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ABSTRACT: Tetraalkylcuprates are prototypical examples of organocopper(IIl) species, which remained elusive until their
recent detection by NMR spectroscopy. In agreement with the NMR studies, the present electrospray ionization mass
spectrometric experiments, as well as supporting electrical conductivity measurements, indicate that LiCuMe,-LiCN reacts with a
series of alkyl halides RX. The resulting Li*Me,CuR(CN)~ intermediates then afford the observable Me;CuR™ tetraalkylcuprate
anions upon Me/CN exchanges with added MeLi. In contrast, the reactions of LiCuMe,-LiCN with neopentyl iodide and various
aryl halides give rise to halogen—copper exchanges. Concentration- and solvent-dependent studies suggest that lithium
tetraalkylcuprates are not fully dissociated in ethereal solvents, but partly form Li"Me;CuR™ contact ion pairs and presumably
also triple ions LiMesCu,R,™. According to theoretical calculations, these triple ions consist of two square-planar Me;CuR™
subunits binding to a central Li* ion. Upon fragmentation in the gas phase, the mass-selected Me;CuR™ anions undergo reductive
elimination, yielding both the cross-coupling products MeR and the homocoupling product Me,. The branching between these
two fragmentation channels markedly depends on the nature of the alkyl substituent R. The triple ions LiMe,Cu,R, ™ (as well as
their mixed analogues LiMe,Cu,R(R’)7) also afford both cross-coupling and homocoupling products upon fragmentation, but
strongly favor the former. On the basis of theoretical calculations, we rationalize this prevalence of cross-coupling by the
preferential interaction of the central Li* ion of the triple ions with two Me groups of each Me;CuR™ subunit, which thereby
effectively blocks the homocoupling channel. Our results thus show how a Li* counterion can alter the reactivity of an
organocopper species at the molecular level.

1. INTRODUCTION of cross-coupling reactions between lithium dimethylcuprate
LiCuMe,-LiCN (1) and alkyl halides RX and in some cases
even were found to survive warming to 20 °C for short
times.”> This enhanced stability renders tetraalkylcuprates
ideal model systems not only for studying the generation of

reagents with carbon electrophiles, such as alkyl halides, epoxides, orgar}ocopper(HI) compounds but also for probing their
and Michael acceptors, have long been postulated to involve reactions. ) ] ' o
Cu(Ill) intermediates,* which have also been predicted by Here, we investigate the for‘ma"uon an.d reactivity of
theoretical calculations.” Because of their supposedly very high tetra'(.ﬂkylcuprate anions by a coml.nnfltlo.n of different methods.
propensity toward reductive elimination, these organocopper- Speaﬁcallg, we use electrospray lonization mass spectrometry
(III) species were believed to be too elusive for detection.** (ESI-MS)” to analyze the tetraalkylcuprate ions produced in the
Recently, however, Bertz, Ogle, and co-workers” as well as reactions of 1 and other diorganylcuprates with a series of alkyl
the Gschwind group® succeeded in observing several halides; for comparison, we also sample the ionic products of
organocopper(III) compounds by low-temperature NMR .the reaction.s of 1 with several aryl halides. .ESI-MS is increas-
spectroscopy. This breakthrough now opens the door to further ingly r.ecog‘mzed asa \i%luable tool to characterize .charge.d organo-
investigations of Cu(III) species to complement our knowledge metall}llczs n .general and organocuprate anions n partic-
of organocopper chemistry. Besides being of fundamental ular.” > Unlike most f)ther anal?rtlcal tec}.ml‘ques, it .has the
importance, a better understanding of organocopper(III) great advantage of affording unambiguous stoichiometric informa-
compounds and their reactivity also promises practical benefits, tion. For selected cases, we complement the ESI-MS experi-
as it might help in optimizing reagents and reaction conditions ments by electrical conductivity measurements. In addition, we
in a rational way. Among the organocopper(Ill) species so
far identified, the tetraalkylcuprate anions are particularly Received: October 6, 2011
interesting. These species have been observed in the course Published: November 30, 2011

The late transition metal copper forms organometallic reagents
of outstanding importance to organic synthesis." Virtually all of
these reagents correspond to Cu(I) species with a 3d'® valence
electron configuration.”®> The reactions of organocopper(1)
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apply gas-phase methods to assess the unimolecular reactivity
of mass-selected tetraalkylcuprate anions. Gas-phase studies
have already proven valuable for probing the intrinsic reactivity
of dialkylcuprates(I).””*'®> To aid in the interpretation of the
gas-phase experiments, we also perform quantum-chemical
calculations.

