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Abstract

Abstract

A broad range of organocopper intermediates in different aggregation states were
characterized by electrospray ionization (ESI) mass spectrometry, which provided valuable
information on these fluxional species. To complement the mass spectrometric data, electrical
conductivity measurements and theoretical calculations were employed.
Tetrahydrofuran (THF) solutions of CuCN/(RLi)m stoichiometry (m = 0.5, 0.8, 1.0, and 2.0
and R = Me, Et, nBu, sBu, tBu, Ph) were analyzed by ESI mass spectrometry, and
organocuprate anions were detected for all cases. The composition of these species showed
clear dependence on the amount of RLi used. Thus, while cyanide-free Lin–1CunR2n– anions
completely predominated for CuCN/(RLi)2 solutions, cyanide-containing Lin–1CunRn(CN)n–
complexes prevailed for CuCN/(RLi)m reagents with m ≤ 1. Ligand mixing studies on
LiCuMe2·LiCN and LiCuR2·LiCN systems (R = Et, nBu, sBu, tBu, Ph) revealed fast exchange
equilibria operating in solution.
When THF was substituted for the less polar diethyl ether (Et2O), no major new species were
observed. However, the proportion of higher nuclearity anions was consistently greater in the
latter solvent than in the former. Further experiments with 2-methyltetrahydrofuran (MeTHF),
cyclopentyl methyl ether (CPME) and methyl tert-butyl ether (MTBE) solutions confirmed
the suggestion that higher aggregation states are favored by lower polarity solvents.
Additional conductivity experiments indicated that contact ion pairs strongly predominate for
solutions in Et2O, whereas the more polar THF gives rise to larger amounts of solventseparated ion pairs.
Following the detection of organocuprate ions, their gas- and condensed-phase reactions were
investigated. Collision-induced dissociation (CID) experiments were used to study intrinsic
reactivities in the gas phase. Higher aggregates were found to break apart into fragments of
lower nuclearity, whereas monomeric species decomposed by β-H elimination when possible.
In some CID spectra, the presence of hydroxyl-containing signals led to the conclusion that a
reaction with background water inside the mass spectrometer was taking place. This
bimolecular reaction was then studied in detail for many different systems. The results
indicate that lithium centers seem to be a necessary (but not only) pre-requisite for hydrolysis.
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For example, no reaction was observed for monomeric CuMe2– anions, whereas the reactions
of LiCu2Me4– and Li2Cu3Me6– were much faster.
Following the successful characterization of organocuprates, their synthetically useful
coupling reactions with alkyl halides were probed. ESI mass spectrometric experiments,
supported by electrical conductivity measurements, indicated that LiCuMe2·LiCN reacts with
a series of alkyl halides RX (R = Me, Et, nPr, nBu, PhCH2CH2, CH2=CHCH2, and
CF3CH2CH2). The resulting Li+Me2CuR(CN)− intermediates then afford the observable
Me3CuR− tetraalkylcuprate anions upon Me/CN exchanges with added MeLi. In contrast, the
reactions of LiCuMe2·LiCN with neopentyl iodide and various aryl halides gave rise to
halogen-copper exchanges. Concentration- and solvent-dependent studies suggested that
lithium tetraalkylcuprates partly form Li+Me3CuR− contact ion pairs and presumably also
triple ions LiMe6Cu2R2−. According to theoretical calculations, these triple ions consist of two
square-planar Me3CuR− subunits binding to a central Li+ ion. Upon fragmentation in the gas
phase, the Me3CuR− anions undergo reductive elimination, yielding both cross- (MeR) and
homo-coupling products (Me2). The branching between these channels showed a marked
dependence on the nature of R. The fragmentation of LiMe6Cu2R2− also affords both crossand homo-coupling products, but strongly favors the former. This was rationalized by the
preferential interaction of the central Li+ ion with two Me groups of each Me3CuR− subunit,
which thereby block the homo-coupling channel.
Finally, the reactivity of organocuprates in conjugate addition reactions was investigated, with
cyano-substituted ethylenes C2Hn–4(CN)n, n = 1 – 4 as Michael acceptors. In the case of
acrylonitrile, n = 1, polymerization was induced, but no reactive intermediates were detected.
In contrast, the reaction with fumaronitrile, n = 2, permitted the detection of π-complexes in
different aggregation states. The identities of the latter were confirmed by the release of intact
fumaronitrile upon their fragmentation in the gas phase. The reactions with 1,1dicyanoethylene, n = 2, did not halt at the stage of the π-complexes, but proceeded all the way
to Michael adducts. In the case of tricyanoethylene, n = 3, dimeric polycyano carbanions were
formed. For tetracyanoethylene, n = 4, the reaction instead leads to Cu(III) species, which
undergo reductive eliminations. Thus, all intermediates commonly proposed for the conjugate
addition of organocuprates to Michael acceptors were detected, providing strong evidence for
the currently accepted mechanism.
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2.1. Overview
The late transition metal copper forms organometallic reagents of outstanding importance to
organic synthesis 1. The beginning of organocopper chemistry is marked by the preparation of
the highly explosive copper(I) acetylide Cu2C2 by Böttger in 1859. 2 In the same year, a
reaction between CuCl and Et2Zn was reported. 3 This reaction did not result in the formation
of EtCu, but produced metallic mirrors instead. Therefore, it was concluded that it was
impossible to bind an alkyl group to copper. The isolation of phenylcopper from the reaction
between CuI and a phenyl Grignard reagent 4 (Reich, 1923) was reported only more than sixty
years later. Pioneering work by Gilman in 1936 5 demonstrated the applicability of
organocopper reagents in synthetic organic chemistry (Scheme 2.1.1).

Scheme 2.1.1. Pioneering investigation of organocopper reactivity by Gilman et al.
Moreover, in 1952 the group of Gilman et al described the Et2O-soluble LiCuMe2 reagent, 6
an example of what we now call Gilman cuprates (Scheme 2.1.2). The demonstration of the
synthetic potential of these compounds by Corey, 7 House 8,9 and Posner 10 marked a major
breakthrough in the field of copper-mediated synthetic organic chemistry.

Scheme 2.1.2. Original preparation of the Gilman reagent.
After these studies, a large number of investigations followed, describing the preparation of
new types of organocopper reagents and their synthetic applications. Notable examples are
the Normant, 11 Lipshutz 12, and Knochel 13 cuprates (Scheme 2.1.3).
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Scheme 2.1.3. Preparation of Normant, Lipshutz, and Knochel cuprates.
Among the different variants of organocuprates described above, cyanocuprates are arguably
one of the most popular ones. They are easily prepared by transmetallation of CuCN with
organolithium reagents RLi, and, depending on the amount of RLi used (Scheme 2.1.3), can
be divided into hetero- and homoleptic cuprates, of stoichiometries LiCuR(CN) and
LiCuR2·LiCN, respectively. These species find numerous applications in conjugate
additions, 14- 16 carbocuprations of alkynes,14a,17 epoxide opening reactions,14 and nucleophilic
substitutions of alkyl halides14,15,18 and sulfonates (Scheme 2.1.4).14a

Scheme 2.1.4. Formation and reactivity of lithium cyanocuprates.
Despite having enjoyed tremendous success since their discovery in 1973,12a cyanocuprate
structure, aggregation and reaction mechanism still have not been fully understood. 19- 21 In his
review on organocuprate conjugate addition 22, Woodward compares it with a ‘black box’.
Decoding this ‘black box’ and shedding light on the often intriguing cyanocuprate chemistry
promises to improve the existing synthetic procedures and help devise new ones, allowing us
to tap the full synthetic potential of these truly multi-faceted reagents.
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2.2. Aggregation and Structure of Cyanocuprates
The high reactivity of cyanocuprates has provoked numerous mechanistic and structural
investigations.19-21 In particular, the βinding site of the cyanide anion has been discussed
controversially. Originally, Lipshutz and coworkers postulated the formation of so-called
higher-order diorganocuprates Li2CuR2(CN), in which the CN− ions coordinate to the Cu
centers.14,23 Based on 13C NMR and X-ray absorption spectroscopic measurements as well as
on theoretical calculations, Bertz 24 and others 25 challenged this view and instead proposed the
existence of lower-order diorganocuprates LiCuR2·LiCN. These species resemble traditional
Gilman-type cuprates, with CN− bound to Li+. X-ray crystallographic studies confirmed the
lower-order nature of cyanocuprates, 26,27 which since then has been generally accepted. 28
After the end of this dispute, the question of the aggregation state of cyanocuprates received
increasing attention. For solutions of LiCuR2·LiCN in Et2O, extensive NMR spectroscopic
experiments by Gschwind and collaborators point to the predominance of dimeric contact ion
pairs 1 (Scheme 2.2.1), 29 which presumably form even larger, chain-like oligomers.20,30

Scheme 2.2.1. Proposed structures of organocopper species present in solutions of
cyanocuprates LiCuR2·LiCN in ethereal solvents (for 1 and 2, coordinating solvent molecules
are omitted for clarity).
In contrast, the situation is less clear for solutions of LiCuR2·LiCN in THF. IR 31 and X-ray
absorption 32 spectroscopic experiments indicate the presence of the contact ion pair 2 in THF
(R = Me), which is also consistent with the results of cryoscopic measurements. 33 Moreover,
the predominance of 2 was inferred from 15N NMR spectroscopic studies of LiCunBu2·LiCN
in THF. 34 However, Gschwind, Boche, and coworkers detected only very small 1H,6Li
HOESY NMR cross signals for LiCuR2·LiCN in THF (R = Me, CH2SiMe3) and thus
concluded that these cyanocuprates preferentially form solvent separated ion pairs, i.e.,
CuR2−/Li(THF)4+ (3), in this relatively strongly coordinating solvent; the small cross signals
observed were assigned to minor equilibrium populations of the dimeric contact ion pair
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1.20,29a,b The assumed preponderance of solvent separated ion pairs in THF seems to be in line
with X-ray crystallographic data20,29a,b and can also rationalize the relative rates of conjugate
addition reactions,24c,35 for which the participation of lithium centers is considered essential. 36
Yet, it apparently is in conflict with the results of the earlier IR, X-ray absorption, cryoscopic,
and 15N NMR spectroscopic experiments.
Thus, important aspects of the association/dissociation equilibria of lithium organocuprates
still await clarification. In particular, it remains to be shown whether the observed solvent
dependence of the equilibrium is a general phenomenon seen for a larger series of lithium
organocuprates and other solvents, in addition to THF and Et2O. Moreover, only very little is
known about the association/dissociation equilibria of related heteroleptic cuprates, such as
LiCuR(CN). This reflects the inherent difficulties of determining the aggregation state of
cyanocuprates in solution by spectroscopic methods, which probe this quantity only in a
rather indirect manner. As an alternative and possibly more direct approach to identify the
nuclearity of cuprate anions, Lipshutz et al. therefore employed ESI mass spectrometry. 37
With this method, a multitude of inorganic37a and organometallic cuprate anions could be
observed, the latter bearing 2-thiophenyl, alkynyl, and (trimethylsilyl)methyl substituents.37b
However, analogous experiments probing the more sensitive methyl- and butylcuprate anions
were reported to be unsuccessful.37b Because of the apparent difficulties in producing such
non-stabilized organocuprates by direct ESI, O’Hair and coworkers chose to prepare these
species from gaseous precursor ions. 38 In this way, these authors generated many different
mononuclear diorganocuprate anions CuR1(R2)− (Scheme 2.2.2) and investigated the gasphase reactivity of selected examples.

Scheme 2.2.2. Generation of mononuclear diorganocuprate anions by gas-phase
decarboxylation.
These studies offer detailed insight into both the intrinsic and bimolecular reactivity of
organocuprate anions. In contrast to the direct ESI approach pursued by Lipshutz and
coworkers, O’Hair’s gas-phase preparation does not provide any polynuclear organocuprate
ions, and thus cannot be used for investigating aggregation effects.
6
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2.3. Cross-Coupling Reactions
Despite their structural diversity, virtually all of the organocopper reagents known correspond
to Cu(I) species with a 3d10 valence electron configuration, 39,40 like the cyanocuprates
described above. However, their reactions with carbon electrophiles, such as alkyl halides,
epoxides, and Michael acceptors, have long been postulated to involve 3d8 Cu(III)
intermediates, 41 which were also predicted by theoretical calculations.19a,36b,c,42 Because of
their supposedly high propensity toward reductive elimination, these copper(III) species were
believed to be too elusive for detection.41,43 Nevertheless, Bertz, Ogle, and coworkers 44 as
well as the Gschwind group 45 have recently succeeded in the preparation of several
organocopper(III) compounds (Scheme 2.3.1) and their characterization by low-temperature
NMR spectroscopy.

Scheme 2.3.1. Generation of organocopper (III) intermediates from different precursors.
Most of the species detected have a square-planar tetracoordinated Cu(III) core with three
alkyl groups of various complexity bound. The nature of the fourth group is variable: neutral
donor ligands, alkyl groups or cyanide all help stabilize the otherwise unstable tricoordinate
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neutral Cu(III) center. The cyanide ligand, if present, can undergo displacement by
alkyllithiums, the alkyl groups being better σ-donors than CN–.44b,f
Besides being of fundamental importance, a better understanding of organocopper(III)
compounds and their reactivity promises practical benefits, as it might help to optimize
reagents and reaction conditions rationally. Among the Cu(III) species so far identified, the
tetraalkylcuprate anions are particularly interesting. These species have been observed in the
course of cross-coupling reactions between lithium dimethylcuprate LiCuMe2·LiCN and alkyl
halides RX and in some cases were even found to survive warming-up to 20 °C for short
times.44b,e This enhanced stability renders tetraalkylcuprates ideal model systems not only for
studying the generation of organocopper(III) compounds, but also for probing their reactions.
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2.4. Conjugate Addition Reactions
Conjugate additions of organocuprates are one of the most important methods for C–C bond
formation, combining broad applicability with stereoselectivity potential. 46 Despite these
transformations being so popular, their mechanism is still not entirely understood. Latest
investigations, however, helped clarify some mechanistic issues and confirmed the existence
of previously assumed intermediates.15,20a, 22,28,44a-c,g,45,47 Thus, it is currently accepted that the
first step of a conjugate addition is the association of the organocuprate with the substrate to
form a π-complex, followed by conversion to a Cu(III) species, which then undergoes
reductive elimination to yield the anion of the product (Scheme 2.4.1). This, in turn, can be
protonated by means of aqueous work-up or be trapped by other electrophiles.

Scheme 2.4.1. Proposed mechanism of reaction between organocuprates and Michael
acceptors, exemplified by an α,β-unsaturated carbonyl compound.
Despite the significant number of π-complexes observed by NMR spectroscopy, 48- 53 their
characterization is by no means comprehensive, and detailed structural investigations are few.
Among these are studies of complexes between LiCuMe2·LiX (X = I, CN) and 2cyclohexenones or 10-methyl-∆1,9-2-octalone45b, as a result of which some general structural
features were determined. Thus, the C=C bond was found to be coordinated by the cuprate
moiety, which is bent as a result, whereas the carbonyl group is complexed by lithium.45b,50b,c
The latter interaction is believed to be important,50a both in terms of π-complex stability, and
formation of the conjugate addition product. In THF, where monomeric species were
detected, the complexing moiety was shown to be either Li or a Li–X–Li salt bridge (X = I,
CN).47a In contrast, much larger aggregates were observed in the less polar diethyl ether,
where the carbonyl group was complexed by both salt and cuprate units.45b The exact
composition of these aggregates is still unclear. Therefore, further investigations are needed
for a deeper mechanistic understanding of organocuprate conjugate additions.
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2.5. Objectives
At present, the mechanistic understanding of organocuprate reactions is still far from
complete. Evidence on their aggregation state and stoichiometry in solution (probed mainly
by NMR spectroscopy and cryoscopy) is rather indirect, and does not account for fluxionality
and complex equilibria operative. Reactivity studies performed with these methods thus
inevitably suffer from averaging over all species present. To address these issues, the present
thesis conducts a systematic investigation of model cyanocuprate systems by ESI-MS, which
furnishes direct stoichiometric information, and permits isolation and reactivity investigation
of all species detected.
For a pilot project, THF solutions of LiCuR2·LiCN and LiCuR(CN), (R = Me, Et, nBu, sBu,
t

Bu and Ph) are to be analyzed by ESI-MS, to study the influence of stoichiometry and the

nature of R on solution-phase composition. Subsequently, the role of solvent in
aggregation/association equilibria is sought to be investigated, by probing cyanocuprate
solutions in MeTHF, Et2O, CPME and MTBE. Complementary electrical conductivity
measurements on selected systems should provide additional insight.
Following their detection, the gas-phase reactivities of cyanocuprates, both unimolecular
(CID) and bimolecular (reactions with background water) are investigated. On the basis of the
results obtained, correlations between aggregation level and reactivity are attempted, together
with elucidation of some structural features.
Finally, the synthetically most useful reactions of organocuprates, namely C–C crosscouplings and conjugate additions are focused on. In investigations of chosen model systems,
detection of elusive intermediates proposed for these reactions is attempted, and light is shed
on their structure and reactivity. These are further investigated with the help of theoretical
calculations (performed by Dr. Harald Brand), 54 which allow an even deeper insight. For
selected systems, the effect of the solvent on the observed aggregation states is also studied.

10
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3.1. Electrospray Ionization Mass Spectrometry (ESI-MS)
3.1.1. Theoretical Overview
Mass spectrometry operates by generating gas-phase ions, separating these ions by their massto-charge ratio (m/z) and detecting them qualitatively and quantitatively by their respective
m/z and abundance. A mass spectrometer always contains the following modules: 55
• A device to introduce the analyte, e.g. a direct insertion probe or a chromatograph.
• An ionization source, which produces gas-phase ions from the sample.
• One or several analyzers, employing electromagnetic fields, which discriminate between the
different ions based on their m/z ratio.
• A detector to register the abundance of the ions emerging from the last analyzer.
• A computer to control the instrument and process the mass spectra.
In this work, two different instruments employing electrospray ionization (ESI) as ionization
technique were used: a HCT quadrupole ion trap mass spectrometer (Bruker Daltonik) and a
TSQ 7000 multistage mass spectrometer (Thermo-Finnigan).
Electrospray Ionization
ESI is a soft ionization technique, resulting in little or no fragmentation of the ions analyzed. 56
Due to this fact, it has primarily been employed in analysis of multiply charged protein ions. 57
Later on, its use was extended to polymers and different small polar molecules. Very recently,
the applicability of ESI in detection and characterization of various organometallic ate
complexes has been shown. 58- 60
During the ESI process 61, a weak flux (1 – 10μL min–1) of a dilute analyte solution passes
through a capillary tube, to which a high potential is applied (3 – 6 kV). This potential
generates an electric field of the order 106 V m–1, which induces charge accumulation at the
liquid surface located at the tip of the capillary (Scheme 3.1.1.1).
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Scheme 3.1.1.1. Schematic of the ionization electrospray process according to ref. 55.
The pressure stemming from this charge accumulation makes the liquid protrude from the
capillary. When it becomes higher than the surface tension, the shape of the drop changes to a
so-called “Taylor cone”, and small charged droplets, containing an excess of charge, are
detached. A coaxial stream of inert gas helps limit the dispersion of the resulting electrospray.

The droplets formed move in the applied field towards the entrance of the mass spectrometer,
passing through a curtain of heated inert gas on their way, and generate ions by one of the two
suggested mechanisms. 62,63,64 The first is known as ion evaporation,62 and assumes that the
increased charge density, due to evaporation of the solvent, eventually reaches a value when
Coulombic repulsion at the surface of the droplets becomes large enough for desorption of
individual ions into the gas phase to occur. According to the second mechanism63 (charge
residue model), the repelling coulombic forces at some point overcome the cohesion forces,
causing division of the droplets. They further undergo a cascade of ruptures, yielding smaller
and smaller droplets, up to a point when all solvent molecules have evaporated. The current
opinion is that small ions form via the ion evaporation mechanism, whereas heavy ions (such
as charged proteins) originate according to the charge residue model. 65
In the ion evaporation mode, the ions detected by ESI do not stem directly from the analyte
solution, but rather from the surface of the nanodroplets formed. Therefore, the sensitivity is
higher for more surface-active compounds,56,64 i.e., those analytes present at the surface of the
droplets can mask the compounds that are present in the bulk. This phenomenon makes
quantitation of obtained results difficult.
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Analyzers.
Once produced, the ions need to be separated according to their m/z ratios. There are a great
variety of analyzers, which, however, can be grouped into several major classes:
• Time-of-flight (TOF)
• Quadrupoles (Q)
• Ion traps (Quistors)
• Sector field
• Ion-cyclotron resonance (ICR)
Instruments that have more than one analyzer are called tandem (MS/MS) mass spectrometers
and allow structural and sequencing studies to be carried out.55 The two devices used in this
work operate with a tandem quadrupole analyzer, which separates the ions spatially (TSQ
7000 instrument) and with a three-dimensional ion trap, which separates the ions temporally,
and allows multistage MS/MS experiments to be carried out (HCT instrument).
Tandem quadrupole analyzer
The TSQ 7000 instrument employs two independent mass analyzers (quadrupoles Q1 and Q2)
separated by a collision cell (octopole O1), as depicted in Scheme 3.1.1.2.

