)3CF3 (2.00 mmol, 2.67 eq) were added via syringes through a rubber septum. In 

standard experiments, the Si(CH3)3CF3 reagent was not degassed and, thus, contained sufficient 

dissolved oxygen for the occurrence of the reaction (see chapter 4.3.6). For a control experiment 

under the exclusion of oxygen, the Si(CH3)3CF3 reagent was carefully degassed by passing a stream of 

argon gas through it and by subjecting it to repeated freeze-evacuate-thaw cycles. The reaction 

mixture was stirred at room temperature for 5 min and then allowed to rest for 2 min so that 

undissolved substances could settle down. Then, an aliquot (0.5 mL) of the supernatant solution was 

transferred via a syringe to another 10-mL Schlenk flask, which already contained the solvent 

(4.5 mL). This diluted solution was then injected into the ESI source of the mass spectrometer. 

General Procedure for the Preparation of Heteroleptic Trifluoromethyl Cuprates 

A solution of homoleptic cuprates was prepared as described above. After stirring at room 

temperature for 5 min, the aromatic alkyne (phenylacetylene, 4-ethynylanisole, 1-chloro-4-

ethynylbenzene, methyl 4-ethynylbenzoate, 4-ethynylbiphenyl, 2-ethynylpyridine, 0.50 mmol, 
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0.67 eq) was added. After stirring for additional 5 min, the reaction mixture was allowed to rest for 

2 min so that undissolved substances could settle down. Then, an aliquot (0.5 mL) of the supernatant 

solution was transferred via syringe to another 10-mL Schlenk flask, which already contained the 

solvent (4.5 mL). This diluted solution was then injected into the ESI source of the mass 

spectrometer. 

Procedure for the Preparation of Trifluoromethyl Cuprates in the Presence of 1,10-Phenanthroline 

or 4,7-Dihydroxy-1,10-phenanthroline 

In further experiments, homo- and heteroleptic cuprates were prepared in the presence of 1,10-

phenanthroline (phen) or 4,7-dihydroxy-1,10-phenanthroline (HO-phen). For this purpose, the 

respective compound (0.75 mmol, 1.00 equiv.) was added to the already dried CuI and KF after the 

flask had cooled to room temperature. The flask was then evacuated once more for at least 30 min at 

room temperature (phen) or 100 °C (HO-phen). The preparation then proceeded as described above. 

Preparation of [NBu4][Cu(CF3)4] 

[NBu4][Cu(CF3)4] was prepared according to a literature procedure.[9c] ESI MS: m/z (%): 920 (13) 

[(NBu4)(Cu(CF3)4)2
−], 339 (100) [(Cu(CF3)4)

−], 823 (8) [(NBu4)2(Cu(CF3)4)
+], 242 (100) [(NBu4)

+]; 

elemental analysis calcd (%) for C20H36CuF12N: C 41.27, H 6.23, Cu 10.92, F 39.17 N 2.41; found: C 

41.54, H 6.24, Cu 10.93, N 2.33. 

General Procedure for the Preparation of Argentate(III) Complexes 

A 10-mL Schlenk flask with magnetic stir bar was charged with AgCN (0.625 mmol, 1.00 equiv.) and 

repeatedly evacuated and flushed with argon. The AgCN was then dried under vacuum at 140 °C for 

90 min. After cooling to room temperature, THF (5 mL) was added via a syringe through a rubber 

septum. The resulting suspension was cooled to −78 °C, and MeLi (1.25 mmol, 2.00 equiv.) was 

added via a syringe through a rubber septum. After stirring the reaction mixture for 30 min at −78 °C, 

an aliquot (1.0 mL) of the reaction mixture was transferred via a syringe to another 10-mL Schlenk 

flask, which already contained cold THF (4.0 mL, −78 °C). This diluted solution was injected into the 

ESI source of the mass spectrometer, and a regular ESI mass spectrum was recorded to ensure that 

the transmetallation had been successful. Then, an organyl iodide RI (0.258 mmol, 0.50 equiv. with 

respect to remaining Ag+; R = methyl, butyl, allyl, phenyl) was added to the original reaction mixture, 

which was then stirred for further 30 min at −78 °C. A second aliquot (1.0 mL) was then transferred 

via syringe from the reaction mixture to a third 10-mL Schlenk flask, which already contained cold 

THF (4.0 mL, −78 °C). This diluted solution was then injected into the ESI source of the mass 

spectrometer. 

In order to study the formation of argentate(III) complexes in solvents that are less polar than THF 

(relative permittivity ε 298 K = 7.42),[135] analogous experiments were performed in CPME 

(ε 298  K = 4.76)[135] and MTBE (ε 298 K = 2.60),[136] respectively. 