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Materials and General Methods. Standard Schlenk
techniques were applied in all cases. Tetrahydrofuran (THF) was
distilled from sodium/benzophenone. Cyclopentyl methyl ether and
methyl tert-butyl ether were dried over molecular sieves (4 A). CuCN
was dried by repeated heating under a vacuum at 350 °C. Solutions of
organolithium compounds RLi were used as purchased: MeLi (1.49
M) in Et,0, EtLi (0.42 M) in benzene/cyclohexane (90/10), BuLi
(2.37 M) in hexane, ‘BuLi (1.88 M) in pentane, and PhLi (1.74 M) in
Bu,O. The exact concentrations were determined by titration of
1,3-diphenyl-2-propanone tosylhydrazone."* For the labeling
experiments, CD;I (Sigma Aldrich, 99.5% D content), Etl-ds
(Sigma Aldrich, 99.5% D content), and Bul-d, (Ehrenstorfer, 99.3%
D content) were employed.

2.2. Sample Preparation. Sample solutions of LiCuMe,-LiCN/
RX stoichiometry 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 approximately 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',
LiCN/RX.

2.3. Electrospray lonization Mass Spectrometry. ESI of
solutions of reactive organometallics in THF is challenging
because of (i) the predominance of ion pairing in this relatively
low-polarity solvent and the corresponding small concentration of
free ions and (ii) the sensitivity of these reagents toward traces of
moisture present in the inlet system. To mitigate these problems,
relatively high sample concentrations of typicallly ~ 25 mM
were used, similarly to several previous studies.'””'® Moreover,
great care was taken to exclude moisture from the inlet system and
to flush the system with dry solvent before injection of the sample
solution. Aliquots of the sample solutions were administered
into the ESI source of an HCT quadrupole ion trap (Bruker
Daltonik) via a pump-driven gastight syringe at flow rates of 0.3—
1.0 mL h™".

The ESI source was operated with N, as nebulizer gas (0.7 bar
backing pressure) and drying gas (5 L min™" flow rate, 60 °C) at an
ESI voltage of —3 kV. The produced ions passed a capillary, a
skimmer, and two transfer octopoles before entering the quadru-
pole ion trap. The voltages applied to these components were
identical to those used previously'” to ensure particularly mild
conditions. The ion trap was filled with helium (estimated pressure
p(He) ~ 2 mTorr) and operated at a trap drive of 20 (the trap drive
corresponds to the m/z value of the low-mass cutoff in the stability
diagram of the ion trap). Mass spectra were recorded for m/z =
50-1000.

2.4. Gas-Phase Fragmentation Experiments. For the fragmen-
tation experiments, the mass-selected ions (mass windows of 1—2 amu)
were subjected to excitation voltages of amplitudes V. (peak-to-peak
amplitudes, applied to one of the end-caps of the ion trap) for t = 40 ms
and were simultaneously allowed to collide with the He gas. Note that the
low-mass cutoff of the ion trap prohibits the detection of fragment ions,
whose m/z ratio is <27% of that of the parent ion. The given branching
ratios of the fragmentation reactions are the averages of different
individual experiments/scans. The quoted uncertainties are based on the
corresponding standard deviations and do not include any systematic
errors, which are supposed to be negligible. In the case of the fragmenta-
tion of the LiMe,Cu,R,” triple ions, the detection of LiMe;Cu,(OH)~
pointed to a consecutive reaction of the LiCu,Me,” fragment ion with
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background water present in the ion trap, eq 1. In line with this
rationalization, the amount of detected LiMe;Cu,(OH)~ correlated

LiCu,Me,” + H,0 — LiCu;Me3(OH)” + MeH (1)

with the excitation time ¢ (Supporting Information, Figures S52—S54).
Experiments on mass-selected CuMe,” and LiCu,Me,~ produced by
ESI of solutions of LiCuMe,-LiCN in THF confirmed that only the
latter readily undergoes efficient hydrolysis reactions under the
experimental conditions applied. In the case of LiMesCu,R,™
(R = allyl) and its fragment ions, apparently additional consecutive
hydrolysis reactions occur and complicate the analysis to such an
extent that no branching ratios between cross-coupling and
homocoupling reactions could be determined.