Scheme 3.1.1.2. Diagram of the TSQ 7000 quadrupole analyzer. The two quadrupoles are
true mass analyzers, whereas the central octopole is a collision cell made up of an octopole
using radio frequency (RF) only.
The quadrupoles consist of four, and the octopole of eight parallel metal rods of alternating
polarity. For the quadrupoles, a radio frequency voltage is applied to the rods, with a
superimposed direct current voltage. In contrast, an RF-only voltage is applied to the
octopole. Ions entering the quadrupole along the z-axis (parallel to the rods) experience forces
in the xy-plane perpendicular to it, which cause oscillatory motion. If the oscillations are too
large, the ions discharge on the rods before reaching the detector. Since the oscillation
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amplitude depends on m/z, only certain ions can pass through at a given time. This permits
selection of ions with particular m/z values or allows one to scan across a range of values by
continuously varying the applied voltages.
In contrast to both quadrupoles, which act as mass filters, the octopole (O1) in the middle
allows all ions to pass through, due to the absence of a direct current voltage. It can be filled
with argon and employed as a collision cell. Instruments with this analyzer setup can be
scanned in different ways, with the most important summarized below:
1. Product ion scan. In this mode, an ion with a chosen m/z ratio is selected by the first
quadrupole. This ion collides with the inert gas atoms inside the central octopole and
fragments. The reaction products are analyzed by the second quadrupole.
2. Precursor scan. The second quadrupole is configured to let only a selected ion pass through,
whereas the first quadrupole is scanned across a broad mass range. All of the ions that
produce the ion with a selected mass are thus detected.
3. Neutral loss scan. In this mode, both quadrupoles are scanned together, with a constant
mass offset ∆m between them. In this case, only ions of mass m that yield fragments with
mass m – ∆m are detected.55

Three-Dimensional Ion Trap
The operation principle of quadrupole ion traps is similar to those of standard quadrupole
analyzers. The trap itself consists of two conical endcap electrodes, with a donut-shaped ring
electrode in between (Scheme 3.1.1.3).

Scheme 3.1.1.3. Schematic representation of the quadrupole ion trap.
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Openings at the center of the endcaps allow ions to pass in and out. A high voltage radio
frequency (RF) potential is applied to the ring (main potential), whereas the endcaps are held
at zero. The oscillating potential forms a substantially quadrupolar field, which can trap ions
of a particular mass range. These ions are derived from an external source, and therefore
possess a certain amount of kinetic energy. In order for them to be captured in the potential
well created by the trap, some of their kinetic energy needs to be dissipated. To achieve this, a
collision gas (most usually He) is introduced into the trap to extract energy from the ion beam
and cause retention of a certain portion of ions entering the trap.
When trapped, the ions undergo periodic motions in radial and axial directions. The axial
oscillations (in the direction of the endcaps) have a certain secular frequency fz, which is a
function of the ion m/z ratio, the RF frequency ν, and the RF amplitude V of the main
potential. To eject the ions, an auxiliary RF potential is applied to the endcaps, and the
amplitude of the main potential V is progressively increased. In doing so, ions with different
m/z values (and hence secular frequencies fz) are brought in resonance with the applied
auxiliary frequency, take up energy and are ejected from the trap towards the detector in the
axial direction. At the end of the scan, the main potential is dropped to zero to remove the
remaining ions from the trap.
For tandem mass spectrometry, a broadband composite of frequencies is applied to the
endcaps, ejecting all of the ions stored by resonance, except for the precursor ion. To induce
fragmentation, it is then brought into resonance by the auxiliary field, whose amplitude (Vexc)
in this case is lower than the one used for ejection. The resonating precursor ion takes up
energy and begins to collide with the He gas, which causes fragmentations. The product ions,
together with the parent ion, are scanned out by resonant excitation as described above. In
comparison to a quadrupole instrument, fragmentations in an ion trap are mass-selective.
Little energy remains in the product ions to result in subsequent fragmentation. Moreover,
these ions do not continue to be excited, because they are not resonated by the auxiliary
frequency.55,66
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3.1.2. Potential and Limitations of ESI-MS
Compared to conventional analysis methods of fluxional species (NMR, UV/Vis and IR
spectroscopy, cryoscopy, X-ray crystallographic analysis), ESI-MS offers significant
advantages. So, ion exact mass, together with its isotope pattern provide unambiguous
stoichiometric information, which can be further supplemented by fragmentation MS/MS
experiments. The possibility of isolating ions of interest also provides a unique possibility to
study the gas-phase reactivities of all ionic species present separately, which, of course, is not
possible in the condensed phase. Moreover, ESI-MS is insensitive towards equilibrium
averaging effects, unlike NMR, thus allowing constituents of complex mixtures to be
identified and characterized. When compared to other MS ionization techniques, ESI imparts
the lowest amount of energy to the generated ions, allowing studies of weak non-covalent
interactions to be carried out. In particular, the formation of triple ions AB2− from contact ion
pairs A+B− and free ions B− in solution has been recently characterized by ESI-MS, 59,60,67
together with ion association in general. 68d
On the downside, just like any other MS technique, only charged species can be detected by
ESI-MS. Moreover, quantitative analysis is not trivial, due to several factors. First, the
detected analyte ions do not stem directly from the sampled solution, but rather from charged
nanodroplets generated in the course of the ESI process.62 Previous studies have shown that
the analyte concentration in these nanodroplets is higher than in the sampled solutions62 and
that their effective temperature may also change, 69 in other words, the composition of
nanodroplets can be different from that of the probed solution. The increased analyte
concentration can, for instance, result in a shift to higher aggregation states, in accord with the
law of mass action. Second, different analytes have different response factors, i.e., tendencies
to evaporate into the gas phase from the nanodroplet surface. These response factors are
correlated with the surface activity of the analyte:56 the one most surface active has a higher
tendency to be ejected into the gas phase and be detected. Another disadvantage of ESI-MS is
the possible formation of neutral molecule adducts with ions. Beneficial in the analysis of
polar non-ionizable species, this ESI artifact can be detrimental to analysis of organometallic
aggregation states, producing ions that do not exist in solution.
Altogether, ESI-MS is a useful tool to probe the qualitative speciation of ions in solution. For
quantitative results, more involved experiments are necessary, together with coupling to
classical analytical methods.
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3.1.3. Experimental Part
Settings used for the TSQ 7000 instrument
Sample solutions (c ≈ 10 – 25 mM) were transferred into a gas-tight syringe and introduced
into the ESI source of the instrument at flow rates of ca. 0.6 – 3.0 mL h–1 by means of a
syringe pump. Particular care was taken to exclude or minimize contact of the organometallic
samples with air. Traces of moisture or oxygen in the inlet system were eliminated by
extensively flushing it with dry THF before adding the organometallic sample. The sample
solution entered the source via a fused silica tube (0.10 mm inner diameter). Stable
electrospray conditions were achieved for ESI voltages of ±3.5 kV with nitrogen as sheath gas
(2.5 bar). The electrospray then passed a heated capillary, which was held at temperatures
from 60 to 150 °C. The potential difference between the capillary and the ion optic lenses was
kept low to avoid strong acceleration of the ions and unwanted fragmentations due to
energetic collisions with gas molecules present in the ESI source region.
For probing the unimolecular gas-phase reactivity, argon (Linde, 99.998%) was used as
collision gas in the octopole (p(Ar) ≈ 0.6 mTorr). The vacuum chamber of the mass
spectrometer was held at T ≈ 343 K, and it is assumed that this temperature also describes the
distribution of the internal energy of the neutral reactants/the collision gas.
Settings used for the HCT instrument
Sample solutions of c = 25 – 100 mM were administered into the ESI source via a syringe
pump at flow rates of 1 – 4 mL h−1. With these settings, hydrolysis and/or oxidation reactions
could be suppressed almost completely, whereas products of such degradation reactions were
observed for samples of lower concentrations administered at lower flow rates. The source of
the HCT ion trap was operated with N2 as sheath gas (0.7 bar backing pressure), an ESI
voltage of ±3 kV, and N2 as drying gas (5 L min−1). The latter was held at 60 °C in order to
minimize thermal decomposition, although higher temperatures did not show such
decomposition reactions for LiCunBu2∙LiCN sample solutions. The thus produced ions then
passed a capillary, a skimmer, and two transfer octopoles before entering the quadrupole ion
trap. Varying the voltage offsets of the capillary exit (Figure 3.1.3.1) and the transfer
octopoles (Figure 3.1.3.2) had significant effects. For higher absolute voltages, the ratio
I(Li2Cu3nBu6−)/I(CunBu2−) strongly decreased because of fragmentation reactions due to
energetic collisions with residual gas, as was proven by deliberate fragmentation of massselected Li2Cu3nBu6− (see Section 4.2). To avoid these unwanted decomposition reactions,
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low absolute voltages (V(capillary exit) = ±20 V, V(skimmer) = ±20 V, V(Oct 1 DC) = ±5 V,
V(Oct 2 DC) = ±1.7 V) were applied consistently.

Figure 3.1.3.1. Ratio of the signal intensities of Li2Cu3nBu6− and CunBu2− produced by ESI of
a 25 mM solution of LiCunBu2·LiCN in THF as a function of the voltage of the capillary exit
(other parameters: V(Oct 1 DC) = –5 V, V(Oct 2 DC) = –1.7 V, trap drive level of 20).

Figure 3.1.3.2. Ratio of the signal intensities of Li2Cu3nBu6− and CunBu2− produced by ESI of
a 25 mM solution of LiCunBu2·LiCN in THF as a function of the voltage of the first transfer
octopole (other parameters: V(capillary exit) = –20 V, V(Oct 2 DC) = –1.7 V, trap drive level
of 20).
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The quadrupole ion trap itself was filled with helium (Air Liquide, 99.999% purity, estimated
pressure p(He) ≈ 2 mTorr) and operated at a trap drive level of 20. This low value was chosen
on purpose to avoid unwanted fragmentation reactions resulting from too high a kinetic
excitation of the trapped ions. At the same time, the trap drive level also affects the relative
efficiency of ion ejection toward the detector and thereby discriminates against either light or
heavy ions (Figure 3.1.3.3). While the constant trap drive level applied in all experiments
ensures the comparability of relative signal intensities for different experiments, it is obvious
that no rigorous quantitation independent of mass discrimination is possible.

Figure 3.1.3.3. Ratio of the signal intensities of CunBu2− and Li2Cu3nBu6− produced by ESI of
a 25 mM solution of LiCunBu2·LiCN in THF as a function of the trap drive level (other
parameters: V(capillary exit) = –20 V, V(Oct 1 DC) = –16 V, V(Oct 2 DC) = –1.7 V).
The ions observed were identified based on their m/z ratios, their isotope patterns (see, e.g.,
Figure 3.1.3.4), and their fragmentation behavior (see Results and Discussion). Typically, m/z
ranges of 50 – 1000 were scanned.
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Figure 3.1.3.4. Comparison of observed (plain) and simulated (dashed) isotope patterns for
Li2Cu3nBu6–.
For gas-phase fragmentation experiments, ions were mass-selected with mass windows of 1 –
2 amu, subjected to excitation voltages of amplitudes Vexc, and allowed to collide with He gas.
Note that the low-mass cut-off of the ion trap prohibits the detection of fragment ions whose
m/z ratio is ≤ 27% of the parent ion.
Comparison of the performance of the TSQ 7000 with the HCT instrument
Preliminary experiments compared the performance of the TSQ 7000 instrument with that of
an HCT quadrupole ion trap. While the latter showed clear differences between solutions of
LiCuR2∙LiCN and LiCuR(CN), R = nBu and Ph (Figures 3.1.3.5 and 3.1.3.6), the former did
not and invariantly produced ions with R/Cu ratios ≤ 1 (Figures 3.1.3.7 and 3.1.3.8).
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Figure 3.1.3.5. Negative-ion mode ESI mass spectrum of a 25 mM solution of
LiCunBu2∙LiCN in THF, measured by the HCT instrument.

Figure 3.1.3.6. Negative-ion mode ESI mass spectrum of a 25 mM solution of LiCunBu(CN)
in THF, measured by the HCT instrument; a = Li2Cu3nBu2(OH)(CN)3–, b =
Li3Cu4nBu3(OH)(CN)4–.
Apparently, the experiments with the TSQ 7000 instrument suffered from the occurrence of
hydrolysis and/or oxidation reactions, which presumably resulted from an imperfect
insulation of the spray from the ambient atmosphere (the predominance of Cu2R2(CN)− and
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the deficiency of ions in higher aggregation states furthermore point to fragmentation during
the ESI process). Therefore, all further experiments employed the HCT ion trap.

Figure 3.1.3.7. Negative-ion mode ESI mass spectrum of a 25 mM solution of
LiCunBu2∙LiCN in THF, measured with the TSQ instrument.

Figure 3.1.3.8. Negative-ion mode ESI mass spectrum of a 25 mM solution of LiCunBu(CN)
in THF, measured with the TSQ instrument, a = Cu(CN)2–, b = CunBu(CN)–, c =
Cu2nBu(CN)2–, d = LiCu2nBu2(CN)2–, e = LiCu3nBu2(CN)3–.
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3.1.4. Analysis of Energy-Dependent Fragmentation Reactions
To investigate whether excitation voltages Vexc of the gas-phase fragmentation reactions could
be converted into absolute energies in a straightforward manner, 70 the dissociation behavior of
a series of benzylpyridinium ions (Scheme 3.1.4.1, Figures 3.1.4.1 and 3.1.4.2 and Table
3.1.4.1) was studied; the activation energies associated with their dissociation had previously
been derived from theoretical calculations. 71

Scheme 3.1.4.1. Collision-induced dissociation of mass-selected benzylpyridinium cations
(R–C6H4–CH2–NC5H5+).
Unlike the case of Zins et al.,70b no satisfactory correlation was found between the obtained
appearance voltages Vappear of the fragment ions (for the definition of Vappear, see Figure
3.1.4.1) and the calculated activation energies AEcalc reported in the literature (Figure
3.1.4.2).70 Hence, a conversion of the Vexc values into absolute energies does not appear
possible for the employed ion trap.

Figure 3.1.4.1. Fragment yield upon collision-induced dissociation of mass-selected p-CH3–
+

C6H4–CH2–NC5H5 as function of Vexc. V1/2 corresponds to Vexc at the turning point of the
sigmoidal fit (50% dissociation of the parent ion). The appearance voltage Vappear is given by
the x-axis intercept of the tangent line at the point of inflection. For further details, see
reference 70b.
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Figure 3.1.4.2. Correlation of experimentally determined appearance voltages Vappear with the
theoretically calculated appearance energies AEcalc of selected benzylpyridinium cations.
Table 3.1.4.1. Experimentally determined appearance voltagesa and calculated appearance
energies70b of selected benzylpyridinium cations [R–C6H4–CH2–NC5H5] +.

a

Substitution

Vappear / V

AEcalc / [kJ·mol–1]

H
o-CH3

0.314 ± 0.006

226

0.277 ± 0.006

209

m-CH3

0.293 ± 0.007

216

p-CH3

0.288 ± 0.006

200

3,5-Dimethyl

0.394 ± 0.006

207

p-F

0.273 ± 0.008

216

p-I

0.275 ± 0.006

198

p-OCH3

0.365 ± 0.006

167

p-CN

0.446 ± 0.01

247

p-CF3

0.342 ± 0.006

249

Error bars estimated from various fits with sigmoid functions that are still in reasonable

agreement with experimental data.
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3.2. Electrical Conductivity Measurements
Electrical conductivity measurements were performed with a SevenMulti instrument (Mettler
Toledo) and a stainless steel electrode cell (InLab741, Mettler Toledo, κcell = 0.1 cm−1)
calibrated against a 0.1 M solution of aqueous KCl at 298 K. Test measurements of solutions
of NaBPh4 in THF showed that the instrument also worked correctly at low temperatures
(Figure 3.2.1). 72

Figure 3.2.1. Comparison of the measured molar conductivity Λexp and calculated molar
conductivity Λcalc of a 80 μM solution of NaBPh4 in THF at temperatures ranging from 203 K
to 298 K.
The Λcalc values were calculated from tabulated limiting molar conductivity values Λ0 and
dissociation constants Kdiss taken from reference 72. Ostwald’s dilution law was used to
model the dissociation/association processes. The slight deviations observed are likely due to
the fact that substance concentrations and not activities were used in the calculations. With
increasing electrolyte concentration, the observed discrepancies become more pronounced, as
is expected.
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3.3. Theoretical Calculations on Tetraalkylcuprates(III)
Theoretical calculations were performed by Dr. Harald Brand54 with the program package
Gaussian 03. 73 All calculations refer to the gas phase, thus making possible a direct
comparison with the gas-phase experiments. Similarly to related previous work,45c,74 a first set
of density functional theory (DFT) calculations employed the B3LYP hybrid functional 75 and
an effective core potential for the Cu atoms (B3LYP/6-31G*/SDD). 76 As discussed in Section
4.3, the resulting activation energies for the fragmentation reactions of the Me3CuR−
complexes appeared to be biased in favor of the homo-coupling channel. For the
fragmentation of Me3CuEt−, exploratory calculations with other methods were therefore
performed, including B3LYP/6-31G* all-electron calculations (Table 3.3.1). 77 With a larger
basis set and the MDF effective core potential, 78 Møller-Plesset perturbation 79 theory (MP2/6311+G*/MDF) exhibited a somewhat improved behavior at affordable costs (Table 3.3.1) and
was used for further calculations on the mononuclear Me3CuR− anions and their unimolecular
reactions.
Table 3.3.1. Energies of the Transition States of the Cross-Coupling and Homo-Coupling
Reactions for Me3CuEt− Calculated with Different Theoretical Methods (Eq 4.3.3.1 and
4.3.3.2).
Theoretical Method

∆actE (Eq 4.3.3.1) [kJ mol−1] ∆actE (Eq 4.3.3.2) [kJ mol−1]

B3LYP/6-31G*/SDD
B3LYP/6-31G*/MDF

148.9

141.4

148.8

141.5

B3LYP/6-31G* (all electron)

185.7

176.7

B3LYP/6-311+G*/MDF

138.9

135.2

MP2/6-31G*/SDD

132.6

127.9

MP2/6-31G*/MDF

132.6

127.9

MP2/6-311+G*/MDF

131.1

131.4

MP2/6-311+G**/MDF

131.6

130.7

MP2/6-311++G**/MDF

132.5

131.3

MP2/cc-pVTZ/MDF

136.9

131.8

MP2/GTMP2Large/MDF

136.0

133.6

MP4D/6-311+G*/MDF

129.7

130.6
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Vibrational analyses were performed to classify stationary points as local minima (zero
imaginary frequencies) or transition states (one imaginary frequency). All energies given are
zero-point corrected. Minimum energy structures were calculated for different coordination
modes (for the triple ions LiMe6Cu2R2−), but not the complete conformational space was
searched. Instead, staggered alkyl chain conformations were used as starting points for the
geometry optimizations. For the case of LiCu2Me8−, not only B3LYP calculations (B3LYP/631G*/SDD), were performed, but other functionals, such as the B3PW91 80 and MPW1PW91
functional, 81 as well as Møller-Plesset perturbation theory were also employed to check the
robustness of the predicted coordination geometry. The C-Li and Cu-Li interactions of the
resulting optimized structures were also characterized by natural bond orbital analyses (Table
3.3.2). 82
Table 3.3.2. Atom-atom overlap-weighted natural atomic orbital (NAO) bond orders of
selected bonds in [LiCu2Me8]– derived from natural bond order (NBO) analyses for various
different theoretical methods.
Li-CMe1

Li-CMe2

Li-CMe3

Li-CMe4

Li-Cu1

Li-Cu2

B3LYP/6-31G* all electron
B3LYP/6-31G*/SDD

0.1169
0.1230

0.1222
0.1188

0.1170
0.1230

0.1221
0.1187

0.0814
0.0639

0.0814
0.0640

B3PW91/6-31G*/SDD

0.1200

0.1143

0.1192

0.1147

0.0647

0.0664

MPW1PW91/6-31G*/SDD

0.1200

0.1183

0.1201

0.1181

0.0615

0.0613

HF/6-31G*/SDD

0.1005

0.0985

0.1011

0.0980

0.0450

0.0453

MP2/6-31G*/SDD

0.1134

0.1128

0.1134

0.1127

0.0676

0.0676

Moreover, for the allyl-containing cuprate ions Me3CuR− and MeCuR− (R = allyl), not only
σ-bound, but also π-bound isomers were considered. The latter were consistently found to be
unstable. The DFT method also predicted the transition structure associated with the reductive
elimination of MeR from Me3CuR− to correspond to a σ-bound complex. In contrast, MP2
calculations did not find an analogous σ-bound transition structure, but only a π-bound
isomer. To compute nonetheless at least an approximate activation energy for the MeR
elimination with this method, a transition structure was considered, with optimized geometry
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except for the distance between the β-C atom and the Cu center, which was held constant at
250 pm, i.e., the distance derived from the DFT calculations.
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Results and Discussion

4.1. Aggregation and Structure of Cyanocuprates
In this chapter, the results of ESI-MS and electrical conductivity studies of cyanocuprates are
presented, followed by a discussion section, where general trends, effect of solvents and
substituents, and other parameters are focused on.
4.1.1. Negative-Ion Mode ESI Mass Spectrometry
LiCuR2·LiCN Solutions in THF. The negative-ion mode ESI mass spectra obtained for
solutions of LiCuR2·LiCN in THF (R = Me, Et, nBu, sBu, tBu, Ph) are almost completely
dominated by organocuprate anions of the homologous series Lin−1CunR2n−, n = 1 – 3, as
illustrated for R = Me (Figure 4.1.1.1). In this case, the di- and trimeric members of the series
are both observed in high relative abundance whereas monomeric CuMe2− is absent. Ions of
smaller signal intensities centered at m/z = 397 (Figure 4.1.1.1 a) and 603 (Figure 4.1.1.1 b)
are assigned to higher aggregates Lin−1CunMe2n−, n = 4 and 6, respectively, in which the
methyl substituents are partially exchanged for hydroxyl groups. Here, hydrolysis reactions
are apparently not suppressed completely.