6.3 ESI Mass Spectrometry 

Prior to ESI mass spectrometric experiments, the ESI source including the inlet system was flushed 

with dry solvent for at least 30 min. Sample solutions (typical concentrations of 15 – 25 mmol L−1) 

were injected into the ESI source of a micrOTOF-Q II mass spectrometer (Bruker Daltonik, 

Bremen)[110] via gastight syringes at a flow rate of 0.5 mL h−1 by means of a syringe pump. Nitrogen 
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was used as nebulizer gas (typical backing pressure of 0.5 – 0.7 bar) and drying gas (60 °C, typical 

flow rate of 5 L min−1). ESI voltages of +3.5 kV (negative-ion mode) and −4.5 kV (positive-ion mode) 

with an end-plate offset of −500 V were applied. The ESI source was connected to an ion-transfer 

section consisting of two ion funnels and a hexapole (Funnel 1 RF: 200 – 300.0 Vpp, Funnel 2 RF: 

400.0 Vpp, ISCID Energy: 0.0 eV, Hexapole RF: 200 – 400.0 Vpp; Vpp = peak-to-peak Voltage). The 

transfer section was followed by an analytical quadrupole and a collision cell. In gas-phase 

fragmentation experiments, this quadrupole was used for the isolation of ions which then underwent 

fragmentation in the collision cell (see below). In experiments without gas-phase fragmentation, 

these two parts acted as an ion transfer section (Ion Energy: 4.0 – 5.0 eV, Low Mass: 55.00 –

 200.0 m/z, Collision Energy: 0.0 eV, Collision RF: 300.0 Vpp, Transfer Time: 77.0 – 77.6 μs, Pre Pulse 

Storage: 1.0 μs). 

Additional experiments were performed with an HCT quadrupole-ion trap mass spectrometer (Bruker 

Daltonik, Bremen),[74a,92k] and afforded ESI mass spectra, which were similar to those obtained with 

the micrOTOF-Q II instrument, but suffered from a lower mass resolution. Sample solutions were 

injected into the ESI source at a flow rate of 0.3 mL h−1. An ESI voltage of ±3.0 kV with an end plate 

offset of −500 V was applied. Nitrogen was used as nebulizer gas and drying gas with the same 

settings as those employed for the micrOTOF-Q II spectrometer. The ESI source and the quadrupole 

ion trap were connected by an ion-transport and focusing section consisting of a capillary, a skimmer, 

two transfer octopoles, and two lenses (Capillary Exit: ±20 V, Skimmer: ±20.0 V, Oct. 1 DC: ±4.00 V, 

Oct. 2 DC: ±1.70 V, Oct. RF: 152.8 Vpp, Lens 1: ±5.0 V, Lens 2: ±60.0 V). The quadrupole-ion trap itself 

was operated at a trap drive level of 40. This instrument was also employed for monitoring the 

temporal evolution of the observed intermediates in trifluoromethylation reactions (using the 

alternating polarity mode). 

Mass spectra were recorded for an m/z range of 50 – 1000 (for sample solutions that contained gold, 

m/z ranges of 50 – 1200 or 50 – 1500 were chosen). In gas-phase fragmentation experiments, ions of 

interest were mass-selected with isolation widths between 1.0 and 8.0 u. They were then accelerated 

to kinetic energies ELAB and allowed to collide with nitrogen gas present in the collision cell of the 

time-of-flight instrument, or subjected to excitation voltages of VEXC and allowed to collide with 

helium gas present in the ion trap 

Both mass spectrometers were externally calibrated with a mixture of CF3COOH and phosphazenes in 

H2O/CH3CN. Usually, accuracies better than ±0.01 m/z (time-of-flight instrument) and ±0.3 m/z 

(quadrupole-ion trap instrument) were achieved within the mass range of 50–1000 m/z. All given 

assignments are based on the measured exact m/z ratios, the isotope patterns, and the results of the 

gas-phase fragmentation experiments. For the calculation of theoretical m/z ratios and isotope 

patterns, the Bruker DataAnalysis software package was used. 

After each experiment, the inlet line and ESI source were cleaned with CH3OH and, if necessary, a 

mixture of CH3COOH and CH3OH in H2O to remove material accumulated during the spraying of the 

relatively concentrated sample solutions and to avoid cross contaminations. To remove the protic 

solvents, the inlet line was repeatedly flushed with dry THF while the drying gas fed into the ESI 

source was heated to 290 ° for ≥ 1 h. As these routine measures did not completely remove all 

residual traces of CH3OH, the process of flushing with dry THF and heating of the ESI source was 

extended to approximately 72 h for control experiments. These extra efforts proved effective in 

achieving methanol-free conditions. 
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CSI-mass spectrometric experiments were performed in a similar manner with a commercial CSI 

source (Bruker Daltonik). Both the nebulizer and dry gas were cooled to −40 °C in these experiments. 

Pressurized sample injection[139] was used to transfer the diluted sample solution (−78 °C) from a 

Schlenk flask into a home-built ESI inlet system that was thermally isolated and cooled to −45 °C. This 

procedure ensured that the sample solution did not warm up to room temperature during the 

experiment. 
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