To investigate whether the excitation voltages V. could be converted
into absolute energies in a straightforward manner,'® we studied the
fragmentation behavior of a series of benzylpyridinium ions (Figures $43
and S44); the activation energies associated with their dissociation had
previously been derived from theoretical calculations."” Unlike Zins et al,'®®
we did not find a satisfactory correlation between the obtained appearance
voltages V... of the fragment ions (for the definition of V. ppean See Figure
$43) and the calculated activation energies AE . reported in the literature
(Figure S$44).'° Hence, a conversion of the V. values into absolute
energies does not appear possible for the employed ion trap.

2.5. Electrical Conductivity Measurements. Electrical conduc-
tivity measurements were performed with a SevenMulti instrument
(Mettler Toledo) and a stainless steel electrode cell (InLab741, Mettler
Toledo, k. = 0.1 cm™") calibrated against a 0.1 M solution of aqueous KCl
at 298 K. Test measurements of solutions of NaBPh, in THF'® showed
that the instrument also worked correctly at low temperatures (Figure S1).
Solutions of LiCuMe,"LiCN in THF (of nominal concentration ¢ =
100 mM) with and without added RCI (R = allyl) were analyzed at 202 K
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 previously determined for LiCuR,-LiCN
solutions (R = Bu, By, and Ph),"® which points to a particularly high
sensitivity of the dimethylcuprate reagent.

2.6. Quantum-Chemical Calculations. Theoretical calculations
were performed with the program package Gaussian 03.*° All
calculations refer to the gas phase, thus making possible a direct
comparison with the gas-phase experiments. Similarly to related
previous work,*>*! a first set of density functional theory (DFT)
calculations employed the B3LYP hybrid functional®* and an effective
core potential with 10 core electrons for the Cu atoms (B3LYP/6-
31G*/ SDD).23 As discussed below, the resulting activation energies
for the fragmentation reactions of the Me;CuR™ complexes appeared
to be biased in favor of the homocoupling channel (see section 3.3.2).
For the fragmentation of Me;CuEt”, we therefore performed
exploratory calculations with other methods, including B3LYP/6-
31G* all-electron calculations (Table $9).2* With a larger basis set and
the MDF effective core potential with 10 core electrons,*® Moller—
Plesset perturbation26 theory (MP2/6-311+G*/MDF) exhibited a
somewhat improved behavior at affordable costs (Table S9) and was
used for further calculations on the mononuclear Me;CuR™ anions and
their unimolecular reactions. 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 LiMesCu,R,"), but
the complete conformational space was not searched. Instead,
staggered alkyl chain conformations were used as starting points for
the geometry optimizations. For the case of LiCu,Me;~, we not only
performed B3LYP calculations (B3LYP/6-31G*/SDD), but also
employed other functionals, such as the B3PW91>7 and
MPW1PW91 functionals,®® as well as Moller—Plesset perturbation
theory 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
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analyses (Table $21).* Moreover, for the allyl-containing cuprate ions
Me;CuR™ and MeCuR™ (R = allyl), we considered not only 6-bound
but also 7-bound isomers. The latter were consistently found to be
unstable. The DFT method also predicted the transition structure
associated with the reductive elimination of MeR from Me;CuR™ to
correspond to a o-bound complex. In contrast, our MP2 calculations
did not find an analogous o-bound transition structure, but only a
m-bound isomer. To compute nonetheless at least an approximate
activation energy for the MeR elimination with this method, we
considered a transition structure with optimized geometry except for
the distance between the f-C atom and the Cu center, which was
held constant at 250 pm, ie., the distance derived from the DFT
calculations.