Figure 4.1.1.1. Negative-ion mode ESI mass spectrum of a 25 mM solution of
LiCuMe2·LiCN in THF, a = Li3Cu4Me8−x(OH)x−, b = Li5Cu6Me12−x(OH)x−, x = 1 – 3.
With the notable exception of the tBu system, all of the other LiCuR2·LiCN solutions also
show the trimeric complex in high relative signal intensity (Table 4.1.1.1). In contrast, the
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dimeric cuprate is considerably less abundant. For R = nBu and, in particular, R = sBu, tBu,
and Ph (Figure 4.1.1.2), the CuR2− monomer is also observed in high signal intensity. This
finding proves that the relative depletion of the dimeric complex does not result from a mass
discrimination effect (see Section 3.1.3) but rather reflects its intrinsically lower tendency of
formation. The absence of any hydroxyl-containing ions, apart from those in Figure 4.1.1.1,
indicates the complete exclusion of hydrolysis reactions.

Figure 4.1.1.2. Negative-ion mode ESI mass spectrum of a 25 mM solution of LiCuPh2·LiCN
in THF.
Table 4.1.1.1. Organocuprate anions observed upon ESI of THF solutions of LiCuR2·LiCN in
high (++) and medium (+) relative abundance.
entry
1

n
Lin−1CunR2n−

R = Me

Et

1

2

2

++

3

3

++

n

Bu

s

Bu

t

Bu

Ph

+

++

++

++

+
++

++

++

++

LiCu(Me)R·LiCN Solutions in THF. Besides homoleptic cuprates, mixed cuprates
LiCu(Me)R·LiCN, prepared by transmetalation of CuCN with a 1:1 mixture of MeLi and
RLi, were also probed. The anions observed all belong to the Lin−1Me2n−xCunRx− homologous
series (Table 4.1.1.2). With the exception of R = tBu, no dimeric but only mono- and trimeric
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complexes exhibit significant abundance. This trend matches the behavior of the homoleptic
Lin−1CunR2n− anions (R ≠ Me), thus indicating that the larger organyl group R and not the
methyl substituent controls the aggregation state of the complexes.
Table 4.1.1.2. Organocuprate anions observed upon ESI of THF solutions of
LiCu(Me)R·LiCN in high (++) and medium (+) relative abundance.
entry
1
2

Lin−1Me2n−xCunRx−

4

Bu

s

Bu

t

Bu

Ph

++

++

++

++

x

1

2

2

3

+

4

+

3
3

R = Et

n

n

1

+

5

2

++

6

3

++

+

+

+

7

4

++

++

+

+

8

5

+

++

+

9

6

+

The apparently different influence of the methyl and the other organyl substituents on the
aggregation state is paralleled by their asymmetric distribution in the detected cuprate anions.
As illustrated for the case of R = nBu, the observed complexes are enriched in the larger
organyl and depleted in the methyl substituent relative to a completely statistical partitioning
(Figure 4.1.1.3). This trend holds for all other detected species except for Li2Me6−xCu3Phx−,
x = 1 – 6, for which the methyl-rich anions predominate.
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Figure 4.1.1.3. Negative-ion mode ESI mass spectrum of a 25 mM solution of
LiCu(Me)nBu·LiCN in THF.
Virtually identical results are obtained when the mixed samples are prepared by combining
two separate solutions of LiCuMe2·LiCN and LiCuR2·LiCN immediately (Δt ≈ 2 min) before
the measurement. This result implies that the exchange and equilibration of the different
organyl groups occurs relatively fast.
LimCuRm(CN) Solutions in THF, m ≤ 1. Anion-mode ESI of solutions of LiCuR(CN) in
THF produces richer mass spectra than found for their LiCuR2·LiCN counterparts, as
illustrated for the case of R = Me (Figure 4.1.1.4). The majority of observed species can be
assigned to the homologous series Lin−1CunMen(CN)n−, n = 2 – 6. Note that the stoichiometry
of these complexes reflects the nominal overall composition of the sampled solution. The only
anion of significant abundance that does not fit into this series corresponds to Li2Cu3Me6−.
This species belongs to the Lin−1CunR2n− series already known from the LiCuR2·LiCN
samples (see above). As will be discussed in Section 4.1.5, species such as LiCuR2 might
possibly form from LiCuR(CN) in Schlenk-type equilibria (along with LiCu(CN)2).
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Figure 4.1.1.4. Negative-ion mode ESI mass spectrum of a 25 mM solution of LiCuMe(CN)
in THF, a = Li2Cu3Me6−, b = Li2Cu3Me3(CN)3−.
For all of the other LiCuR(CN) solutions, members of the Lin−1CunRn(CN)n− series are
detected upon negative-ion mode ESI mass spectrometric analysis (Table 4.1.1.3 and Figure
4.1.1.5). In no case is the monomer CuR(CN)− observed, while the relative abundances of the
higher aggregates depend on the organyl groups R. In addition, the mass spectra again show
the presence of anions of the Lin−1CunR2n− series. The remaining species of significant
intensity correspond to Cu2Et2(CN)− and Lin−1CunRn−1(OH)(CN)n−, with R = nBu and sBu and
n = 3 and 4. Being particularly prominent in the case of R = sBu (Figure 4.1.1.5), the
Lin−1CunRn−1(OH)(CN)n− complexes stand out from the other cuprate anions in that they
contain incorporated hydroxyl ligands. These species were consistently observed in
significant abundance for different batches of RLi reagents used in the preparation of the
sample solutions. To obtain a definitive proof of identity, isotopic labeling was used in
additional experiments on solutions of Li0.8CuR0.8(13CN), R = nBu and sBu, in THF. Negativeion mode ESI mass-spectrometric analysis showed the presence of ions at m/z = 415/417/419
and 569/571/573, respectively. In comparison to the corresponding unlabeled ions, the labeled
ions are shifted by ∆m = 3 and 4, respectively. This means that the complexes in question
must contain 3 and 4 cyanide moieties, in accord with their proposed identities as
Li2Cu3R2(OH)(CN)3− and Li3Cu4R3(OH)(CN)4−.
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Table 4.1.1.3. Organocuprate anions observed upon ESI of THF solutions of LiCuR(CN) in
high (++) and medium (+) relative abundance.
entry

n

n

R = Me

Et

2

++

++

+

2

3

+

+

+

3

4

++

+

4

5

+

1

Lin−1CunRn(CN)n−

5

Cu2R2(CN)−

6

Lin−1CunR2n−

8

3

10

Bu

t

Bu

+

Ph
++

+

+

+

1
2

Lin−1CunRn−1(OH)(CN)n−

s

+

7

9

Bu

+

++

+

+
+

+

++

++

3

+

+

4

+

++

Figure 4.1.1.5. Negative-ion mode ESI mass spectrum of a 25 mM solution of LiCusBu(CN)
in THF, a = LiCu2sBu2(CN)2−.
To rationalize the formation of hydroxyl-containing ions seen in the spectra of LiCuR(CN),
R = nBu, sBu, the possibility that the latter can result from unwanted gas-phase reactions of
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Li2Cu3R3(CN)3− and Li3Cu4R4(CN)4− with water, Eq (4.1.1.1) and (4.1.1.2), respectively, was
considered.
Li2Cu3R3(CN)3− + H2O

→

Li2Cu3R2(OH)(CN)3− + RH

(4.1.1.1)

Li3Cu4R4(CN)4− + H2O

→

Li3Cu4R3(OH)(CN)4− + RH

(4.1.1.2)

Alternatively, hydrolysis might arise from residual traces of moisture/air in the inlet system.
However, the brief exposure of a solution of LiCusBu2·LiCN to air only led to the detection of
Cu2sBu2(CN)−, Cu3sBu2(CN)2−, and Cu4sBu2(CN)3−, thus indicating the occurrence of reaction
but not incorporation of OH– into the cuprate aggregates. It was therefore concluded that the
hydrolysis is taking place inside the ion trap. This phenomenon is systematically investigated
in Section 4.2.2.
Experiments on THF solutions of LinCuRn(CN), n = 0.5 and 0.8 revealed that members of the
Lin−1CunRn(CN)n− series and the hydroxyl-containing species Lin−1CunRn−1(OH)(CN)n− (R =
n

Bu and sBu) remain virtually unaffected. In contrast, the cyanide-free Lin−1CunR2n− anions are

reduced in signal intensity with decreasing RLi/CuCN ratios, but in some cases remain visible
for n = 0.8 and 0.5. Complexes showing the opposite behavior and increasing in relative
abundance are Cu2R2(CN)− (observed for R = Me, Et, nBu, sBu, tBu), LiCu3R3(CN)2− (R =
n

Bu and sBu), and Li2Cu5R5(CN)3− (R = nBu and sBu). These species have in common R/CN

ratios > 1. In no case, complexes with R/CN ratios < 1 are detected. As detailed in Section
6.2.2, samples of a nominal composition of Li0.8CuR0.8(CN) contain LiCuR(CN) in the
solution phase because the excess CuCN does not dissolve. In line with this assessment,
solutions of LimCuRm(CN) in THF, m = 0.5, 0.8, and 1.0, yield very similar ESI mass spectra.
LiCuR2·LiCN Solutions in Et2O, MeTHF, CPME, and MTBE. The negative ion mode ESI
mass spectra of solutions of LiCuR2·LiCN in Et2O are, just as in the case of THF solutions,
dominated by complexes of the homologous series Lin−1CunR2n−, n = 1 – 3 (Figure 4.1.1.6).
Interestingly, however, the distributions obtained for the Et2O solutions are systematically
shifted to higher aggregation states compared to their THF counterparts (Table 4.1.1.4). Also
note that the absolute ESI signal intensities are considerably lower in the case of the Et2O
solutions. For R = tBu, the effect of other ethereal solvents was also probed, and Lin−1CunR2n−
anions, n = 1 and 2, were again found. While the fraction of the dimeric complex LiCu2R4− is
relatively small for MeTHF (2-methyltetrahydrofuran) solutions, this ion apparently prevails
in CPME (cyclopentyl methyl ether) and MTBE (methyl tert-butyl ether).
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Figure 4.1.1.6. Negative-ion mode ESI mass spectra of 25 mM solutions of LiCutBu2·LiCN
in THF (front) and Et2O (back). The ion a (m/z 605/607/609) corresponds to
Li3Cu4tBu4(CN)4−, which presumably results from partial hydrolysis.
Table 4.1.1.4. Organocuprate anions observed upon ESI of Et2O solutions of LiCuR2·LiCN in
high [++], medium [+], and low/negligible [−] relative abundance. For comparison, the
relative abundances measured for the analogous solutions in THF are given in brackets.
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Li0.8CuR0.8(CN) Solutions in Et2O, MeTHF, CPME, and MTBE. Negative ion mode ESI
of solutions of Li0.8CuR0.8(CN) in Et2O affords a multitude of different organocuprate anions
(Figure 4.1.1.7), most of which are already known from analysis of the corresponding THF
solutions.
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Figure 4.1.1.7. Negative-ion mode ESI mass spectrum of a 25 mM solution of
Li0.8CutBu0.8(CN) in Et2O, a = Cu2tBu2(CN)–, b = Li3Cu4tBu2(OH)2(CN)4–.
A first set of ions belongs to the homologous series Lin−1CunRn(CN)n−. Ions of this series or
the corresponding partially hydrolyzed species Lin−1CunRn−1(OH)(CN)n− are observed in all
cases (Table 4.1.1.5, the partial hydrolysis occurs in ion-molecule reactions with background
water present in the ion trap, see Section 4.2.2.). Compared to the situation in THF, the
change to Et2O as solvent does not seem to result in a clear shift in the aggregation states. A
second set of prominent ions comprises Lin−1CunR2n− complexes, which do not show the
expected stoichiometry but instead are typical of LiCuR2·LiCN solutions (see above). The
remaining anions observed for solutions of Li0.8CuR0.8(CN) in Et2O exhibit intermediate
stoichiometries and are of limited abundance only. For Li0.8CutBu0.8(CN) in MeTHF, CPME,
and MTBE, Lin−1CunRn(CN)n− and Lin−1CunR2n− complexes are also observed as the
predominating anions.
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Table 4.1.1.5. Organocuprate anions observed upon ESI of Et2O solutions of Li0.8CuR0.8(CN)
in high [++], medium [+], and low/negligible [−] relative abundance. For comparison, the
relative abundances measured for the analogous solutions in THF are given in brackets.
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4.1.2. Positive-Ion Mode ESI Mass Spectrometry.
Cyanocuprate Solutions in THF. Positive-ion mode ESI of solutions of LiCuR2·LiCN in
THF mainly produces Li2(CN)(THF)n+, n = 2 and 3, as well as smaller amounts of Li(THF)n+,
n = 2 and 3, and Li3(CN)2(THF)2+ (see Figure 4.1.2.1 for the case of LiCuMe2·LiCN).

Figure 4.1.2.1. Positive-ion mode ESI mass spectrum of a 25 mM solution of LiCuMe2·LiCN
in THF, a = Li3(CN)2(THF)2+.
In stark contrast, solutions of LimCuRm(CN), m ≤ 1, do not yield any Li2(CN)(THF)n+ (see
Figure 4.1.2.2 for the case of Li0.8CuMe0.8(CN)). Instead, their mass spectra are dominated by
Li(THF)n+, n = 2 and 3, and also show Li2CuR(CN)(THF)2+ ions in small signal intensities.

Figure 4.1.2.2. Positive-ion mode ESI mass spectrum of 25 mM Li0.8CuMe0.8(CN) in THF.
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Cyanocuprate Solutions in Et2O, MeTHF, CPME, and MTBE. Turning to the positive-ion
mode ESI mass spectra of solutions of LiCuR2·LiCN in Et2O, Li(Et2O)2+ and Li2(CN)(Et2O)2+
are observed as main species (Figure 4.1.2.3). With the exception of R = Et, Li2(CN)(Et2O)2+
predominates in all cases, thus resembling the situation in THF. For the latter solvent,
however, the complexes Li(THF)3+ and Li2(CN)(THF)3+ were also detected, whereas ions
with n = 3 solvent molecules attached are largely missing in the mass spectra recorded for
Et2O solutions. For solutions of LiCuPh2·LiCN in Et2O, incorporation of nBu2O in the ions
Li2(CN)(Et2O)2−n(nBu2O)n+, n = 1 and 2 is detected, although the fraction of nBu2O in solution
(stemming from the preparation of the reagent, see Section 6.2.1) is lower than that of Et2O
by a factor of 60. While none of these cations contains a Cu center, small amounts of
Li2CuR2(Et2O)2+ are found for R = Me. The ESI mass spectra measured for solutions of
LiCutBu2·LiCN in MeTHF, CPME, and MTBE are similar to those obtained for Et2O and
THF solutions in that Li(solv)n+ and Li2(CN)(solv)n+ are the predominant cations observed.

Figure 4.1.2.3. Positive-ion mode ESI mass spectrum of a 25 mM solution of LiCutBu2·LiCN
in Et2O.
The positive ion mode ESI mass spectra obtained for solutions of Li0.8CuR0.8(CN) in Et2O in
all cases show Li(Et2O)2+ as the main peak (Figure 4.1.2.4). Very similarly, the corresponding
THF solutions also afforded solvated Li+ ions as the predominant species. Less abundant
cations observed for the Et2O solutions are Li2(CN)(Et2O)2+ and Li2CuR(CN)(Et2O)2+.
Solutions of Li0.8CutBu0.8(CN) in MeTHF also yield Li(solv)n+ ions as main species (n = 2 and
3), whereas Li2(CN)(solv)2+ prevails for CPME and MTBE.
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Figure 4.1.2.4. Positive-ion mode ESI mass spectrum of a 25 mM solution of
Li0.8CutBu0.8(CN) in Et2O.
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4.1.3. Electrical Conductivity Measurements
LiCuR2·LiCN Solutions. Solutions of LiCuR2·LiCN in THF display significant electrical
conductivities (Table 4.1.3.1). The determined molar conductivities show a clear dependence
on the nature of the R substituent: Λ(LiCutBu2·LiCN) > Λ(LiCunBu2·LiCN) >

Λ(LiCuPh2·LiCN). The conductivities of LiCuR2·LiCN in Et2O are much smaller, but exhibit
a very similar trend.
Table 4.1.3.1. Molar electrical conductivities determined for solutions of LiCuR2·LiCN(c =
91±4 mM) and LiCuR(CN) (c = 97±2 mM) in THF and Et2O at 258 K (activity coefficients
are neglected).
R

Molar conductivity

Molar conductivity

Λ(LiCuR2·LiCN)/(S cm2 mol−1)

Λ(LiCuR(CN))/(S cm2 mol−1)

THF
n
t

Et2O

THF

Et2O

Bu

13

±1

1.00 ± 0.02

0.3 ± 0.1

0.008 ± 0.005

Bu

19

±1

6.2 ± 0.1

4.0 ± 0.5

0.7

0.20 ± 0.05

0.42 ± 0.04

0.20 ± 0.05

Ph

8.2 ± 0.3

± 0.1

For LiCuPh2·LiCN in THF, the concentration and temperature dependence was also
investigated. At lower concentrations, the molar conductivity increases (Figure 4.1.3.1). A
rise in temperature also increases the conductivity (Figure 4.1.3.2). This behavior is expected,
because higher temperatures lower the viscosity of the solvent, thus resulting in enhanced ion
mobilities. Taking into account Walden’s rule, which assumes that the product of the molar
conductivity Λ of a given electrolyte and the viscosity of the solvent η is constant, 83 a fit of
the measured conductivities on the basis of the known temperature dependence of η(THF)
was attempted.72 The result is reasonably good (Figure 4.1.3.2), suggesting that the observed
temperature dependence of the molar conductivity indeed can be rationalized by the change in
the viscosity of the solvent.
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Figure 4.1.3.1. Concentration dependence of the molar conductivity of LiCuPh2·LiCN in
THF at T = 258 K.