3. RESULTS AND DISCUSSION

3.1. Reactions of Dialkylcuprates with Organyl
Halides. 3.1.1. Reactions of Dimethylcuprate with Alkyl
Halides. Upon addition of 1 equiv of allyl chloride to a
solution of 1 in THF, the electrical conductivity markedly
decreases (Figures 1 and S2). At the same time, the ESI signal

LiCuMe,-LiCN
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Figure 1. Time profile of the electrical conductivity of a solution of
LiCuMe,-LiCN (1) in THF (generated by the addition of 2 equiv of
MeLi to CuCN) at 202 K upon consecutive treatment with RCI (R =
allyl, 1 equiv) and MeLi (2 X 0.2 equiv).

intensities of the Li,_,Cu,Me,,” ions characteristic of solutions
of 1 in THE'* almost completely vanish. According to Bertz et
al,”® we rationalize this behavior by the generation of an
Li*Me,CuR(CN)~ intermediate (R = allyl). Due to its relatively
low stability,* the Me,CuR(CN)~ anion presumably does not
survive the ESI process, thus explaining our inability to detect it
by ESI-MS. If further MeLi is added, the conductivity slowly
increases again, indicating the formation of a new ionic species
(Figure 1). Similar results are obtained when CuCN/3 MelLi is
treated with RCI (Figure S3). In this case, the conductivity first
sharply drops but then slowly recovers as the transient
Li*Me,CuR(CN)~ reacts with excess MeLi present in solution
to yield the ionic species already known from the previous
experiment.

ESI-MS identifies the newly formed ionic species as the
tetraalkylcuprate Me;CuR™ (Figure 2), which apparently
originates from Li*Me,CuR(CN)~ via a methide/cyanide
exchange (Scheme 1). In addition to mononuclear Me;CuR™,
we also observe the corresponding triple ion, i.e., the Li'*-bound
dimer LiMesCu,R,". The aggregation equilibrium interrelating
mononuclear tetraalkylcuprates and the related dimeric
complexes will be discussed in detail in section 3.2.
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Figure 2. Negative ion mode ESI-MS of a solution of the products
formed in the reaction of LiCuMe,-LiCN (1) with RCI (R = allyl) in
THEF.

Scheme 1. Formation of Lithium Tetraalkylcuprates Li'2a—g
Probed by ESI-MS

+RX 'YIe , +MeLi Me X
LiCuMe, LICN — [NC—-Cu—R|Li Me—Cu—R| Li
1 - LiX Me - LicN Me
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Analogous ESI-MS experiments demonstrate that 1 reacts
not only with allyl chloride but also with Mel, EtI, Prl, Bul,
PhCH,CH,], and CH,=CHCH,Br to yield tetraalkylcuprates
Me;,CuR™ (2a—f) and LiMe,Cu,R,” (3a—f, Scheme 1 and
Figures $4—S8). Note that 2a, 2b, and 2f are already known
from NMR spectroscopic experiments,””* "5 whereas 2c—e
have not been reported before. The given assignments are based
on observed m/z ratios, isotopic patterns, and, for selected
systems, isotopic labeling experiments (Figures S9—S14).
Additional and unambiguous evidence for the identities of
the tetraalkycuprate ions comes from their fragmentation
behavior (see section 3.3.1). Solutions of Li*2b—g kept at room
temperature are stable for approximately 1 h, after which time
Cu(I) decomposition products containing CN~ and I~ start to
appear. In the case of Li*2a, such decomposition products are
already observed immediately after sample preparation (Figure S4).
The putative Cu(III) species formed upon reaction of 1 with
CH,=CHCH,I and BnBr (Bn = benzyl), respectively, prove to
be even less stable and completely elude detection by ESI-MS.
In contrast, PrCl, BnCl, PrBr, (CH,);CCH,Br, and ‘PrI do not
react with 1 at all. From these findings, we can derive the
following trends in reactivity: (i) Alkyl iodides react faster than
the corresponding bromides (compare, e.g, Prl and PrBr),
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, Prl and ‘PrI). This behavior
matches that of typical Sy2 processes®® and thus strongly
suggests that the reaction of 1 with alkyl halides follows the
same mechanism, in line with previous conclusions.**>*”
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A special situation is found for the reaction of 1 with 3,3,3-
trifluoropropyl iodide. This reaction affords only small
quantities of the expected tetraalkylcuprate 2g, but mainly
gives Me,_,CuR,” ions (R = CF;CH,CH, and n = 2—4)
(Figure S15). We explain the formation of these species by the
operation of iodine—copper exchange reactions between 1 and
R], leading to LiCu(Me)R-LiCN and LiCuR,-LiCN reagents
(Scheme 2), which can undergo sequential R/CN and R/Me