Figure 4.1.3.2. Molar electrical conductivity of a solution of LiCuPh2·LiCN in THF
(c = 98 mM, activity coefficients are neglected) as a function of temperature. The open
symbols represent data points collected during a single conductivity measurement, in which
the temperature was raised continuously from 233 K to 298 K in 5 K increments. The filled
symbols represent data points collected independently for different samples at fixed
temperatures. The line corresponds to a fit that only takes into account the effect of the
temperature dependence of the solvent viscosity.
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LiCuR(CN) Solutions. The molar conductivities of solutions of LiCuR(CN) in THF are
significantly smaller than those of the corresponding LiCuR2·LiCN solutions (Table 4.1.3.1).
Again, a strong dependence on the nature of the R substituent is noticeable: Λ(LiCutBu(CN))
>> Λ(LiCuPh(CN)) > Λ(LiCunBu(CN)). The conductivities in Et2O are even lower (also
lower than the conductivities measured for Et2O solutions of LiCuR2·LiCN), but show a
similar trend. For LiCuPh(CN) in THF, the temperature dependence is reproduced by a
simple fit that only considers the effect of the changed solvent viscosity, like in the case of
LiCuPh2·LiCN.
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4.1.4. General Trends
The results show that ESI mass spectrometry permits the detection of a wide range of nonstabilized organocuprate anions. The successful observation of these highly air- and moisturesensitive species requires careful sample handling to exclude oxidation and hydrolysis
reactions. Possibly, these problems also prevented Lipshutz and coworkers from the
observation of intact methyl- and n-butylcuprate anions.37b
In the absence of oxidation and hydrolysis reactions, the detected organocuprates show a clear
dependence on the stoichiometry of the applied reagents. For sample solutions containing
CuCN/2 RLi, only cyanide-free anions of the type Lin−1CunR2n− are observed. This finding
completely agrees with the current consensus that diorganocuprates do not form higher-order
complexes to a measurable extent (see Section 2.2).19-21 Sample solutions prepared from
CuCN/RLi display a greater manifold of cuprate anions, with Lin−1CunRn(CN)n− complexes
being most prominent. The stoichiometry of these species reflects the nominal overall
composition of the solution. Furthermore, the incorporation of cyanide in these complexes is
in line with the well-known coordination of CN− to Cu centers in LiCuR(CN) reagents.21 This
accordance with results from the literature gives confidence that the organocuprate anions
observed by ESI mass spectrometry indeed are closely related to the solution chemistry of
these species.
For LiCuR2·LiCN solutions, the predominance of cyanide-free Lin−1CunR2n− anions is exactly
mirrored by the prevalence of the cyanide-containing Li2(CN)(solv)n+ cations. Just the
opposite behavior is found for LiCuR(CN) solutions. Here, the cyanide is preferentially
incorporated into the anions, whereas simple Li(solv)n+ complexes predominate for the
cations. ESI mass spectrometry thus affords a consistent picture of the partitioning of CN−
ions in cyanocuprates. Note that the present findings seem to disagree with the conclusion of
Gschwind, Boche, and coworkers, that the most important solvent separated ion pair in
solutions of LiCuR2·LiCN in THF corresponds to Li(THF)n+/CuR2− (3, Scheme 2.2.1).20,29a,b
In contrast, the observed Li2(CN)(THF)n+ cations are closely related to the cationic
component of the contact ion pair 2.31-34 Possibly, temperature effects may again complicate
the situation and make a direct comparison with the conclusions of Gschwind, Boche, and
coworkers difficult (see above).
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4.1.5. Equilibria Operative
The detection of Lin−1CunR2n− anions in LiCuR2·LiCN solutions is rationalized by the
operation of association/dissociation equilibria, as depicted in Scheme 4.1.5.1. The proposed
scenario essentially corresponds to the equilibrium already suggested by Gschwind and
collaborators,20a,29,30 but in addition also accounts for the formation of higher ionic aggregates.
While ESI mass spectrometry cannot detect the neutral homodimers Li2Cu2R4, the presence of
these species in ethereal solutions of LiCuR2·LiCN has been proven by NMR spectroscopy,
X-ray scattering, and ebullioscopic methods.20a,29,30,84

Scheme 4.1.5.1. Association/dissociation equilibria proposed to be operative in ethereal
solutions of LiCuR2·LiCN. The highlighted species have been observed by ESI mass
spectrometry.
The inferred composition of the Li2Cu3R6− complexes from Li2Cu2R4 and CuR2− subunits is
also of interest with respect to the observed fast equilibration of LiCuMe2·LiCN and
LiCuR2·LiCN reagents. 85 One obvious exchange process supposedly corresponds to the
recombination of subunits with different organyl groups. However, such recombination
processes only exchange even numbers of Me for R groups and thus cannot explain the more
extensive equilibration found in the experiments (Table 4.1.1.2). Most likely, the exchange
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processes therefore also involve the organyl groups within the Li2Cu2R4 and CuR2− subunits.
As detailed above, the resulting distribution of R and Me groups in the mixed cuprates is
asymmetric. The observation of R-enriched anions is ascribed to their reduced affinity toward
ion pairing compared to their methyl-rich analogs; this trend parallels the decreased tendency
of cuprates with large R groups to form higher aggregates (see above). The notable exception
found in the case of R = Ph, for which the Li2Cu3Me6−xPhx− ions are depleted in Ph, probably
results from the stabilization of the phenyl-enriched contact ion pairs by π-binding of the Ph
groups with Li+ cations. Such π-binding interactions have been reported for related lithium
arylcuprates. 86
For LiCuR(CN) solutions, the situation is less clear because the aggregation state of the
neutral, undissociated component [LiCuR(CN)] is not known precisely. Nonetheless, the
experimental findings point to the operation of association/dissociation equilibria, such as Eq
(4.1.5.1).
n [LiCuR(CN)]

Li+(solv) + Lin−1CunRn(CN)n−

(4.1.5.1.)

Compared to the cyanide-free Lin−1CunR2n− anions, the Lin−1CunRn(CN)n− complexes show
significantly higher aggregation states (Table 4.1.1.3). This deviating behavior is assigned to
the presence of CN− ions, which can more easily adopt bridging binding sites. Reported
crystal structures of monoorganocuprates indeed show that CN− ions connect Cu centers and
Li+ cations.21 The incorporation of CN− in the cuprate anions also explains why simple,
cyanide-free Li+(solv) cations prevail for LiCuR(CN), in contrast to the case of
LiCuR2·LiCN. Association of Li+ with neutral [LiCuR(CN)] rationalizes the formation of
Li2CuR(CN)+(solv) cations, Eq (4.1.5.2).
Li+(solv) + [LiCuR(CN)]

Li2CuR(CN)+(solv)

(4.1.5.2.)

Fundamental structural differences between Lin−1CunR2n− and Lin−1CunRn(CN)n− complexes
are also evident from their coexistence in solution. The low abundance of mixing products
Lin−1CunRn+x(CN)n−x− is particularly striking in light of the fast exchange observed between
LiCuMe2·LiCN and LiCuR2·LiCN reagents. This finding strongly implies that the organyl
and cyanide substituents in the Lin−1CunRn(CN)n− anions adopt non-equivalent binding sites.
The presence of Lin−1CunR2n− complexes in solutions of LiCuR(CN) can possibly be
accounted for by Schlenk-type equilibria according to Eq (4.1.5.3). The absence of
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Lin−1Cun(CN)2n− anions in the recorded ESI mass spectra might result from their higher
tendency to form contact ion pairs with Li+ relative to their Lin−1CunR2n− counterparts.
2 LiCuR(CN)

LiCuR2 + LiCu(CN)2

(4.1.5.3.)

This increased amount of ion pairing for cyanide-rich species is also in line with lower
electrical conductivities measured for solutions of LiCuR(CN), as compared to LiCuR2·LiCN.
Also note that the higher dissociation tendency of the latter helps to rationalize why already
small amounts of this species present in solutions of LiCuR(CN) can result in appreciable
concentrations of Lin−1CunR2n− anions and their detection by ESI mass spectrometry. As
discussed previously, the lower dissociation tendencies of the LiCuR(CN) reagents
presumably result from the incorporation of the cyanide in the cuprate species. CN− not only
can bridge different Cu centers but, owing to its ambident nature, at the same time also bind
to a Li+ cation with high affinity, thus causing the build-up of larger aggregates.
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4.1.6. Effect of the Solvent
The ESI mass-spectrometric experiments show that the transition from THF to Et2O or other
ethereal solvents does not lead to the formation of new ionic species in significant quantities.
Instead, it results in a shift in the association/dissociation equilibria for the LiCuR2·LiCN
reagents. It is first analyzed whether the observed shift reflects the situation in solution or
whether it might mirror different behavior during the ESI process. THF and Et2O not only
differ in their polarity but also in their boiling point (Table 4.1.6.1). While the higher polarity
of THF is likely to favor dissociation in solution, the lower boiling point of Et2O should
facilitate desolvation during the ESI process and thus could also explain the higher propensity
to association observed for this solvent. However, the results obtained for LiCutBu2·LiCN in
MeTHF, CPME, and MTBE clearly show that the solvent polarity is the decisive factor
(Table 4.1.6.1).
It is obvious that the Lewis-basic ethereal solvents do not interact with both cations and
anions in a similar way, but that they bind to the Lin(CN)n−1+ cations, n = 1 and 2, much more
strongly than to the cuprate anions. As a consequence, no micro-solvated cuprate anions are
detected by ESI mass spectrometry, whereas exclusively Lin(CN)n−1(solv)x+ cations, x = 2 and
3, are found. Note that the number of bound solvent molecules observed for the gaseous ions
presumably does not correspond to the first solvation shell in solution but rather reflects the
relative interactions energies (too weakly bound molecules will be lost upon energetic
collisions during the ESI process). The higher number of Li+-bound THF and MeTHF
molecules (x ≥ 2) correlates very well with the higher macroscopic polarity of these solvents
and their effect of shifting the equilibria toward dissociated ions.
Table 4.1.6.1. Properties of ethereal solvents sampled and aggregation tendencies of
Lin−1CuntBu2n− anions in these solvents as determined by ESI mass spectrometry of solutions
of LiCutBu2·LiCN.
Solvent

Relative permittivity ε (298 K)

Boiling point (K)

I(LiCu2tBu4−) / I(CutBu2−)

THF

7.42a

338a

<1

a

b

<1
>1
>1
>1

MeTHF
CPME
Et2O
MTBE
a

Ref.87 bRef.88
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4.76b
4.24a
2.60b

353
379b
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The conductivity data provide independent and unambiguous evidence that THF favors the
dissociation of LiCuR2·LiCN in comparison to Et2O. For the LiCuR(CN) reagents, the trend
is much weaker. In line with this observation, the ESI mass spectra measured for solutions of
LiCuR(CN) in THF on the one hand and Et2O on the other do not display notable differences.
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4.1.7. Effect of the Organyl Substituent
While all of the LiCuR2·LiCN reagents sampled, as well as their LiCuR(CN) counterparts,
behave quite similarly, some differences are discernible. As the conductivity measurements
clearly show, the tBu substituent favors dissociation and the formation of solvent-separated
ion pairs more than the nBu and Ph groups. In full accordance with this observation, ESI mass
spectrometry finds tBu to be the only substituent for which the aggregation state of the
Lin−1CunR2n− anions is limited to n ≤ 2. The lower aggregation tendency of the tBu-containing
cuprates is ascribed to the higher steric demands of this substituent, which apparently prevents
the association of > 2 CutBu2− monomers. The conductivity data moreover suggest that the
n

Bu-bearing homoleptic cuprates give somewhat higher fractions of dissociated ions than their

Ph-containing analogs. This finding seems to be at odds with the ESI mass-spectrometric
results, which point to a slightly higher aggregation tendency for the nBu-bearing cuprates.
This discrepancy may possibly arise from the different temperatures in both experiments
(258 K for the conductivity measurements and approx. 298 K for the ESI mass-spectrometric
studies). However, it could also be the case that the deviating behavior observed by ESI mass
spectrometry is due to a (though rather small) perturbation of the system caused by the very
ESI process.
The recorded molar conductivities Λ also comprise information on the absolute fractions of
dissociated ions. For calculating the degree of dissociation α according to Eq (4.1.7.1), the
limiting molar conductivity Λ0 must be known.

α = Λ /Λ 0

(4.1.7.1.)

Although Λ0 could be derived by the extrapolation of experimental data to c = 0, the very
steep slope and the increased susceptibility to inevitable hydrolysis reactions at lowest
concentrations render such an approach unreliable. For a rough estimation, the limiting molar
conductivities of the lithium cuprates are instead approximated by known values of other
electrolytes in THF. At 298 K, the limiting molar conductivities of many diverse 1:1
electrolytes in THF all fall into the range of 75 < Λ0(298 K) < 135 S cm2 mol−1, 89 which
converts into Λ0(258 K) = 65 ± 20 S cm2 mol−1 on the basis of Walden’s rule.83 If,
simplistically, this value is applied to the lithium cuprates, effective degrees of dissociation of
0.09 ≤ α(THF) ≤ 0.44 and 0.002 ≤ α(Et2O) ≤ 0.14 are obtained for solutions of LiCuR2·LiCN
at concentrations of c ≈ 100 mM at 258 K. 90 These estimates indicate that even in the more
polar THF the lithium cuprates are far from being completely dissociated. This assessment is
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also consistent with the ESI mass-spectrometric experiments, which show abundant
Lin−1CunR2n− aggregates in all cases examined.
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4.1.8. Effect of the Temperature
From the temperature dependence of the 1H,6Li HOESY coupling observed for solutions of
LiCu(CH2SiMe3)2 in THF, John et al. concluded that the association/dissociation equilibrium
of this reagent is strongly affected by temperature.29b According to the authors, the formation
of the solvent-separated ion pairs is enthalpically favored but entropically disfavored because
the enhanced solvation of the free Li+ cations results in the loss of degrees of freedom.29b For
the LiCuPh2·LiCN/THF system, the present measurements show only a modest increase of
the conductivity as a function of temperature. The observed increase can be fully explained by
the effect of the reduced viscosity and thus excludes a pronounced temperature effect on the
association/dissociation equilibrium. This result does not directly disagree with the
conclusions of John et al., because the cuprate reagents probed in both studies are different.
4.1.9. Comparison of Analytical Methods
Beyond providing insight specific to the lithium cuprate reagents examined, this investigation
also permits a comparison of different experimental methods used for the analysis of ionic
species in solution. NMR spectroscopy, electrical conductivity measurements, and ESI mass
spectrometry all agree that the association/dissociation equilibria of lithium cyanocuprates are
largely governed by the nature of the solvent and, in particular, its Li+ affinity. While NMR
spectroscopy and conductometry constitute well-established techniques and thus are expected
to give the same results, the consistency of the ESI mass-spectrometric findings deserves
some further comments. As mentioned in Section 3.1.1, the mass-spectrometrically detectable
ions do not originate directly from the sampled solution but from the intermediately formed
nanodroplets. The good agreement between the results obtained by ESI mass spectrometry
and by conventional analytical methods indicates that the relative position of the
association/dissociation equilibria is largely preserved in the nanodroplets. Note that the ESI
mass-spectrometric experiments are sensitive to the nature of the solvent even if the observed
ions do not contain any solvent molecules, as the example of the Lin−1CunR2n− complexes
demonstrates. The observed solvent-dependent shift in the aggregation state of these ions
rationalizes at the microscopic level what the conductivity measurements find
macroscopically. The consistency between the ESI mass-spectrometric and conductometric
results is not limited to the effect of the solvent but also extends to the observation of a
particularly high dissociation tendency of the LiCutBu2·LiCN reagent. In contrast, a
comparison of the data for LiCunBu2·LiCN and LiCuPh2·LiCN possibly points to some
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smaller deviations between the two methods and thus seems to suggest that their overall
agreement is not absolutely perfect. Nevertheless, the present results demonstrate the
suitability of ESI mass spectrometry to probe the speciation of cuprate ions in solution and to
provide qualitatively correct insight on their association/dissociation behavior. This
assessment is in line with the conclusions of several other recent studies that investigated the
performance of ESI mass spectrometry.59,67
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4.2. Gas-Phase Reactivity of Cyanocuprates
4.2.1. Gas-Phase Fragmentation Reactions
For all ions detected in sufficient signal intensity, the gas-phase fragmentation behavior was
studied (Table 4.2.1.1). Because of the considerable amount of data obtained, only
fragmentation channels for the most prominent ions are discussed here.
Table 4.2.1.1. Gas-phase fragmentation reactions of mass-selected organocuprate anions
occurring with high (++) and medium (+) branching ratios, pathways not detected are denoted
by empty spaces. Reactions not observable because of the absence or insufficient abundance
of the parent ions are denoted n.a.
entry

n

Bu

s

Bu

t

++

++

++

++

+

n.a.

n.a.

n.a.

++

++

LiR

++

n.a.

n.a.

n.a.

Li2Cu2R4

++

++

++

++

n.a.

++

Li2CuR3

++

ionic

neutral

ion

fragment

fragment

1

CuR2−

HCuR−

(R−H)

2a

LiCu2R4−

CuR2−

LiCuR2

b
3a

Cu2R3
Li2Cu3R6−

b
4a

LiCu2R2(CN)2−

−

LiHCu2R(CN)2−
LiCuR(CN)2

c
5a

−

CuR2−
Cu2R3

b

Cu2R2(CN)
Li2Cu3R3(CN)3−

−

−

Cu2R2(CN)−
−

R=

Me

(R−H)

+
++

++

Bu

n.a.
++

++

CuR

++

LiCN

+

Li2CuR(CN)2

++

++

++

n.a.

++

+

+

+

n.a.

+

n.a.

+

b

LiCu2R2(CN)2

LiCuR(CN)

c

Li2Cu2R2(CN)3−

CuR

Ph

++
++

6

Li3Cu4R4(CN)4−

LiCu2R2(CN)2−

Li2Cu2R2(CN)2

++

n.a.

++

n.a.

++

n.a.

7a

Li2Cu3R2(OH)(CN)3−

Cu2R(CN)2−

Li2CuR(OH)(CN)

n.a.

n.a.

++

++

n.a.

n.a.

Li2Cu(OH)(CN)2

n.a.

n.a.

+

+

n.a.

n.a.

8
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Et

parent

−

b

Cu2R2(CN)

c

Cu3R2(CN)2−

Li2(OH)(CN)

n.a.

n.a.

+

+

n.a.

n.a.

LiCu2R2(CN)2−

Li2Cu2R(OH)(CN)2

n.a.

n.a.

++

++

n.a.

n.a.

Li3Cu4R3(OH)(CN)4−
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Lin−1CunR2n− Anions.
Mononuclear cuprates of the Lin−1CunR2n− homologous series undergo β-hydrogen
eliminations if possible, i.e., if a β-H atom is available (Table 4.2.1.1, entry 1, and Figure
4.2.1.1).

Figure 4.2.1.1. Mass spectrum of mass-selected CunBu2– (m/z = 177) and its fragment ions
produced upon collision-induced dissociation (Vexc = 0.25 V).
This fragmentation channel becomes less important for the higher homologues, which instead
preferentially break apart into fragments of reduced nuclearity. So, trimeric Li2Cu3R6– species
lose Li2Cu2R4, liberating CuR2– as ionic fragment (Table 4.2.1.1, entry 3a, and Figure
4.2.1.2). While the neutral fragments are not directly observable and might undergo further
dissociations at higher collision energies, the energetically most favorable pathways should
correspond to the formation of intact Li2Cu2R4.
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Figure 4.2.1.2. Mass spectrum of mass-selected Li2Cu3nBu6– (m/z = 545) and its fragment
ions produced upon collision-induced dissociation (Vexc = 0.23 V).
Interestingly, the neutral fragments have exactly the same composition as the contact ion pairs
1 (Scheme 2.2.1), which have been proposed as important constituents of cyanocuprates in
ethereal solution.20,29 The anionic components of the corresponding solvent separated ion
pairs 3 in turn are identical with the CuR2− fragments. This provides additional evidence for
the depiction of the observed Li2Cu3R6− complexes as adducts of the contact ion pair 1 with
one further CuR2− anion. In contrast, no indication of polynuclear anions containing the
alternatively proposed contact ion pair 2 is found.31-34
Decomposition reactions analogous to entries 2 and/or 3 of Table 4.2.1.1 are also observed for
the mixed cuprates Lin−1Me2n−xCunRx−. Here, a common feature is the relative depletion of the
methyl substituents in the ionic fragments and their corresponding enrichment in the neutral
ones (Figure 4.2.1.3).
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Figure 4.2.1.3. Mass spectrum of mass-selected Li2Me3Cu3nBu3– (m/z = 419) and its fragment
ions produced upon collision-induced dissociation (Vexc = 0.16 V), a = MeCunBu–.
The neutral fragments lost in most cases contain at least one Cu atom, however, a release of
MeLi occurs for LiCu2Me4− (Figure 4.2.1.4). The apparent favorability of this fragmentation
channel might suggest that lithium methylcuprates could be capable of releasing MeLi in
solution as well. Indeed, solutions of LiCuMe2 in a mixture of THF and Et2O have been
shown to yield a positive Gilman test, which is considered indicative of the presence of free
RLi species. 91

Figure 4.2.1.4. Mass spectrum of mass-selected LiCu2Me4– (m/z = 193) and its fragment ions
produced upon collision-induced dissociation (Vexc = 0.30 V).
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This simple comparison shows how the higher complexity of the polynuclear cuprates opens
up additional reaction channels; a similar situation is found for the bimolecular reactivity of
lithium organocuprates (Section 4.2.2.).
Lin−1CunRn(CN)n− Anions.
Members of the Lin−1CunRn(CN)n− series show trends similar to those of Lin−1CunR2n− anions
in that β-hydrogen eliminations dominate for the species of lower nuclearity (Table 4.2.1.1,
entry 4a, and Figure 4.2.1.5).

Figure 4.2.1.5. Mass spectrum of mass-selected LiCu2nBu2(CN)2– (m/z = 299) and its
fragment ions produced upon collision-induced dissociation (Vexc = 0.35 V).
In the absence of β-H atoms, the dimeric LiCu2R2(CN)2− complexes afford LiCuR(CN)2− (for
R = Me) and Cu2R2(CN)− (for R = Me and Ph) as ionic fragments. The LiCuMe(CN)2−
fragment is special, as it might possibly correspond to a representative of the elusive higherorder cuprates, with a tri-coordinate copper center.
With increasing nuclearity, β-hydrogen eliminations decline and give way to decomposition
reactions into smaller aggregates (Table 4.2.1.1, entries 5 and 6, and Figures 4.2.1.6 and
4.2.1.7).
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Figure 4.2.1.6. Mass spectrum of mass-selected Li2Cu3nBu3(CN)3– (m/z = 452) and its
fragment ions produced upon collision-induced dissociation (Vexc = 0.20 V), a =
Li2Cu2nBu2(CN)3–, b = Li2HCu3nBu2(CN)3–, c = Li2Cu3nBu2(OH)(CN)3–. The latter does not
correspond to a fragment ion but instead results from in-trap hydrolysis.