Scheme 2. Iodine—Copper Exchange Reactions Probed by
ESI-MS

+RI +RI
LiCuMe; -LiICN LiCu(Me)R -LICN — > LiCuR, - LiCN
~ Mel -~ Mel

1

RI = CF3CH20H2|
(CH3)3sCCHal

XO', X= CF3, H, CH3, OCH3

exchanges with the primary Me,CuR(CN)~ intermediate to yield
the observed Me,_,CuR,™ ions. Support for this rationalization is
provided by the observation of MeCuR™ and CuR,~ (Figure S15).
The increased tendency of CF;CH,CH,I to undergo iodine—copper
exchange reactions obviously results from the electron-withdrawing
effect of the terminal CF; 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 1 with neopentyl iodide (Figure S16 and Scheme 2).
Apparently, the iodine—copper exchange is less sensitive to steric
constraints than an Sy2 reaction and therefore prevails over the latter
for the relatively bulky neopentyl system.

3.1.2. Reactions of Dimethylcuprate with Aryl Halides. Ana-
lysis of mixtures of 1 and aryl iodides RI by negative ion mode
ESI-MS shows the formation of R-bearing cuprates(I),
Li,_,Cu,Me,,_,R,” (Figures 3 and S17—S20). These species

[Li,Meg_,Cu,Ph,]”
100 - / \
x=3
x=2
= x=4
b
o
=
E
4 x=1
2
g [CuPh,}* ‘=5
€ ([MeCuPhl
0 .l' 'j]illll \ | rh oty
50 150 250 350 450 550 650 750
miz

Figure 3. Negative ion mode ESI-MS of a solution of the products
formed in the reaction of LiCuMe,-LiCN (1) with PhI in THF.

originate from sequential iodine—copper exchange reactions
(Scheme 2 for n = 1), which are well-known to occur upon
treatment of dialkylcuprates with aryl halides.**' The driving
force of these processes again is the better stabilization of the
negative charge of the cuprate anions by the sp>-hybridized and,
thus, more electron-withdrawing carbon atoms of the aryl
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groups. The relative stability of the resulting aryl-containing
cuprates can be further fine-tuned by changing their electronic
properties: Acceptor-substituted p-trifluoromethylphenyl and
simple phenyl groups enhance the stability, whereas donor-
substituted p-tolyl and, in particular, p-anisyl groups reduce it,
as can be seen from the higher propensity of the corresponding
cuprates to degradation (Figures S18—S20).

We also investigated whether 1 undergoes halogen—copper
exchange reactions with aryl bromides and chlorides as well.
Mixtures of 1 and PhBr give ESI mass spectra essentially
identical to those obtained for 1/Phl In contrast, 1 does not
react with PhCl at room temperature. Similar reactivity orders
are known for many other halogen—metal exchange reactions.**

3.1.3. Further Reactions of Dialkylcuprates with Organyl
Halides. We also attempted to generate tetraalkylcuprates
anions other than 2 (and the related triple ions 3) and detect
them by ESI-MS. The most obvious way to do so appears to be
the reaction of diorganylcuprates LiCuR,-LiCN (R # Me) with
alkyl halides R'X, which should afford Li'R;CuR’™ species in
analogy to the mechanism depicted in Scheme 1. In no case
examined, however, was this approach successful (see Table
S1). As an alternative method to prepare further tetraalkylcup-
rates, we started from 1 and treated it with Bul to generate a
Li*Me,CuBu(CN)~ intermediate as described above. Addition
of 1 equiv of BuLi then yields Me,CuBu,” via a Bu/CN
exchange, though apparently in rather small amounts. An
analogous sequential treatment of 1 with PrI and BuLi affords
Me,CuPr(Bu)~, but in even lower abundance than in the case
of its Me,CuBu,” counterpart. A more efficient access to
Cu(III) species containing three different alkyl substituents was
found for the triple ions. Such LiMesCu,R(R’)~ complexes can
be prepared by combination of 1 with 0.5 equiv of RI and 0.5
equiv of RT (R/R’ = Et, Pr, Bu, PhCH,CH,, allyl; Figures S21—
$26). A comparison of their relative abundances with those of
the concomitantly formed LiMesCu,R,” and LiMesCu,R’,™
species (ie., 3) shows an approximately statistical distribution
and suggests that the reactions of 1 with the above-mentioned
substrates occur at similar rates.