Figure 4.2.1.7. Mass spectrum of mass-selected Li3Cu4nBu4(CN)4– (m/z = 605) and its
fragment ions produced upon collision-induced dissociation (Vexc = 0.15 V), a =
Li3Cu4nBu3(OH)(CN)4–. The latter does not correspond to a fragment ion but instead results
from in-trap hydrolysis.
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In contrast to their homoleptic counterparts, Lin−1CunRn(CN)n− ions yield only very little
CuR2− or CuR(CN)− species but instead preferentially form Cu2R2(CN)− and LiCu2R2(CN)2−.
At the same time, the energy required to bring about fragmentation decreases for the larger
complexes. It is therefore assumed that the Lin−1CunRn(CN)n− complexes do not contain
CuR2− or CuR(CN)− as distinct subunits, in line with their reluctance to undergo exchange
processes with the Lin−1CunR2n− anions. As in the case of the latter, analysis of the neutral
fragments turns out to be instructive as well. Note again that these species are not observed
directly and thus cannot rigorously exclude their further dissociation, which is considered
energetically less favorable though. The Li2CuR(CN)2 fragments produced from
Li2Cu3R3(CN)3− (Table 4.2.1.1, entry 5a) appear to be related to structure 4, which PennerHahn, Snyder, and coworkers proposed as a minor constituent of mixtures of CuCN/2
LiCl/0.5 MeLi in THF (Scheme 4.2.1.1);31 compared to 4, the Cl atom is replaced by a
cyanide group. The composition of the Li2Cu2R2(CN)2 fragments produced from
Li3Cu4R4(CN)4− (Table 4.2.1.1, entry 6) in turn matches that of structure 5, which forms the
predominant motif of solid-state structures of LiCuR(CN) reagents.21 The present findings
suggest that these structures also remain intact in THF solution and form adducts with cuprate
anions, thus giving rise to the observed polynuclear Lin−1CunRn(CN)n− complexes.

Scheme 4.2.1.1. Structures of cyanocuprates reported in the literature.21,31
Lin−1CunRn–1(OH)(CN)n− Anions.
Just as the parent Lin−1CunRn(CN)n− anions they are derived from, these hydroxyl-containing
anions preferentially break apart into clusters of lower nuclearity (Table 4.2.1.1, entries 7 and
8, and Figure 4.2.1.7).
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Figure 4.2.1.7. Mass spectrum of mass-selected Li2Cu3nBu2(OH)(CN)3– (m/z = 412) and its
fragment ions produced upon collision-induced dissociation (Vexc = 0.20 V).
Since all neutral fragments lost have the Li2(OH)(CN) moiety incorporated, an isobaric nBu or
s

Bu radical loss is theoretically possible. To rule this possibility out and further confirm the

assignments, CID experiments on

13

C-labeled ions were conducted. These experiments

confirmed that Li2(OH)(CN)-containing fragments were lost as neutrals in all cases studied
(Table 4.2.1.2).
Table 4.2.1.2. Gas-phase fragmentation reactions of mass-selected Lin−1CunRn–1(OH)(CN)n−
anions, R = nBu, sBu and n = 3 and 4.
Parent ion
m/z
412

415

565

569

assignment
Li263Cu3R2(OH)(CN)3−

Li263Cu3R2(OH)(13CN)3−

Li363Cu4R3(OH)(CN)4−

Li363Cu4R3(OH)(13CN)4−

Fragment ion

Neutral fragment
∆m

assignment

Cu2R(CN)2−

177

Li263CuR(OH)(CN)

Cu2R2(CN)−

146

Li263Cu(OH)(CN)2

Cu3R2(CN)2−

57

Li2(OH)(CN)

Cu2R(13CN)2−

178

Li263CuR(OH)(13CN)

Cu2R2(13CN)−

148

Li263Cu(OH)(13CN)2

Cu3R2(13CN)2−

58

Li2(OH)(13CN)

299

Li63Cu2R2(CN)2−

266

Li263Cu2R(OH)(CN)2

388

Li63Cu3R 2(CN)3−

177

Li263CuR(OH)(CN)

301

Li63Cu2R2(13CN)2−

268

Li263Cu2R(OH)(13CN)2

391

Li63Cu3R2(13CN)3−

178

Li263CuR(OH)(13CN)

m/z

assignment

235

63

266

63

355

63

237

63

267

63

357

63
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4.2.2. Gas-Phase Hydrolysis Reactions
Following the observation that selected organocuprate anions can hydrolyze in the ion trap of
the instrument, it was decided to characterize the kinetics of this reaction quantitatively. To do
so, the ions in question were mass-selected and stored in the ion trap for a given time period
∆t, allowing them to react with background water (Scheme 4.2.2.1 for the case of LiCu2Me4–).
The resulting ionic products, together with remaining parent ions, were then analyzed.

Scheme 4.2.2.1. Kinetic model used for determining experimental hydrolysis rate constants.
Given that the concentration of water remains constant, pseudo-first order reaction kinetics
can be expected (Scheme 4.2.2.1). Assuming that no ions are lost from the trap and no neutral
Cu-containing products are formed, the initial parent ion intensity I0 should be equal to the
sum of intensities of all ions detected (Scheme 4.2.2.1), which allows to calculate the
normalized intensity at any point in time ∆t. If all the above assumptions hold, plots of the
logarithm of the normalized parent ion intensity vs. reaction time should be linear for all ions
in question. This was indeed found to be the case (Figure 4.2.2.1 for LiCu2Me4–).

Figure 4.2.2.1. Plot of the logarithm of the normalized ion intensity vs. reaction time for
Li63Cu2Me4– (m/z = 193). The non-zero intercept of the fit is due to the fact that hydrolysis
occurs already during the isolation of the precursor ion inside the trap.
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The described approach yields pseudo first order rate constants k1, determined from the slope
of the linear fit (Table 4.2.2.1). Several independent measurements were done on different
days to ensure reproducibility of data. For reactions that were too slow to be followed, an
upper k1 limit was calculated. So, for the whole set of the nearly inert ions in question, the one
that reacted fastest (Li2Cu3Ph6–) was selected and the total product intensity at maximal
reaction time was determined. The equation in Scheme 4.2.2.1 was then used to estimate k1.
The respective values for other ions were then stated not to exceed this limit.
To make comparison easier, the slowest reaction, for which the k1 value could be accurately
determined, was chosen as a standard (namely the hydrolysis of LiCu2Ph4–). This reaction
(k1 = 0.089 s–1) was assigned a relative first-order rate constant krel of unit value, and the rate
constants of all other reactions were scaled with respect to it, so that krel(A) = k1(A)/0.089 s–1.
Table 4.2.2.1. Gas-phase hydrolysis rate constants of mass-selected organocuprate anions, in
relative unitsa. Reactions not observable due to absence of the parent ions, or associated
technical difficulties are denoted n.a.
t

R = Me

Et

Lin−1CunR2n−

1
2
3

≤ 0.02
88 ± 7.0
3.5 ± 0.4

n.a.
n.a.
8±1

n.a.
n.a.
5.3 ± 0.4

0.9 ± 0.1
n.a.
17 ± 2.5

LiCu2tBu4−nRn−

1

31

±3

90 ± 23

n.a.

n.a.

48

±6

2

34

±5

n.a.

n.a.

n.a.

48

±6

≤ 0.02

n.a.

2
3
4

LiCu2R3(CN)−

9.6 ± 1
n.a.

n.a.
n.a.

33 ± 8

Bu

s

n

Lin−1CunRn(CN)n−

≤ 0.02
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Bu

Bu

2.1 ± 0.3
48 ± 6
n.a.

≤ 0.02

Ph
≤ 0.02
1.0 ± 0.1
≤ 0.02
15

±2

4.3 ± 0.7

≤ 0.02

≤ 0.02

± 17
n.a.

n.a.
n.a.

16 ± 3
8.5 ± 2

0.6 ± 0.2
n.a.

n.a.

n.a.

n.a.

19

±2

2.7 ± 0.4

10

± 1.4

LiCu2R3(OH)−

n.a.

n.a.

n.a.

n.a.

Li2Cu3R4(CN)2–

n.a.

n.a.

n.a.

n.a.

n.a.

±5

n.a.

n.a.

n.a.

n.a.

n.a.

9 ± 3

n.a.

n.a.

n.a.

n.a.

n.a.

Li2CuR(OH)(Lb)2+
Li2CuR(CN)(L)2+
Cu2R2(CN)–
a

n

Parent ion

39

≤ 0.02

n.a.

≤ 0.02

≤ 0.02

≤ 0.02

n.a.
19

± 2

≤ 0.02

The hydrolysis rate constant of LiCu2Ph4– (k1 = 0.089 s–1) was assigned unit value. b L = THF.
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The concentration of water was estimated at (8 ± 2) ·1010 molecule·cm–3 (see Section 6.3 of
the Appendix), which translates into p(H2O) = (3 ± 0.8)·10–6 mbar at 298 K (cf. estimated
pressure of helium of ≈ 3 mbar).
On the basis of the data collected, some instructive conclusions can be drawn. Firstly, the
exact reaction pathway depends on the aggregation state and composition of the ion in
question (Scheme 4.2.2.2), but not on the nature of R group. Secondly, the presence of a Li
center greatly enhances the reaction rate, as can be seen from the comparison of CuR2– with
LiCu2R4– and Li2Cu3R6– systems (Table 4.2.2.1).

Scheme 4.2.2.2. Summary of hydrolysis pathways followed by the organocuprate ions
investigated.
The effect of substituting R for CN depends wholly on the aggregation state of the ion in
question. So, LiCu2R4– anions are more reactive than LiCu2R3(CN)–, which, in turn, react
faster than the completely inert LiCu2R2(CN)2– (Table 4.2.2.1). On the contrary,

*

For these anions, a reaction with background O2 seems to be taking place.
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Li2Cu3R3(CN)3– ions are hydrolyzed faster than their homoleptic Li2Cu3R6– counterparts
(Table 4.2.2.1). Mixed dimeric aggregates LiCu2tBu4−nRn−, R = Et, Me, Ph and n = 1, 2
provide further insight into the reaction mechanism (Table 4.2.2.2). For LiCu2tBu3R− systems,
the R = Et group is hydrolyzed in preference to tBu, in the case of R = Me the two rates are
comparable, whereas for R = Ph the tert-butyl group is hydrolyzed in preference. In
LiCu2tBu2R2− systems, however, both Me and Ph are preferentially hydrolyzed. To account
for these observations, a mechanistic model was developed (Scheme 4.2.2.3).
Table 4.2.2.2. Gas-phase hydrolysis of mixed tBu dimer anions. Major product ions are
denoted by [+]. Reactions not observable due to absence of the parent ions, are denoted n.a.
Parent ion
t

LiCu2 Bu3R

Product ion
−

t

LiCu2 Bu3(OH)
t

LiCu2tBu2R2−

−
−

R = Me

Et

+

+

LiCu2 Bu2R(OH)

+

LiCu2tBu2(OH)2−

+

LiCu2tBuR2(OH)−

Ph
+

n.a.

LiCu2tBu2R(OH)−

+

n.a.

LiCu2tBu2(OH)2−

+

n.a.

+

The structures of the parent anions in question depend on their aggregation state. So, it is
assumed that the structures of trimeric Li2Cu3R6– ions are similar to that of Li2Cu3Ph6–, which
has been characterized by X-ray crystallography. 92 The corresponding dimeric LiCu2R4–
species are thought to have a geometry analogous to that of LiCu2Me4–, which has been
studied by theoretical calculations54. Both proposed structures, together with the hydrolysis
mechanism, are represented in Scheme 4.2.2.3.
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Scheme 4.2.2.3. Proposed hydrolysis mechanism of dimeric and trimeric anions observed,
with the coordination of water being the rate-determining step (RDS).
In the first step, water binds to the coordinatively unsaturated lithium cation. Subsequent fast
proton transfer, and, in some cases, fragmentations then lead to the observed products. The
fact that in no case studied the anion-water complex was observed implies that it decomposes
very fast when formed, i.e., that coordination of water is the rate-determining step (RDS).
Another implication of this mechanism is that only the R groups directly coordinating to Li
can be hydrolyzed. For example, consider the series LiCu2R4– – LiCu2R3(CN)– –
LiCu2R2(CN)2– (structures given in Scheme 4.2.2.4), with reaction rates decreasing from left
to right. This is rationalized by the fact that the first member of the series, LiCu2R4–, has two
strongly basic R groups next to Li, both of which can be hydrolyzed. The second member,
LiCu2R3(CN)–, has only one such group, and LiCu2R2(CN)2– has none (cyano groups being
far less basic than R), and is inert towards gas-phase hydrolysis.

Scheme 4.2.2.4. Suggested structures for selected dimeric organocuprate anions.
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For LiCu2tBu4−nRn− systems, it is argued that the propensity of Me, Et, and Ph groups to
coordinate to Li is larger than that of the bulky tBu group. Small alkyl groups (Me and Et)
coordinate better due to their small size, and, hence, stronger electrostatic interactions. The
phenyl group is comparatively large, but it can coordinate to the Li+ center via its π-electron
system, and is therefore preferred to the tBu group. Due to these preferences, the lithium in
LiCu2tBu3R− anions should be preferentially coordinated by one tBu and one R group, and by
two R groups in LiCu2tBu2R2−. Let us consider the former system. The propensity of an
organic group for hydrolysis will be governed by its gas-phase basicity, which decreases in
the row Et > Me ≈ tBu > Ph. 93 This is in full accord with the experimental results (Table
4.2.2.2). For the case of LiCu2tBu2R2− systems, only the R groups can be hydrolyzed. The fact
that minor products corresponding to the hydrolysis of tBu groups are detected means that
species with a tBu–Li–R coordination motif are present, or that a rearrangement of the
complex takes place in the course of the reaction.
Similarly, this mechanism can explain why trimeric Li2Cu3R6– anions are hydrolyzed slower
than their dimeric counterparts, LiCu2R4–. The Li center in the dimer is more coordinatively
unsaturated, and less sterically crowded, than in the trimeric structure (Scheme 4.2.2.3).
Hence, coordination of water to the former is both faster and more energetically favorable,
which results in faster hydrolysis. Finally, comparing Li2Cu3R6– with Li2Cu3R3(CN)3–, the
decreased number of bulky R groups is believed to reduce the steric hindrance around the
three-coordinate Li and thus favors the coordination of water and faster hydrolysis of the
latter.
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4.3. Cross-Coupling Reactions
4.3.1. Reactions of Dialkylcuprates with Organyl Halides
Reactions of Dimethylcuprate with Alkyl Halides. Upon addition of 1 equiv of allyl
chloride to a solution of LiCuMe2·LiCN (6) in THF, the electrical conductivity markedly
decreases (Figure 4.3.1.1). At the same time, the ESI signal intensities of the Lin−1CunMe2n−
ions characteristic of solutions of 6 in THF almost completely vanish.

Figure 4.3.1.1. Time profile of the electrical conductivity of a solution of LiCuMe2·LiCN (6)
in THF (generated by the addition of 2 equiv of MeLi to CuCN) at 202 K upon consecutive
treatment with RCl (R = allyl, 1 equiv) and MeLi (2 × 0.2 equiv).
According to Bertz et al.,44b this behavior is rationalized by the generation of an
Li+Me2CuR(CN)− intermediate (R = allyl). Due to its relatively low stability,45c the
Me2CuR(CN)− anion presumably does not survive the ESI process, thus explaining the
inability to detect it by ESI mass spectrometry. If further MeLi is added, the conductivity
slowly increases again, indicating the formation of a new ionic species (Figure 3.3.1.1).
Similar results are obtained when CuCN/3 MeLi is treated with RCl (Figure 4.3.1.2). In this
case, the conductivity first sharply drops, but then slowly recovers as the transient
Li+Me2CuR(CN)− reacts with excess MeLi present in solution to yield the ionic species
already known from the previous experiment.
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Figure 4.3.1.2. Time profile of the electrical conductivity of a solution of 6 in THF
(generated by the addition of 3 equiv of MeLi to CuCN) at 202 K upon treatment with RCl (R
= allyl, 1 equiv).
ESI mass spectrometry identifies the newly formed ionic species as the tetraalkylcuprate
Me3CuR− (Figure 4.3.1.3), which apparently originates from Li+Me2CuR(CN)− via a
methide/cyanide exchange (Scheme 4.3.1.1). In addition to mononuclear Me3CuR−, the
corresponding triple ion, i.e., the Li+-bound dimer LiMe6Cu2R2− is also observed. The
aggregation equilibrium interrelating mononuclear tetraalkylcuprates and the related dimeric
complexes will be discussed in detail in Section 4.3.2.

Figure 4.3.1.3. Negative-ion mode ESI mass spectrum of a solution of the products formed in
the reaction of LiCuMe2·LiCN (6) with RCl (R = allyl) in THF.
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Scheme 4.3.1.1. Formation of lithium tetraalkylcuprates Li+7a-g probed by ESI mass
spectrometry.
Analogous ESI mass spectrometric experiments demonstrate that 6 not only reacts with allyl
chloride, but also with MeI, EtI, nPrI, nBuI, PhCH2CH2I, and CH2=CHCH2Br to yield
tetraalkylcuprates Me3CuR− (7a-f) and LiMe6Cu2R2− (8a-f, Scheme 4.3.1.1). Note that 7a, 7b,
and 7f are already known from NMR-spectroscopic experiments,44b,d-f, 45a,c whereas 7c-e and g
have not been reported before. The given assignments are based on observed m/z ratios,
isotopic patterns, and, for selected systems, isotopic labeling experiments. Additional and
unambiguous evidence for the identities of the tetraalkycuprate ions comes from their
fragmentation behavior (see Section 4.3.3). Solutions of Li+7b-g kept at room temperature are
stable for approx. 1h, after which time Cu(I) decomposition products containing CN− and I−
start to appear. In the case of Li+7a, such decomposition products are observed already
immediately after sample preparation. The putative Cu(III) species formed upon reaction of 6
with CH2=CHCH2I and BnBr (Bn = benzyl), respectively, prove to be even less stable and
completely elude detection by ESI mass spectrometry. In contrast, nPrCl, BnCl, nPrBr,
(CH3)3CCH2Br, and iPrI do not react with 6 at all. From these findings, the following trends in
reactivity can be derived: (i) Alkyl iodides react faster than the corresponding bromides
(compare, e.g., nPrI and nPrBr), whereas the chlorides are even less reactive (compare, e.g.,
BnBr and BnCl). (ii) Primary alkyl halides react faster than secondary ones (compare, e.g.,
n

PrI and iPrI). This behavior matches that of typical SN2 processes 94 and thus strongly

suggests that the reaction of 6 with alkyl halides follows the same mechanism, in line with
previous conclusions.19a,41a,44b
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A special situation is found for the reaction of 6 with 3,3,3-trifluoropropyl iodide. This
reaction affords only small quantities of the expected tetraalkylcuprate 7g, but mainly gives
Me4−nCuRn− ions, R = CF3CH2CH2 and n = 2 – 4 (Figure 4.3.1.4).

Figure 4.3.1.4. Negative-ion mode ESI mass spectrum of a solution of the products formed in
the reaction of LiCuMe2·LiCN with RI (R = CF3CH2CH2) in THF, a = MeCuR–, b =
Me3CuR–, c = CuR2–, d = LiMe5Cu2R3–.
The formation of these species is explained by the operation of iodine-copper exchange
reactions between 6 and RI leading to LiCu(Me)R·LiCN and LiCuR2·LiCN reagents (Scheme
4.3.1.2), which can undergo sequential R/CN and R/Me exchanges with the primary
Me2CuR(CN)− intermediate to yield the observed Me4−nCuRn− ions. Support for this
rationalization is provided by the observation of MeCuR− and CuR2− (Figure 4.3.1.4). The
increased tendency of CF3CH2CH2I to undergo iodine-copper exchange reactions obviously
results from the electron-withdrawing effect of the terminal CF3 group, which helps to
stabilize the exchanged cuprates by a better delocalization of the negative charge.
Interestingly, iodine-copper exchange also and exclusively occurs for the reaction of 6 with
neopentyl iodide (Scheme 4.3.1.2). Apparently, the copper-iodine exchange is less sensitive to
steric constraints than an SN2 reaction and therefore prevails over the latter for the relatively
bulky neopentyl system.
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Scheme 4.3.1.2. Iodine-copper exchange reactions probed by ESI mass spectrometry.
Reactions of Dimethylcuprate with Aryl Halides. Analysis of mixtures of 6 and aryl
iodides RI by negative ion mode ESI mass spectrometry shows the formation of R-bearing
cuprates(I) Lin−1CunMe2n−xRx− (Figures 4.3.1.5 and 4.3.1.6). These species originate from
sequential iodine-copper exchange reactions (Scheme 4.3.1.2 for n = 1), which are wellknown to occur upon treatment of dialkylcuprates with aryl halides.41a,95 The driving force of
these processes again is the better stabilization of the negative charge of the cuprate anions by
the sp2-hybridized and, thus, more electron-withdrawing carbon atoms of the aryl groups. The
relative stability of the resulting aryl-containing cuprates can be further fine-tuned by
changing their electronic properties: Compared to simple phenyl, acceptor-substituted
pentafluorophenyl and p-trifluoromethylphenyl enhance the stability, whereas donorsubstituted p-tolyl and, in particular, p-anisyl groups reduce it.

Figure 4.3.1.5. Negative-ion mode ESI mass spectrum of a solution of the products formed in
the reaction of LiCuMe2·LiCN (6) with PhI in THF.
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Figure 4.3.1.6. Negative-ion mode ESI mass spectrum of a solution of the products formed in
the reaction of LiCuMe2·LiCN (6) with RI in THF, R = C6F5.
The halogen-copper exchange reactions of 6 with aryl bromides and chlorides was also
investigated. Mixtures of 6 and PhBr give ESI mass spectra essentially identical to those
obtained for 6/PhI. In contrast, 6 does not react with PhCl at room temperature. Similar
reactivity orders are known for many other halogen-metal exchange reactions. 96
Further

Reactions

of

Dialkylcuprates

with

Organyl

Halides.

Generation

of

tetraalkylcuprates anions other than 7 (and the related triple ions 8) and their detection by ESI
mass spectrometry was also attempted. The most obvious way to do so appears to be the
reaction of diorganylcuprates LiCuR2·LiCN (R ≠ Me) with alkyl halides R'X, which should
afford Li+R3CuR'− species in analogy to the mechanism depicted in Scheme 4.3.1.1. In no
case examined, however, was this approach successful (Table 4.3.1.1).
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Table 4.3.1.1. Reactions of further diorganylcuprates LiCuR2·LiCN with alkyl halides R'X in
THF as observed by negative-ion mode ESI mass spectrometry.
Cuprate Reagent

Alkyl Halide

Observed Reaction

LiCuEt2·LiCN

MeI

Decompositiona

LiCunBu2·LiCN

MeI

Iodine-copper exchange

LiCunBu2·LiCN

CH2=CHCH2Br

No reaction

LiCutBu2·LiCN

MeI

Iodine-copper exchange (slow)

LiCuPh2·LiCN

MeI

Decompositiona

LiCuPh2·LiCN

n

BuI

No reaction

LiCu(Me) Bu·LiCN

MeI

No reaction

LiCu(Me) nBu·LiCN

n

No reaction

n

a

BuI

Affords cyanide-containing Cu(I) product ions: LiCu2R2(CN)2–, Li2Cu2R2(CN)2I– (R = Ph,

Et), Li2Cu3Ph3(CN)3–, Cu2Et2CN–, LiCuEt(CN)I–, LiCu2Et(CN)2I–.
As an alternative method to prepare further tetraalkylcuprates, 6 was treated with nBuI to
generate a Li+Me2CunBu(CN)− intermediate as described above. Addition of 1 equiv of nBuLi
then yields Me2CunBu2− via an nBu/CN exchange, though apparently in rather small amounts.
An analogous sequential treatment of 6 with nPrI and nBuLi affords Me2CunPr(nBu)−, but in
even lower abundance than in the case of its Me2CunBu2− counterpart. A more efficient access
to Cu(III) species containing three different alkyl substituents was found for the triple ions.
Such LiMe6Cu2R(R')− complexes can be prepared by combination of 6 with 0.5 equiv of RI
and 0.5 equiv of R'I , with R/R' = Et, nPr, nBu, PhCH2CH2, allyl (Figure 4.3.1.7). A
comparison of their relative abundances with those of the concomitantly formed LiMe6Cu2R2−
and LiMe6Cu2R'2− species (i.e., 8) shows an approximately statistical distribution and suggests
that the reactions of 6 with the abovementioned substrates occur at similar rates.
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Figure 4.3.1.7. Section from the negative-ion mode ESI mass spectrum of a solution of the
products formed in the reaction of LiCuMe2·LiCN with EtI/nBuI in THF.
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4.3.2 Association Equilibria of Lithium Tetraalkylcuprates
Calculated Structures and Relative Energies in the Gas Phase. Cu(III) species adopt 3d8
valence electron configurations, for which square-planar coordination geometries are
energetically most favorable. Such square-planar geometries have indeed been found for
tetraalkylcuprate anions,44b,45a,c,74 and theoretical calculations on 7a-f fully confirm this result.
The gas-phase calculations moreover suggest that the triple ions 8 contain two subunits of
intact 7, which each interact with Li+ via two of their methyl groups to form a distorted
tetrahedral coordination environment (4-Me coordination of Li+, Figure 4.3.2.1; for the case
of 8a, test calculations with various theoretical methods consistently found similar
coordination geometries).

Figure 4.3.2.1. Calculated minimum energy structure of 8b in the gas phase (grey: Cu, light
grey: Li, black: C, white: H, B3LYP/6-31G*/SDD).
In contrast, involvement of the R groups in the Li+ coordination is predicted to be
energetically slightly less favorable (Table 4.3.2.1). This difference presumably results from
the smaller size of the methyl substituents, which permits their closer approach to the Li+
center (Table 4.3.2.1) and thereby enhances the electrostatic interaction. The preferential
interaction of Li+ with methyl groups has also been inferred above for cuprates(I) (Section
4.1.5).
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Table 4.3.2.1. Relative energies (in kJ mol−1) and Li-C bond distances (in pm) of the different
isomers of 8a-f according to B3LYP/6-31G*/SDD calculations
4Me coordination of Li+
Erel r(Li-CMe)a r(Li-Cu)a

a

3Me-R coordination of Li+
Erel

r(Li-CMe)a r(Li-CR) r(Li-Cu)a

2Me-2R coordination of Li+
Erel

r(Li-CMe)a r(Li-CR)a r(Li-Cu)a

8a

0

225

250

8b

0

224

251

6.4

224

231

249

12.1

224

234

247

8c

0

224

252

5.5

224

232

249

11.8

223

234

247

8d

0

224

251

5.7

224

233

248

11.6

223

234

248

8e

0

223

251

8.3

223

234

249

15.9

222

235

247

8f

0

223

251

7.0

223

233

249

15.8

221

238

247

Values given refer to the average of the different individual bond lengths.

Besides binding to the methyl groups, the Li+ center may possibly also interact with the Cu
atoms, given that the calculated Li-Cu distances are relatively short (Table 4.3.2.1) and that
other d8 systems, such as Pt(II), 97 have been shown to coordinate to Lewis acids via their dz2
orbital. Presumably, the higher oxidation state of the Cu(III) atom substantially decreases the
Lewis-basic character of its dz2 orbital, however. In line with this argument, natural bond
orbital analyses of the optimized structures of 8a consistently find only rather weak Cu-Li
interactions (Table 3.3.2).
For the case of 8a, its dissociation energy according to Eq 4.3.2.1 with R = Me was also
calculated. In the gas phase, this reaction is highly endothermic (∆reactE = 165 kJ mol−1). In
solution, however, the situation most likely will be different because the release of the
LiMe3CuR moiety should be facilitated by solvation.
LiMe6Cu2R2− → Me3CuR− + LiMe3CuR

(4.3.2.1.)

Concentration- and Solvent-Dependent ESI Mass Spectrometric Measurements.
The formation of triple ions AB2− from contact ion pairs A+B− and free ions B− in solution is a
well-known

phenomenon. 98

Accordingly,

concentration-

and

solvent-dependent

measurements of mixtures of 6 and allyl choride RCl (CuCN/3 MeLi/RCl) were performed to
gain further insight into the association equilibria leading to the formation of 8f, Eq 4.3.2.2.
Li+(solv) + 2 Me3CuR−

Li+Me3CuR−(solv) + Me3CuR−

LiMe6Cu2R2− (4.3.2.2.)
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With increasing concentration of CuCN/3 MeLi/RCl in THF, the relative ESI signal intensity
of 7f strongly decreases, whereas that of the triple ion 8f rises correspondingly (Figure
4.3.2.2). This trend matches the behavior expected on the basis of the law of mass action,
which predicts a shift toward higher aggregation states as a function of concentration (Eq
4.3.2.2).

Figure 4.3.2.2. Normalized ESI signal intensities of Me3CuR– (open symbols) and of the
corresponding triple ion LiMe6Cu2R2– (closed symbols, R = allyl) as functions of the
concentration c of CuCN/3 MeLi/RCl in THF.
For assessing the effect of the solvent, mixtures of CuCN/3 MeLi/RCl in CPME and MTBE
were probed. Cu(III) species are not observed for reaction assays in the pure solvents, but
only for solutions of Li+7f/8f prepared by pre-formation in THF and further dilution. In the
case of the CPME/THF mixtures, the observed fraction of monomeric 7f is slightly decreased
in comparison to the situation in pure THF (Table 4.3.2.2). This finding can be rationalized by
the lower polarity and smaller Li+ affinity of CPME, which make solvation less favorable and
thus shift the equilibrium toward contact ion pairs and higher aggregation states (Eq 4.3.2.2).
For mixtures of the even less polar MTBE with THF, one would expect a somewhat stronger
effect, whereas just the opposite holds true (Table 4.3.2.2). Possibly, the interaction of MTBE
molecules with the lithium cuprates(III) is so weak that they are displaced by THF molecules,
thus giving rise to a local environment similar to that in pure THF solutions.
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Table 4.3.2.2. Fraction of the monomeric cuprate(III) complex 2f observed upon ESI of
ethereal solutions (c = 10 mmol L−1) of different polarity.
Solvent

Relative permittivity

Fraction of monomeric 2f in ESI mass spectruma

ε (298 K)
Pure solvent

a

Solvent/THF

Solvent/THF

9:1

3:1

THF

7.42b

CPME

4.76c

50 ± 5

62 ± 5

MTBE

c

75 ± 5

72 ± 5

75 ± 5

2.60

Defined as I(2f)/[I(2f) + I(3f)]. b Reference 87. c Reference 88.

According to the above measurements, all probed lithium tetraalkylcuprates Li+7 have
roughly similar tendencies to form the corresponding triple ions 8. With ESI mass
spectrometry, the absolute equilibrium concentrations of 8 in THF solutions cannot be
determined due to the inherent limitations of the method (see Section 3.1.2). For NMR
spectroscopy, in turn, the concentration of the triple ions 8 may be too low for their detection.
Moreover, the interconversion between 7 and 8 could occur faster than the NMR time scale,
which might explain why no triple ions 8 have been observed by this method.
Electrical Conductivity Studies. The molar electrical conductivity of 6 in THF is similar to
those of the related lithium diorganylcuprates LiCuR'2·LiCN, R' = nBu, tBu, and Ph. Based on
a comparison of the measured conductivities with their estimated limiting conductivities
(Section 4.1.7), it has been suggested that these reagents are not fully dissociated in THF, but
partly form contact ion pairs. A similar situation can also be inferred for 6. Upon the addition
of 1 equiv of allyl chloride and the formation of the Li+Me2CuR(CN)− intermediate (R =
allyl), the electrical conductivity significantly decreases (Figures 4.3.1.1 and 4.3.1.2). This
decrease points to a lower dissociation tendency of Li+Me2CuR(CN)−. Lithium cuprates(I)
that contain cyanide ligands attached to the copper exhibit an analogous behavior, which is
ascribed to the ambident nature of the cyanide ion and its ability to coordinate to copper and
lithium centers simultaneously. The electrical conductivity of Li+7f is higher again and
roughly equals that of 6 (Figures 4.3.1.1 and 4.3.1.2), indicating a similar equilibrium
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between solvent-separated and contact ion pairs. The presence of the latter is a prerequisite for
the formation of 8 according to Eq 4.3.2.2.
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4.3.3. Unimolecular Reactivity of Tetraalkylcuprates
Fragmentation of Mononuclear Tetraalkylcuprate Anions. In the final step in the
generally accepted mechanism of copper-mediated cross-coupling reactions, the Cu(III)
intermediate releases the coupling product in a reductive elimination. Gas-phase experiments
on tetraalkylcuprates as Cu(III) model systems offer the possibility to study this important
elementary reaction in great detail. For mass-selected 7a, the collision-induced dissociation
(CID), as expected, leads to the formation of CuMe2− and the concomitant elimination of
ethane. Analogous experiments with labeled Me3CuCD3− determine the secondary kinetic
isotope effect of this reaction as KIE = 1.0 ± 0.1 (determined for an excitation voltage of Vexc
= 0.33 V). For the other, unsymmetrical tetraalkylcuprate anions 7b-g, two different
fragmentation channels are available: elimination of the cross-coupling product MeR or of the
homo-coupling product ethane, Eq 4.3.3.1 and 4.3.3.2, respectively (Figure 4.3.3.1). If the
homo-coupling MeCuR− fragment ions contain β-hydrogen atoms, β-H eliminations can ensue
and lead to MeCuH− secondary fragment ions, as has already been shown above (Section
4.2.1 and Ref. 38d).
Me3CuR−

→

CuMe2− + MeR

(4.3.3.1.)

Me3CuR−

→

MeCuR− + Me2

(4.3.3.2.)

Figure 4.3.3.1. Mass spectrum of mass-selected 7d (m/z = 165) and its fragment ions
produced upon collision-induced dissociation (Vexc = 0.23 V).
For a comparison of the competition between cross- and homo-coupling reactions of the
tetraalkylcuprates 7b-g, relatively harsh CID conditions (Vexc = 0.25 – 0.30 V) are at first
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considered, resulting in the fragmentation of > 70% of the parent ion population. Whereas 7b
and 7c preferentially afford the cross-coupling product, 7d gives a 1:1 fragment ratio, which
corresponds to a purely statistical branching; in contrast, 7e-g mainly yield the homo-coupling
product (Table 4.3.3.1). The fragmentation pattern of 7g can also be compared with that of the
related Me4−nCuRn− ions, R = CF3CH2CH2 and n = 2 – 4. As expected, CuR4− only releases
R2, while MeCuR3− exclusively eliminates MeR; Me2CuR2−, in turn, loses MeR and Me2 in
approximately equal amounts (Table 4.3.3.2). The latter case is particularly interesting
because Me2CuR2− can form two different isomers. For the trans-isomer, cross-coupling
reactions should be strongly preferred, whereas the cis-isomer could yield both cross-coupling
and homo-coupling products. The observed branching ratio suggests that the cis-isomer is at
least partly present. Furthermore, the CF3CH2CH2 group apparently has an intrinsically lower
tendency to participate in the reductive elimination than methyl. For the related Me2CunBu2−
anion, the simultaneous occurrence of cross- and homo-coupling reactions (losses of nBu2 and
Me2) also points to the partial presence of the cis-isomer (Table 4.3.3.2).
Table 4.3.3.1. Branching fractions and appearance voltages Vappear (as approximate measures
for relative threshold energies) of the fragmentation reactions of tetraalkylcuprate anions 7.
Me3CuR− (R)

cross-coupling (Eq 4.3.3.1)
fractiona

homo-coupling (Eq 4.3.3.2)
fractiona

Vappear [V]

Vappear [V]

7a (Me)

0

7b (Et)

0.93 ± 0.01

0.201 ± 0.001

0.07 ± 0.01

0.205 ± 0.005

7c (nPr)

0.61 ± 0.04

0.214 ± 0.002

0.39 ± 0.04

0.215 ± 0.003

7d (nBu)

0.50 ± 0.05

0.180 ± 0.002

0.50 ± 0.05

0.183 ± 0.002

7e (CH2CH2Ph)

0.06 ± 0.01

0.196 ± 0.005

0.94 ± 0.01

0.192 ± 0.001

7f (CH2CH=CH2)

0.21 ± 0.02

0.199 ± 0.003

0.79 ± 0.02

0.186 ± 0.002

7g (CH2CH2CF3)

0.00 ± 0.00

a

Determined for Vexc = 0.30 V.
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Table 4.3.3.2. Branching ratios of the fragmentation reactions of further organocopper(III)
anions.a

a

Parent ion

Fraction of Me2 loss

Fraction of MeR loss

Fraction of R2 loss

Me2Cu(CH2CH2CF3)2−

0.43 ± 0.03

0.57 ± 0.03

0.00 ± 0.00

MeCu(CH2CH2CF3)3−

−

1.00

0.00

Me2CunBu2−

0.03 ± 0.01

0.74 ± 0.04

0.24 ± 0.03

Determined for Vexc = 0.30 V.

Upon variation of the excitation voltage Vexc, and, thus, the effective temperature of the parent
ions 7a-f, the branching ratios between cross- and homo-coupling reactions remain largely
unchanged (Figure 4.3.3.2). Moreover, the determined appearance voltages Vappear for the
fragmentations, corresponding to very approximate relative threshold energies (see Figure
3.1.4.1 for technical details), show a similar trend: the cross-coupling channel is energetically
slightly favored for 7b-d, whereas the homo-coupling channel is energetically more favorable
for 7e and 7f (Table 4.3.3.1). This consistency indicates that the observed branching ratios
reflect the true intrinsic behavior of the tetraalkylcuprate anions. Accordingly, a comparison
of the present gas-phase data with solution-phase results from the literature appears
meaningful.

Figure 4.3.3.2. Fragment yields upon CID of mass-selected Me3CuR– (R = allyl) as functions
of Vexc together with sigmoid fits (see ref. 70b for further details).
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In solution, reactions of 6 with simple aliphatic alkyl halides give the synthetically desired
cross-coupling products in high yields,41a whereas increased amounts of homo-coupling were
reported for a few reactions involving diallyl- 99 and dihexylcuprates. 100 In their theoretical
analysis of the competition between cross-coupling and homo-coupling, Bäckvall, Nakamura,
and coworkers focused on the coordination geometry of the neutral R'2CuR intermediates for
explaining the usually observed preference for cross-coupling reactions (Scheme 4.3.3.1).

Scheme 4.3.3.1. Calculated reaction pathway for SN2 alkylation reaction between
LiCuMe2·LiCl and MeBr in presence of Me2O as solvent.
According to these calculations, the selective formation of the R–R' cross-coupling product is
attributed to the trans relationship of the R' groups in the cuprate clusters I and II, which is
preserved in TS1 and in the Cu(III) intermediate III, leading to a T-shaped structure. Since
reductive elimination is possible only for groups cis to one another, only cross-coupling takes
place. The present results suggest that different organyl substituents may also have
intrinsically different tendencies toward cross- or homo-coupling, respectively.
Calculated Fragmentation Pathways of Mononuclear Tetraalkylcuprate Anions.
Theory predicts high exothermicities for the fragmentation reactions of tetraalkylcuprate
anions 7, pointing to the low thermodynamic stability of the Cu(III) species (Table 4.3.3.3).
Although DFT (B3LYP/6-31G*/SDD) and MP2 calculations with a larger basis set (MP2/6311+G*/MDF) give considerably deviating absolute ∆reactE values, they find similar trends for
the two competing fragmentation channels: While the cross-coupling reaction is significantly
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more exothermic than the homo-coupling reaction for 7b and moderately more exothermic for
7c and 7d, 7e is a borderline case: the B3LYP calculations find a slightly larger exothermicity
for the cross-coupling channel, whereas the MP2 calculations predict the homo-coupling
reaction to be more exothermic. In contrast, both theoretical methods agree that the crosscoupling reaction is much less exothermic for 7f. This reduced exothermicity can be largely
ascribed to the weakness of the newly formed C–C bond in the cross-coupling product 1butene (compared to the C-C bonds in saturated n-alkanes, such as the homo-coupling product
Me2 or the cross-coupling products formed from 7b-d).
The theoretical activation energies ∆actE display a parallel trend in that the relative preference
for the homo-coupling reaction increases in the series 7b-f (Table 4.3.3.3). Whereas the DFT
calculations in all cases find a lower energy barrier for the homo-coupling reaction, the MP2
calculations with the larger basis set give more balanced barriers for both fragmentation
channels. A comparison with the experimental Vappear values suggests that the calculations
predict the correct trend for the activation barriers of the tetraalkylcuprates 7b-f, but that they
are biased in favor of the homo-coupling reaction. Free activation energies ∆actG computed for
a large temperature range of 298 ≤ T ≤ 1000 K do not vary significantly, which is in
agreement with the small temperature sensitivity found experimentally.
Table 4.3.3.3. Calculated reaction and activation energies (in kJ mol−1) of the fragmentation
reactions of tetraalkylcuprate anions 7.
Me3CuR− (R)

cross-coupling (Eq 4.3.3.1)

homo-coupling (Eq 4.3.3.2)

∆reactE

∆reactE

DFTa

MP2b

∆actE
DFTa

MP2b

7a (Me)

∆actE

DFTa

MP2b

DFTa

MP2b

−174.1

−147.4

139.6

120.9

7b (Et)

−181.2

−149.6

148.9

131.1

−167.9

−130.1

141.4

131.4

7c (Pr)

−177.4

−142.1

152.6

134.6

−170.2

−131.7

138.7

128.7

7d (nBu)

−177.7

−139.7

152.9

134.8

−170.9

−131.7

138.3

128.7

7e (CH2CH2Ph)

−173.2

−122.3

153.2

136.4

−172.5

−132.0

134.9

126.1

7f (CH2CH=CH2) −144.0

−104.8

−177.4

−132.1

118.0

109.7

a

150.9

143.8

c

B3LYP/6-31G*/SDD. b MP2/6-311+G*/MDF. c Calculated for a geometry with the distance

between the β-C atom of the allyl substituent and the Cu center held constant at 250 pm.
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The calculated activation energies for the reductive elimination of the tetraalkylcuprates 7 are
much larger than those for neutral trialkylcopper(III) species,19a,43 for which values of 20 ≤
Eact ≤ 85 kJ mol−1 have been predicted. 101,102 Of course, the higher kinetic stabilities of the
former are a prerequisite for their successful detection in the present experiments. To
understand the reason for the stabilization of the tetraalkylcuprate anions 7 at a qualitative
level, the effect of attaching a methide ion to CuMe3(III) on the one hand is compared to that
of CuMe(I) on the other. In the case of the highly electron-deficient and Lewis-acidic
copper(III) species CuMe3, a large stabilization should result (Scheme 4.3.3.2). In contrast,
the stabilization gained for CuMe is supposed to be much smaller. For the transition structure
associated with the reductive elimination of Me2, an intermediate behavior is expected, which
corresponds to the inferred increased activation energy for the anionic copper(III) species.