3.2. Association Equilibria of Lithium Tetraalkylcup-
rates. 3.2.1. Calculated Structures and Relative Energies in
the Gas Phase. Cu(Ill) species adopt 3d® valence electron
configurations, for which square-planar coordination geometries
are energetically most favorable. Such square-planar geometries
have indeed been found for tetraalkylcuprate anions,””>%*!
and our theoretical calculations on 2a—f (Figure S68) fully
confirm this result. The gas-phase calculations moreover
suggest that the triple ions 3 contain two subunits of intact
2, which each interact with Li* via two of their methyl groups to
form a distorted tetrahedral coordination environment (4-Me
coordination of Li*, Figures 4 and S73—S77; for the case of 3a,

Figure 4. Calculated minimum energy structure of 3b in the gas phase
(gray, Cu; light gray, Li; black, C; white, H; B3LYP/6-31G*/SDD).
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test calculations with various theoretical methods consistently
found similar coordination geometries, see section 2.6 for
details). In contrast, involvement of the R groups in the Li*
coordination is predicted to be energetically slightly less
favorable (Figures S73—S77 and Tables 1 and S16—S20).
This difference presumably results from the smaller size of the
methyl substituents, which permits their closer approach to the
Li* center (Table 1) and thereby enhances the electrostatic
interaction. The preferential interaction of Li" with methyl
groups has also been inferred from a recent experimental study
on cuprates(I)."**

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 relativelgr short (Table 1) and
that other d® systems, such as Pt(11),** have been shown to
coordinate to Lewis acids via their d 2 orbital. Presumably, the
higher oxidation state of the Cu(Ill) atom substantially
decreases the Lewis-basic character of its d,> orbital, however.
In line with this argument, natural bond orbital analyses of the
optimized structures of 3a consistently find only rather weak
Cu—Li interactions (see section 2.6 and Table S21).

For the case of 3a, we also calculated its dissociation
energy according to eq 2 with R = Me. In the gas phase, this

LiMe4Cu,R,~ — Me3CuR™ + LiMe;CuR (2)
reaction is highly endothermic (A,E = 165 kJ mol™"). In
solution, however, the situation most likely will be different
because the release of the LiMe;CuR moiety should be facilitated
by solvation.

3.2.2. Concentration- and Solvent-Dependent ESI-MS
Measurements. The formation of triple ions AB,” from
contact ion pairs A'B” and free ions B” in solution is a well-
known phenomenon.** Recently, ESI-MS has emerged as a
valuable tool to characterize these species® and to study ion
association in general.lz’37d Accordingly, we have performed
concentration- and solvent-dependent measurements of
mixtures of 1 and allyl choride RCl (CuCN/3 MeLi/RCl) to

Lit(solv) + 2Me;CuR™ = Li" Me;CuR " (solv)

+ Me3;CuR™ = LiMegsCuyR, ™ (3)
gain further insight into the association equilibria leading to the
formation of 3f, eq 3.

With increasing concentration of CuCN/3 MeLi/RCl in
THE, the relative ESI signal intensity of 2f strongly decreases,
whereas that of the triple ion 3f rises correspondingly (Figure $).
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Figure S. Normalized ESI signal intensities of Me;CuR™ (red) and of
the corresponding triple ion LiMe,Cu,R,” (black, R = allyl) as
functions of the concentration ¢ of CuCN/3 MeLi/RCl in THF.

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 3).

For assessing the effect of the solvent, we also probed
mixtures of CuCN/3 MeLi/RCl in cyclopentyl methyl ether
and methyl tert-butyl ether. Cu(III) species are not observed for
reaction assays in the pure solvents (Figures S27 and S28), but
only for solutions of Li*2f/3f prepared by preformation in THF
and further dilution (Figures S29 and $S30). In the case of the
cyclopentyl methyl ether/THF mixtures, the observed fraction
of monomeric 2f is slightly decreased in comparison to the
situation in pure THF (Table S2). This finding can be
rationalized by the lower polarity and smaller Li* affinity of
cyclopentyl methyl ether, which make solvation less
favorable and thus shift the equilibrium toward contact ion
pairs and higher aggregation states (eq 3). For mixtures of
the even less polar methyl fert-butyl ether with THF, one
would expect a somewhat stronger effect, whereas just the
opposite holds true (Table S2). Possibly, the interaction of
methyl tert-butyl ether molecules with the lithium cuprates-
(IIT) is so weak that they are displaced by THF molecules,
thus giving rise to a local environment similar to that in pure
THE solutions.