Scheme 4.3.3.2. Schematic potential energy surfaces for the reductive elimination of Me2
from neutral CuMe3 and anionic CuMe4−.
The reductive elimination of Me2 from 7a can also be compared with the analogous reaction
of Me3CuCl−, which Pratt et al. have recently studied theoretically. 103 Both reactions exhibit
similar transition structures of distorted tetrahedral geometries (Figure 4.3.3.3 for the
reductive elimination of Me2 from 7a). However, the activation energy for the reductive
elimination of Me2 from 7a is significantly higher. Presumably, this difference reflects the
better stabilization of the Cu(III) center by a methide compared to that by a chloride ion (see
above).
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Figure 4.3.3.3. Calculated transition structure for the reductive elimination of Me2 from 7a
(grey: Cu, black: C, white: H, B3LYP/6-31G*/SDD).
Fragmentation of LiMe6Cu2R2− and LiMe6Cu2R(R')− Anions. The triple ions 8 form
model systems that offer the possibility to assess the effect of a Li+ counter-ion (paired with
7) on the reactivity of the tetraalkylcuprates at a strictly molecular level. Like their
monomeric counterparts 7, the dimeric complexes 8 afford cross- and homo-coupling
reactions upon CID, Eq 4.3.3.3 and 4.3.3.4, respectively (Figure 4.3.3.4). The resulting mixed
cuprate(I/III) fragment ions easily undergo consecutive reductive eliminations to form
LiCu2Me4−. The latter is partly hydrolyzed by a reaction with background water present in the
ion trap (Section 4.2.2).
LiMe6Cu2R2−

→

LiMe5Cu2R− + MeR

(4.3.3.3.)

LiMe6Cu2R2−

→

LiMe4Cu2R2− + Me2

(4.3.3.4.)

No elimination of R2 homo-coupling products was observed. Although their formation is
clearly disfavored on simple statistical grounds, this argument appears insufficient to explain
the complete absence of these reactions. Instead, this absence is interpreted as another
indication of 8 being composed of two separate subunits 7, in line with theoretical
calculations (see Section 4.3.2).
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Figure 4.3.3.4. Mass spectrum of mass-selected LiMe6Cu2R2− (m/z = 433, R = PhCH2CH2)
and its fragment ions produced upon collision-induced dissociation (Vexc = 0.15 V), a =
MeCuR−, b = LiMe2Cu2R2−, c = LiMe4Cu2R2−. The ion at m/z = 195 corresponds to
LiMe3Cu2(OH)−, which results from an ion-molecule reaction of LiCu2Me4− (m/z = 193) with
background water present in the ion trap.
Compared to the monomeric tetraalkylcuprates 7, the presence of the additional Li+7 subunit
in 8b-e substantially enhances the fraction of the cross-coupling (Table 4.3.3.4). This
difference is rationalized by the preferential interaction of the Li+ ion with the methyl groups
in 8 (see Section 4.3.2). With the four central methyl groups thus tied up, only the terminal
Me and R substituents of 8 are supposedly prone to reductive elimination, thereby yielding
the cross-coupling products. A deviating behavior is observed for 8f·THF, which forms a rare
example of an anionic THF complex sufficiently stable to survive the ESI process (detected
for CPME/THF mixtures). Possibly, the presence of the solvent molecule in 8f·THF changes
the coordination geometry of its LiMe6Cu2R2− core in such a way that it no longer favors the
cross-coupling channel (Table 4.3.3.4).
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Table 4.3.3.4. Branching fractions of the fragmentation reactions of the triple ions 8a, b.
LiMe6Cu2R2− (R)

a

fraction of cross-coupling

fraction of homo-coupling

(Eq 4.3.3.3)

(Eq 4.3.3.4)

8b (Et)

0.93 ± 0.03

0.00 ± 0.00

8c (nPr)

0.91 ± 0.02

0.00 + 0.01

8d (nBu)

0.86 ± 0.05

0.00 ± 0.00

8e (CH2CH2Ph)

0.54 ± 0.04

0.10 ± 0.04

8f·THF (CH2CH=CH2)

0.07 ± 0.03c

0.56 ± 0.03c

The given fractions do not add up to 1 because of the presence of fragment ions, such as

Cu2Me3− and LiMe3Cu2R−, which cannot be unambiguously assigned to cross- or homocoupling as primary fragmentation reaction, respectively.

b

Determined for Vexc = 0.30 V.

c

Determined for Vexc = 0.22 V.
Fragmentation experiments on mixed triple ions LiMe6Cu2R(R')− moreover make possible a
direct comparison of different substituents R/R' in their tendency to undergo reductive
elimination. Such a comparison is particularly straightforward because the presence of the
two R/R' groups in the same parent ion ensures the availability of equal amounts of energy for
both fragmentation pathways. The measured branching ratios consistently point to a clear
order in the intrinsic reactivity of the different organyl substituents (Figure 4.3.3.5), which
also largely agrees with the trends inferred from the fragmentation experiments on the
mononuclear species 8b-f (the fact that for the latter, the homo-coupling fraction observed for
8e exceeds that for 8f seems to be an anomaly; note that the appearance voltages Vappear
derived for the homo-coupling reactions of both species show the reversed order and are thus
consistent with the behavior of the mixed triple ions).
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Figure 4.3.3.5. Tendencies of different R/R' groups toward reductive elimination, as
determined from the fragmentation of mixed triple ions LiMe6Cu2R(R')−. The given branching
ratios (listed at the bottom) are based not only on the observed signal intensities of the
primary fragment ions (corresponding to losses of MeR and MeR', respectively), but also take
into account secondary fragmentation channels (losses of MeR/Me2 and MeR'/Me2,
respectively).
Calculated Fragmentation Pathways of LiCu2Me8− and LiCu2Me6− Anions.
DFT calculations (B3LYP/6-31G*/SDD) show that the reductive elimination of Me2 from 8a
(∆reactE = −186.9 kJ mol−1) is more exothermic and has a smaller energy barrier (∆actE =
97.2 kJ mol−1) than the analogous reaction of 7a (Table 4.3.3.3). Presumably, the central Li+
ion weakens the Lewis basicity of the attached methyl groups and, thus, reduces their
stabilizing effect on the Cu(III) centers (see above); analogous behavior may also be expected
for the other 8 anions. Note that the calculated fragmentation pathway involves two terminal
methyl groups (Figure 4.3.3.6), in line with the qualitative arguments raised above.

Figure 4.3.3.6. Calculated transition structure for the reductive elimination of Me2 from 8a
(grey: Cu, light grey: Li, black: C, white: H, B3LYP/6-31G*/SDD).
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The resulting primary fragment ion LiCu2Me6− consists of a square-planar CuMe4− and a
linear CuMe2− subunit (Figure 4.3.3.7), which coordinates to the central Li+ ion via a single
methyl group. The consecutive reductive elimination of Me2 from LiCu2Me6− (∆reactE =
−181.2, ∆actE = 96.6 kJ mol−1) yields the complex LiCu2Me4−, which contains two linear
CuMe2− subunits (Figure 4.3.3.7).

Figure 4.3.3.7. Predicted structures of the primary and secondary fragment ions LiCu2Me6−
and LiCu2Me4− (B3LYP/6-31G*/SDD).
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4.4. Conjugate Addition Reactions
4.4.1 Reactions of Diorganylcuprates with Acrylonitrile.
Upon addition of one equivalent of acrylonitrile to THF solutions of LiCuR2·LiCN (R = Me,
n

Bu, Ph) a yellow color is observed, along with precipitate formation. No ionic products were

observed on analysis of R = nBu, Ph systems by negative-ion mode ESI mass spectrometry.
However, for the more reactive Me system, a certain degree of organocuprate decomposition
is observed, presumably due to a significant extent of addition (both 1,4 and 1,2) along with
polymerization.

4.4.2 Reactions of Diorganylcuprates with Fumaronitrile.
Reactions of fumaronitrile (FN) with cyanocuprates in THF afford dark brown solutions, in
which adducts [CuR2·FN]– are detected for all R. These species show very limited
macroscopic stability, which decreases in the row nBu > Me > Ph. Related complexes of
higher nuclearity are observed only for the case of R = nBu (Figure 4.4.2.1). When the
reaction with fumaronitrile is conducted in Et2O, a significant shift towards higher
aggregation states is observed (Figure 4.4.2.2).

Figure 4.4.2.1. Negative-ion mode ESI-MS of a solution of the products formed in the
reaction of LiCunBu2·LiCN with fumaronitrile (FN) in THF, a = LiCu2nBu3(OH)–, b =
[LiCu2nBu3(OH)·FN] –, c = [LiCu2nBu4·FN]–.
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Figure 4.4.2.2. Negative-ion mode ESI-MS of a solution of the products formed in the
reaction of LiCunBu2·LiCN with fumaronitrile (FN) in Et2O.
Gas-phase CID experiments on the detected complexes help further clarify their structure. So,
all of the complexes observed decompose by liberating intact fumaronitrile (Figures 4.4.2.3 –
4.4.2.5).

Figure 4.4.2.3. Mass spectrum of mass-selected [CunBu2·FN]– (m/z = 255) and its fragment
ion produced upon collision-induced dissociation (Vexc = 0.21 V).
The absence of other decomposition pathways supports the suggestion that these species are
genuine π-complexes, and not isobaric insertion products (Scheme 2.4.1). In the latter case
one might expect to see, among others, the formation of species with the organyl group
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attached to the fumaronitrile moiety. For polynuclear π-complexes, the occurrence of severe
in-trap hydrolysis reactions (Figures 4.4.2.4 and 4.4.2.5) implies a rather open structure.
These aggregates, of the formula [Lix–1(CunBu2·FN)x]–, can be thought to be composed of
monomeric [CunBu2·FN]– subunits and lithium cations. Alternatively, these species can be
viewed as derivatives of the parent organocuprate anions Lix–1CuxnBu2x–, with the FN ligands
coordinating to both copper (via C=C) and lithium (via C≡N).

Figure 4.4.2.4. Mass spectrum of mass-selected [LiCu2nBu4·2FN]– (m/z = 255) and its
fragment ions produced upon collision-induced dissociation (Vexc = 0.16 V), a = LiCu2nBu4–.

Figure 4.4.2.5. Mass spectrum of mass-selected [Li2Cu3nBu6·3FN]– (m/z = 255) and its
fragment ions produced upon collision-induced dissociation (Vexc = 0.23 V), a =
[Li2Cu3nBu5(OH)·FN]–, b = [Li2Cu3nBu6·FN]–, c = [Li2Cu3nBu6·2FN]–.
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The formation of these larger aggregates in Et2O as compared to THF is in line with the above
results on homoleptic cyanocuprates (Section 4.1.6). It is interesting to note, however, that the
corresponding butyl dimer LiCu2nBu4– was not detected in solutions of parent
LiCunBu2·LiCN, in either THF or Et2O. Possibly, the presence of extra fumaronitrile ligands
in the dimer helps better hold it together.
4.4.3 Reactions of Diorganylcuprates with 1,1-dicyanoethylene.
When neat 1,1-dicyanoethylene is added to organocuprate solutions in THF, a bead of
polymer is instantly formed. To overcome this difficulty, the substrate was added as a solution
in THF, resulting in formation of green solutions. In this case no π-complexes are seen, but
products of Michael addition, both in the cation (Figure 4.4.3.1) and anion modes.

Figure 4.4.3.1. Positive-ion mode ESI-MS of a solution of the products formed in the reaction
of LiCunBu2·LiCN with 1,1-dicyanoethylene in THF.
4.4.4 Reactions of Diorganylcuprates with Tricyanoethylene.
Reactions of tricyanoethylene with diorganylcuprates afford orange-brown solutions. Anions
of the empiric formula HC4(CN)5R– are detected (R = Me, nBu), both free and incorporated
into cuprate structures (Figure 4.4.4.1).
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Figure 4.4.4.1. Negative-ion mode ESI-MS of a solution of the products formed in the
reaction of LiCunBu2·LiCN with tricyanoethylene in THF, a = Li2Cu3nBu2(OH)(CN)3–, b =
Li2Cu3nBu3(CN)3–, c = Li3Cu4nBu3(OH)(CN)4–; X = HC4(CN)5nBu.
From the composition of these anions, a plausible explanation of their formation is the
combination of two tricyanoethylene units with one R– anion, followed by elimination of
HCN. One of the many mechanistic explanations possible is given in Scheme 4.4.4.1.

Scheme

4.4.4.1.

Proposed

mechanism

of

reaction

between

LiCuR2·LiCN

and

tricyanoethylene, R = nBu, Me.
When free, the abovementioned anions X– fragment by HCN loss in the gas-phase. However,
upon incorporation into the cuprate structure, radical loss is observed for the case of R = nBu
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(Eq 4.4.4.1 and Figure 4.4.4.2; CID of analogous Me species not possible due to low signal
intensity and short lifetime).
LiCunBu(CN)X–

→

LiCu(CN)X– + nBu·

(4.4.4.1.)

Figure 4.4.4.2. Mass spectrum of mass-selected [LiCunBu(CN)X]–

(m/z = 389) and its

fragment ions produced upon collision-induced dissociation (Vexc = 0.24 V), a = Cun(CN)2–, b
= CunBu(CN)–, c = CunBu(X)–; X = HC4(CN)5nBu. Note the loss of a butyl radical.
To

provide

additional

evidence,

an

alternative

experiment

with

dihexylcuprate

(LiCuHex2·LiCN) was conducted. Species analogous to the butyl case were detected, the CID
experiments of which also showed radical loss. Possibly, a redox reaction takes place between
the anions and Cu(I) centers present, resulting in formation of open-shell intermediates, which
then fragment to lose butyl/hexyl radicals.
Diphenylcuprate behaves differently from its alkyl analogues, in that a different anion (of the
–

composition C3(CN)5 ) is detected in its reactions with tricyanoethylene. The suggested
mechanism of this transformation (Scheme 4.4.4.2) is thought to be closely related to that for
R = nBu and Me.
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diphenylcuprate and

tricyanoethylene.
In this case, however, isomerization of one of the anionic intermediates leads to an anion that
can eliminate PhCH(CN)– (pKa of conjugate acid ca. 22 in DMSO), 104 which is better
stabilized than the corresponding Me and nBu analogues (pKa of conjugate acid ca. 32 in
DMSO). 105 Subsequent proton transfer results in a very stable allylic anion, stabilized by five
cyano groups.
4.4.5 Reactions of Diorganylcuprates with Tetracyanoethylene.
Tetracyanoethylene, the most potent π-acceptor of the series, reacts with organocuprates to
generate light-yellow colored solutions with precipitate. Cu(III) intermediates can be
observed in all cases, with the rationale of their formation given in Scheme 4.4.5.1.

Scheme

4.4.5.1.

Proposed

mechanism

tetracyanoethylene, exemplified by R = nBu.
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In the first step, the cuprate attacks the electron-poor double bond, possibly via an
intermediate π-complex. The Cu(III) intermediate formed can rearrange to give an isobaric
tetracoordinate anionic Cu(III) species, reminiscent of the tetraalkylcuprates previously
detected and described above. This species can then form further aggregates in solution. A
typical spectrum of the nBu system is shown below (Figure 4.4.5.1).

Figure 4.4.5.1. Negative-ion mode ESI-MS of a solution of the products formed in the
reaction of LiCunBu2·LiCN with tetracyanoethylene in THF, zoomed in to the area of interest;
a

=

Cu2nBu2CN–,

b

=

Li2Cu3nBu2(OH)(CN)3–,

c

=

LiCu3nBu3(CN)2–,

d

=

XCuIII(nBu)2(CN)·Li2CunBu2CN–, X = C2(CN)3.
Proof of identity is given by the CIDs of the [XCuIIIR2(CN)·LiCN]– anions (R = Me, nBu, Ph).
They all lose RX upon fragmentation, whereas an isobaric tetracyanoethylene π-complex is
expected to lose tetracyanoethylene (XCN), just as the corresponding fumaronitrile
complexes lose fumaronitrile. A typical example for R = nBu is given below (Figure 4.4.5.2)
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Figure 4.4.5.2. Mass spectrum of mass-selected [XCuIII(nBu)2(CN)·LiCN]– (m/z = 338) and
its fragment ion produced upon collision-induced dissociation (Vexc = 0.25 V).
The structure of other Cu(III) species [XCuIIIR2(CN)·Li2CuR(CN)2]– is not clear. Whereas
species with R = Me, Ph decompose similarily to their mononuclear counterparts (by loss of
RX, see Figure 4.4.5.3 and Eq 4.4.5.1), and hence can be assumed to have the same Cu(III)
core, the corresponding butyl anion undergoes radical loss (Figure 3.4.5.4 and Eq 4.4.5.2).
XCuIIIR2(CN)·Li2CuR(CN)2– →

Li2Cu2R2(CN)3– + RX

XCuIIInBu2(CN)·Li2CunBu(CN)2– →

Li2Cu2nBu2(X)(CN)3– + nBu·

(4.4.5.1.)
(4.4.5.2.)

Figure 4.4.5.3. Mass spectrum of mass-selected [XCuIIIPh2(CN)·Li2CuPh(CN)2]– (m/z = 551)
and its fragment ion produced upon collision-induced dissociation (Vexc = 0.20 V).
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Figure 4.4.5.4. Mass spectrum of mass-selected [XCuIII(nBu)2(CN)·Li2CunBu(CN)2]– (m/z =
491) and its fragment ions produced upon collision-induced dissociation (Vexc = 0.20 V). Note
the loss of a butyl radical.
To confirm that the observed pathway corresponds to radical loss, a hexyl system was studied,
just as for the case of tricyanoethylene. The observed fragmentation indeed points to loss of
free hexyl radicals, with the origins of this phenomenon probably lying in the formation of
Cu(II) species or tetracyanoethylene-based radical anions. 106,107
4.4.6 Substrate Structure-Reactivity Relationships.
The simplest Michael acceptor of the series, acrylonitrile, does not form detectable ionic
products with LiCuR2·LiCN reagents. This is rationalized by the known ability of
organocuprates to induce polymerization of acrylonitrile. 108 In this case, the cuprate is
consumed in only catalytic amounts, hence no evidence for a reaction is observed by ESI
mass spectrometry. Besides, the polarizing effect of the single cyano group on the C=C bond
is probably too weak to allow the formation of stable π-complexes.
Fumaronitrile, with two cyano groups attached to the double bond, forms a range of πcomplexes in different aggregation states. Their relative stability can be explained by the
electronic structure of the substrate. Compared to acrylonitrile, the presence of a second
electron-withdrawing CN group increases the acceptor potency of the double bond, which is
expected to favor back-donation from the cuprate. The symmetry of the molecule means that
the electron distribution is not skewed towards either end, which inhibits further reaction of
the π-complex formed (cf. 1,1-dicyanoethylene). Moreover, the electron-deficient C=C bond
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reduces the importance of a stabilizing lithium-heteroatom interaction, as demonstrated by the
detection of Li-free [CuR2·FN]–. In contrast, this interaction between the lithium of the
cuprate aggregate and the heteroatom of the coordinated Michael acceptor is crucial for α,βunsaturated carbonyls. Indeed, for their case, no Li-free π-complexes have ever been observed
or suggested.
As opposed to fumaronitrile, in the case of 1,1-dicyanoethylene the two cyano groups polarize
the double bond in the same direction, making conversion of the π-complex into the Cu(III)
intermediate more favorable. Once formed, this highly reactive species then undergoes rapid
reductive elimination that produces the corresponding product anion.
For tri- and tetrasubstituted cyanoethylenes, the presence of a leaving group at the site of
cuprate attack, together with the combined electron-withdrawing effect of three or four cyano
groups opens the possibility for new reaction pathways, resulting in rich chemistry observed.
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5 Conclusions and Outlook
The present work explores the aggregation state, structure and reactivities of organocuprate
intermediates, which can be broadly divided into two classes. The first is represented by
homo- and heteroleptic cyanocuprates(I), LiCuR2·LiCN and LiCuR(CN), respectively.
Copper(III) intermediates of cross-coupling and conjugate addition reactions, together with
related π-complexes, represent the second class. In both cases, ESI mass spectrometry in
ethereal solvents permits the detection and characterization of a wide range of non-stabilized
anionic intermediates, as well as providing insight into association equilibria they undergo.
Although the ionization process most likely shifts these equilibria relative to the situation in
solution, the qualitative trends derived seem to be remarkably robust.
So, for LiCuR2·LiCN solutions, the cyanide-free anions Lin−1CunR2n−, n = 1 and 3, along with
Li2(CN)(solv)n+ cations are the predominant species observed. The abovementioned anionic
aggregates are in equilibrium with each other, the position of this equilibrium being strongly
solvent dependent. Thus, non-polar solvents (e.g. Et2O) favor higher aggregation states,
whereas monomeric CuR2– dominate in the more polar THF. Based on fragmentation
experiments, the trimeric Li2Cu3R6− complexes were shown to correspond to adducts of
anionic CuR2− and the neutral dimeric contact ion pair Li2Cu2R4, i.e. 1. Previous studies have
indeed identified exactly these species as the major constituents of LiCuR2·LiCN reagents in
ethereal solvents. However, whereas presence of simple Li(solv)n+ cations was inferred in
those investigations, dinuclear Li2(CN)(solv)n+ cations are observed by ESI mass
spectrometry. In this respect, the present results more closely agree with previous IR and Xray absorption spectroscopic measurements, which also suggested the prominence of the
Li2(CN)+ motif, although tied up in the contact ion pair 2. While not fully reconciling the two
conflicting views put forward in the literature, the present findings thus indicate that both of
them capture important aspects of LiCuR2·LiCN reagents in THF and other ethereal solvents.
In addition to the influence of solvent on aggregation, ESI-MS makes possible a direct
comparison of the substituent effects and shows that their increased steric hindrance results in
higher degrees of dissociation, whose absolute values can be estimated on the basis of the
measured molar conductivities. On the contrary, dissociation is hindered by the introduction
of the small polar CN groups, which can bridge between copper centers and strongly
coordinate to Li cations. So, polynuclear Lin−1CunRn(CN)n− anions were detected in solutions
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of LiCuR(CN), with nuclearities much higher than those of the cyanide-free Lin−1CunR2n−
anions.
Following the determination of factors influencing the organocuprate aggregation state, its
importance for reactivity is demonstrated. So, gas-phase hydrolysis of cuprate ions shows,
inter alia, that the presence of Li+ can significantly enhance the reaction rate, e.g., CuR2–
monomers do not react with water under the experimental conditions, whereas the
corresponding LiCu2R4– dimers and Li2Cu3R6– trimers do.
The aggregation state is also of key importance for tetraalkylcuprates(III), detected in crosscoupling reactions of organocuprates with alkyl iodides. Monomeric tetraalkylcuprate anions
7 (Me3CuR–) show variable amounts of cross- and homo-coupling in their fragmentation
reactions, depending on the nature of the R group. The triple ions 8 (LiMe6Cu2R2–), which
consist of two subunits of 7 held together by a Li cation, however, very strongly favor crosscoupling. The theoretical calculations reveal that the origin of this selectivity is the
preferential interaction of the central lithium cation with two methyl groups of each subunit,
which thereby blocks the homo-coupling pathway. Besides highlighting the importance of
aggregation state in organocuprate chemistry, the observation of tetraalkylcuprates is valuable
for other reasons as well. While so far almost exclusively neutral organocopper(III) species
have been considered as intermediates in copper-mediated cross-coupling reactions, the
present experiments suggest that the participation of tetraalkylcuprate anions should also be
taken into account if the overall reagent stoichiometry allows their formation (3 equiv of
Me/R anions per Cu atom). This findings opens exciting prospects for further harnessing the
unique reactivity of Cu(III) in organic synthesis.
The mild nature of the ESI process makes possible the detection of species with weak,
essentially non-covalent interactions holding them together, such as organocuprate πcomplexes with Michael acceptors. Here, it has been demonstrated that these highly fluxional
species show complex aggregation equilibria, the position of which is influenced by solvent
polarity in a way similar to that of the parent organocuprates. The stability of the
abovementioned π-complexes depends on the electronic structure of the substrate. Interactions
that are too weak do not result in detectable complexes, too strong interaction make the
reaction proceed further and yield either Cu(III) intermediates or final conjugate addition
products.
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To sum up, the successful detection and characterization of the abovementioned organocopper
species shows the tremendous potential of ESI mass spectrometry for the analysis of charged
organometallics. Put into perspective, the present work adds to a growing number of studies
that demonstrate the suitability of ESI mass spectrometry for monitoring reactions and
probing ion speciation in solution. Until this finding has been further validated, however, the
most reliable approach, adopted in this work, remains the combination of ESI mass
spectrometry with other, well-established analytical methods, such as electrical conductivity
measurements or NMR spectroscopy.
Outlook. With regard to the type of organocuprates(I), a possible extension of the present
work might probe CuX salts other than CuCN (X = halogen, SCN, OTf, RC≡C, PhS, etc.) and
establish the influence of the counter-anion on solution-phase composition. Probing systems
of intermediate stoichiometry, e.g. the well known Ashby’s cuprates LiCu2Me3 and
Li2Cu3Me5,109 represents another possible direction of future work. The range of solvents
used in all of the experiments might also be extended to those of non-ethereal nature, such as
CH2Cl2 or CH3CN.
The bimolecular gas-phase reactivity of organocuprate anions, so far probed only in reactions
with water, should further be extended to reactions with synthetically more useful
electrophiles, such as alkyl halides and Michael acceptors. In this way, the currently held
opinion that only homodimers undergo conjugate addition can be directly put to test.
Another direction of further efforts may deal with extending the range of Me3CuR− species
detected to their aryl analogues, Me3CuAr−, and establishing a synthetic procedure for the
general preparation of [R13CuR2]−, R1 ≠ Me in solution. The gas-phase reductive eliminations
of those ions will increase the size of the present database and allow further insights into the
cross-coupling process. Furthermore, the Cu intermediates are not limited to cross-couplings
and conjugate additions, but have been proposed for many other reactions, like the coppercatalyzed Ullmann reaction 110, the recently reported site-selective arylation of arenes 111, and
the Suzuki coupling of 2-pyridyl substrates 112. Detecting the organocopper intermediates
involved and shedding light on the catalytic cycle of these reactions would allow catalyst
optimization and development of further synthetically useful Cu-catalyzed processes.
Finally, π-complexes of standard α,β-unsaturated carbonyl electrophiles and the related
Cu(III) intermediates have so far remained elusive to ESI-MS and await detection and
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characterization. The ESI-MS approach could also be extended to elucidate the mechanism of
alkyne and diene carbocuprations, which is believed to involve π-complexes as well, but
remains unclear. Studies of these systems might clarify some aspects of this synthetically
useful transformation.
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6.1. Analytical Data
Nuclear Magnetic Resonance Spectroscopy. NMR spectra were recorded on Varian
Mercury 200 and Bruker AC 300 instruments. Chemical shifts are reported as δ-values in ppm
relative to the solvent signal. For the characterization of the observed signal multiplicities the
following abbreviations are used: s (singlet), d (doublet), t (triplet), q (quartet), and br (broad).
UV/VIS Spectroscopy. UV/VIS spectra were recorded from 200 to 800 nm on a Perkin
Elmer Lambda 16 spectrometer. Samples were measured as solutions in Et2O, and the
absorption bands reported in nm.
Infrared Spectroscopy. Infrared spectra were recorded from 400 to 4000 cm−1 on a Perkin
281 IR spectrometer. Samples were measured neat (ATR, Smiths Detection DuraSample IR II
Diamond ATR). The absorption bands were reported in wave numbers (cm−1).
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6.2. Synthesis
6.2.1 General Considerations
Standard Schlenk techniques were employed for handling air- and moisture-sensitive
substances throughout. THF and Et2O were distilled from sodium/benzophenone; MeTHF,
CPME, and MTBE were dried over molecular sieve (4Å). CuCN was dried by repeated
heating under vacuum at 350 °C. Solutions of organolithium compounds RLi were used as
purchased: MeLi (1.49 M) in Et2O, EtLi (0.42 M) in benzene/cyclohexane (90/10), nBuLi
(2.37 M) in hexane, sBuLi (1.58 M) in cyclohexane, tBuLi (1.88 M) in pentane, and PhLi
(1.74 M) in nBu2O. The exact concentrations were determined by titration of 1,3-diphenyl-2propanone tosylhydrazone. 113
For the labeling experiments, CD3I (Sigma Aldrich, 99.5% D content), EtI-D5 (Sigma
Aldrich, 99.5% D content), BuI-D9 (Ehrenstorfer, 99.3% D content) and K13CN (Sigma
Aldrich, 99.0 % 13C content) were employed.
Other solvents and chemicals were used as purchased.
6.2.2 Synthesis of Organocuprate Reagents
Conductivity Measurements. To prepare ethereal solutions of LiCuR2∙LiCN and
LiCuR(CN) (R = Me, nBu, tBu, and Ph), CuCN was heated in an evacuated flask at 350 °C for
five minutes. The flask was then filled with Ar and cooled to RT, and the procedure was
repeated two more times. The screw cap of the flask was removed, and the electrode (predried by heating at 120 °C for 3 minutes) was put in. A suspension of CuCN in the solvent of
choice (THF, Et2O) was then treated with one or two equivalents of RLi under argon at –15
°C. After stirring at this temperature for 15 minutes, the CuCN completely dissolved, forming
LiCuR(CN) or LiCuR2∙LiCN, respectively. Solutions of LiCuMe2·LiCN in THF (of nominal
concentration c = 100 mM) with and without added allyl chloride were analyzed at –71 °C in
order to slow down interfering hydrolysis reactions. Nonetheless, the latter were found to
reduce the concentration of the active dimethylcuprate reagent by 20 ± 5% (as determined by
iodometric titration). The amount of hydrolysis thus exceeds that determined above for
LiCuR2·LiCN solutions (R = nBu, tBu, and Ph), which points to a particularly high sensitivity
of the dimethylcuprate reagent.
ESI-MS Probes. CuCN was heated in an evacuated Schlenk flask at 350 °C for three
minutes. The flask was then filled with Ar and cooled to RT, and the procedure was repeated
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two more times. Solutions of CuCN/(RLi)m (R = Me, Et, nBu, sBu, tBu, and Ph) were prepared
by treating suspensions of CuCN in the solvent of choice (THF, Et2O, MeTHF, CPME, or
MTBE) with RLi under argon at −78 °C. After stirring at this temperature for 1 h, the CuCN
completely dissolved for CuCN/(RLi)m, m = 2 or 1, forming LiCuR2∙LiCN and LiCuR(CN),
respectively. In the case of the sample solutions prepared for ESI mass-spectrometric analysis,
the smaller volumes necessarily increase the likelihood of small errors in the measured
reagent quantities. Such errors can be particularly detrimental to the analysis of LiCuR(CN).
So, for m = 1, signals typical of LiCuR2∙LiCN systems were dominant in some cases, which
was ascribed to addition of a slight excess of RLi. To avoid this, test experiments with m =
0.8 and 0.5 equivalents of RLi were conducted for THF systems. It was found that the
intensity of the abovementioned homoleptic peaks was significantly lower in these cases. The
resulting solutions of nominal LimCuRm(CN) composition are supposed to contain
LiCuR(CN) because the excess CuCN does not dissolve, as could also be directly seen from
the presence of a solid residue. On this basis, m = 0.8 systems were chosen to study
LiCuR(CN) speciation in Et2O.
Aliquots of the resulting solutions (of typical concentrations c = 25 mM) were then
transferred into a gastight syringe and introduced into the ESI source of a mass spectrometer.
Sample solutions of LiCuR2∙LiCN showed relatively high macroscopic stabilities in the
syringe held at room temperature. In contrast, solutions of LimCuRm(CN), m ≤ 1, decomposed
in ≤ 10 min and produced black or greenish precipitates, which then caused clogging of the
inlet line connecting the syringe with the ESI source. To avoid this problem, sample solutions
of LimCuRm(CN), m ≤ 1, had to be analyzed as quickly as possible.
Sample solutions of LiCuMe2·LiCN/RX stoichiometry (R = Me, Et, nPr, nBu, PhCH2CH2,
CH2=CHCH2, and CF3CH2CH2) were prepared by adding MeLi (2 equiv) to suspensions of
CuCN in dry ethereal solvents at −78 °C and stirring at this temperature for 15 min to approx.
1 h, before the organyl halide RX was added (1 equiv). Addition of further MeLi (1 equiv)
afforded sample solutions of CuCN/3 MeLi/RX stoichiometry, which alternatively could be
prepared by treatment of CuCN suspensions with 3 equiv of MeLi (−78 °C, 1 h), followed by
the addition of RX (1 equiv). Analogous procedures provided solutions of LiCuR'2·LiCN/RX.
Sample solutions of LiCuR2·LiCN/C2H4–n(CN)n stoichiometry ( R = Me, nBu and Ph), were
prepared by adding RLi (2 equiv) to suspensions of CuCN in dry ethereal solvents at −78 °C
and stirring at this temperature for 15 min to approx. 1 h, before the corresponding
cyanoethylene Michael acceptor C2H4–n(CN)n was added (1 equiv).
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6.2.3 Synthesis of Cu13CN 114
K13CN (250 mg, 3.85 mmol) was dissolved in water (8 mL) at room temperature. A solution
of Na2SO3 (256 mg 2.03 mmol) in water (8 mL) was added, followed by a solution of
CuSO4·5H2O (1.0 g, 4 mmol) in H2O (8 mL). The resulting colorless precipitate was stirred
for 10 minutes, and a solution of NaOH (70 mg, 1.75 mmol) in H2O (2 mL) was added. After
20 minutes the solid was allowed to settle and the liquor was decanted. The resulting product
was washed with water (2×10 mL), acetone (3×10 mL) and dried in vacuo to give Cu13CN as
colorless solid (305 mg, 3.40 mmol, 88%).
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6.2.4 Synthesis of Cyanoethylene Substrates
1,1-Dicyanoethylene 115

A dry 50-mL round-bottom flask was charged with 1,1,3,3-tetracyanopropane (10.0 g, 70
mmol) and fitted with a U-tube cooled in a water bath (θ ≈ 15 °C). A small amount of P2O5
was placed over the crystals and inside the U-tube to avoid polymerization of product. After
evacuation to 5 mbar, the system was heated (temperature gradient 180 to 250 °C) for 30
minutes to give 6 mL of clear liquid. The collected product was then purified by fractional
distillation at 5 mbar. Fraction 1 (4 mL) was collected at 55 °C, while a second fraction
(2 mL) was collected at 75 °C. Spectral data indicated that fraction 1 was pure 1,1dicyanoethylene (3.8 g, 49 mmol, 70%). 1H NMR (200 MHz, CDCl3): δ 6.8 (s, 2H).

Ethyl 2,3-Dicyanopropionate 116

A mixture of sodium cyanide (9.8 g, 0.20 mol), ethylcyanoacetate (22.6 g, 0.20 mol) and
paraformaldehyde (6.0 g, 0.2 mol) was stirred in absolute ethanol (200 mL) for 10 minutes
and then refluxed for 30 minutes. The solution was allowed to cool, then poured into a
mixture of hydrochloric acid (0.5 M, 400 mL) and CH2Cl2 (300 mL). The layers were
separated, and the aqueous phase extracted with CH2Cl2 (2×300 mL). The organic layers were
combined, dried and concentrated in vacuo to afford the crude product as reddish oil (26 g).
Vacuum distillation (5·10–3 mbar) afforded pure ethyl 2,3-dicyanopropionate as a colorless oil
(19.2 g, 0.13 mol, 63%), bp 120 °C. 1H NMR (200 MHz, CDCl3): δ 4.36 (q, J = 7 Hz, 2H),
3.86 (t, J = 7 Hz, 1H), 3.01 (d, J = 7 Hz, 2H), 1.37 (t, J = 7 Hz, 3H).
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2,3-Dicyanopropionamide116

A mixture of ethyl 2,3-dicyanopropionate (19.2 g, 0.13 mol) and concentrated aqueous
ammonia (36 mL) was stirred for 4 hours at 0 °C. The colorless precipitate was filtered,
washed with water and dried in vacuo to give the product as a colorless solid (13.2 g, 0.11
mol, 85%). 1H NMR (200 MHz, DMSO-d6): δ 7.9 (br s, 1H), 7.7 (br s, 1H), 4.15 (t, J = 7 Hz,
1H ), 3.10 (d, J = 7 Hz, 2H).
1,1,2-Tricyanoethane116

2,3-dicyanopropionamide (13.2 g, 0.11 mol) was mixed with sodium chloride (18.0 g),
acetonitrile (55 mL) and POCl3 (9.8 mL) and the mixture stirred at room temperature for 5
minutes, followed by a 5-hour reflux. The resulting suspension was filtered and the solid
residue washed with acetonitrile. The filtrate was concentrated in vacuo to ca. 20 mL and
water was added. The precipitate was filtered at 0 °C, washed with water and dried in vacuo
to afford the product as light-purple crystals (8.82 g, 84 mmol, 78%). 1H NMR (200 MHz,
DMSO-d6): δ 5.29 (t, J = 6 Hz, 1H), 3.59 (d, J = 6 Hz, 2H).
1-Bromo-1,1,2-tricyanoethane116

A suspension of 1,1,2-tricyanoethane (4.0 g, 38 mmol) in water (40 mL) was cooled in an ice
bath and bromine (2.0 mL, 39 mmol) was dropwise added, the temperature was kept below
6 °C. Ten minutes after the addition was complete, the mixture was filtered, and the moist
solid dissolved in CH2Cl2. The solution was dried and concentrated in vacuo to afford the
product as a colorless solid (6.0 g, 33 mmol, 86%). 1H NMR (200 MHz, CDCl3): δ 3.56 (s,
1H).
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Tricyanoethylene116

1-Bromo-1,1,2-tricyanoethane (6.0 g, 33 mmol) was dissolved in Et2O (30 mL) and a solution
of triethylamine (3.1 g, 31 mmol) in Et2O (15 mL) was added dropwise at 0 °C. The mixture
was filtered and the solid washed with Et2O. The filtrate was concentrated in vacuo to give
crude product as dark oil (2.0 g, 19.4 mmol), attempted purification of which on silica gel
failed. The crude tricyanoethylene was recovered (1.6 g, 8.2 mmol) and suspended in
isohexane (10 mL). Diethyl ether was dropwise added to achieve full dissolution. The
solution was cooled in a dry ice-acetone bath and the liquid phase decanted. The orange
crystalline solid was dried in vacuo to afford pure tricyanoethylene (200 mg, 1.9 mmol, 6%).
1

H NMR (300 MHz, CDCl3): δ 6.80 (s, 1H);

13

C NMR (300 MHz, CDCl3): δ 128.0, 111.4,

109.7, 108.9, 105.2; UV: λmax = 237 nm, εmax = 12700; IR(neat): νmax 3052, 2246, 2198, 1587,
1502, 1323, 1166, 1024, 998, 778 cm–1.
The analytical data obtained are in agreement with literature values:116
UV: λmax = 237 nm, εmax = 13100;
IR(neat): νmax 3030, 2222, 1502 cm–1.
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6.3. Determination of Background Water Concentration
To estimate the concentration of background water, calibration reactions with known values
of the true second-order rate constant k2 were run. Hydrolysis of magnesium acetylides,
RC≡CMgCl2–, R = H and Ph, described in detail by O’Hair et al, 117 was chosen as reference.
Under the experimental conditions, these reactions also showed the expected pseudo first
order kinetics (Table 6.3.1).
Table 6.3.1. Gas-phase hydrolysis rate constants of magnesium acetylides RCCMgCl2–.
k1/s–1

k2a / molecule–1·cm3·s–1

[H2O] / molecule·cm–3

HCCMgCl2–

20 ± 0.4

0.22·10–9

9.3·1010

PhCCMgCl2–

17 ± 2

0.27·10–9

6.3·1010

Parent ion

a

Errors were conservatively estimated as ± 25% by the authors.
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