According to our measurements, all probed lithium
tetraalkylcuprates Li*2 have roughly similar tendencies to
form the corresponding triple ions 3. With ESI-MS, we cannot
determine the absolute equilibrium concentrations of 3 in THF
solutions, however, because 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.*® Previous studies have shown that the analyte

Table 1. Relative Energies (in kJ mol ') as Well as Li—C and Li—Cu Bond Distances (in pm) of the Different Isomers of 3a—f

According to B3LYP/6-31G*/SDD Calculations

4Me coordination of Li*

3Me—R coordination of Li*

2Me—2R coordination of Li*

E.  r(Li—Cy)® r(Li—Cu)“® E r(Li—Cy)”
3a 0 225 250
3b 0 224 251 6.4 224
3c 0 224 252 5.5 224
3d 0 224 251 5.7 224
3e 0 223 251 8.3 223
3f 0 223 251 7.0 223

r(Li—Cg) r(Li—Cu)“® Eq r(Li—Cy)® r(Li—-Cp)*  r(Li—Cu)?
231 249 12.1 224 234 247
232 249 11.8 223 234 247
233 248 11.6 223 234 248
234 249 159 222 235 247
233 249 15.8 221 238 247

“Values given refer to the average of the different individual bond lengths.
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concentration in these nanodroplets is higher than in the
sampled solutions®” and that their effective temperature may
also change.38 In the sampled solutions, in turn, the
concentration of the triple ions 3 may be too low for their
detection by NMR spectroscopy. Moreover, the interconver-
sion between 2 and 3 could occur faster than the NMR time
scale, which might be another reason why no triple ions 3 have
been observed by this method.

3.2.3. Electrical Conductivity Studies. The molar electrical
conductivity of 1 in THF is similar to those of the related
lithium diorganylcuprates LiCuR’,'LICN (R’ = Bu, ‘Bu, and
Ph)."® On the basis of a comparison of the measured
conductivities with their estimated limiting conductivities, we
have suggested that these reagents are not fully dissociated in
THEF, but partly form contact ion pairs.'*® A similar situation
can also be inferred for 1. Upon the addition of 1 equiv of allyl
chloride and the formation of the Li*Me,CuR(CN)~
intermediate (R = allyl), the electrical conductivity significantly
decreases (Figure 1). This decrease points to a lower
dissociation tendency of Li*Me,CuR(CN)™. Lithium cuprates-
(I) that contain cyanide ligands attached to the copper exhibit
an analogous behavior, which we have ascribed to the ambident
nature of the cyanide ion and its ability to coordinate to copper
and lithium centers simultaneously.'”® The electrical con-
ductivity of Li"2f is higher again and roughly equals that of 1
(Figures 1 and S3), indicating a similar equilibrium between
solvent-separated and contact ion pairs. The presence of the
latter is a prerequisite for the formation of 3 according to
eq 3.

3.3. Unimolecular Reactivity of Tetraalkylcup-
rates. 3.3.1. Fragmentation of Mononuclear Tetraalkyl-
cuprate Anions. In the final step in the generally accepted
mechanism of copper-mediated cross-coupling reactions, the
Cu(Ill) intermediate releases the coupling product in a
reductive elimination. Gas-phase experiments on tetraalkylcup-
rates as Cu(III) model systems offer the possibility to study this
important elementary reaction in great detail. For mass-selected
2a, the collision-induced dissociation (CID), as expected, leads
to the formation of CuMe,” and the concomitant elimination
of ethane (Figure S31). Analogous experiments with labeled
Me;CuCD;” determine the secondary kinetic isotope effect of
this reaction as KIE = 1.0 + 0.1 (determined for an excitation
voltage of V.. = 033 V). For the other, unsymmetrical
tetraalkylcuprate anions 2b—g, two different fragmentation
channels are available: elimination of the cross-coupling
product MeR or of the homocoupling product ethane, eqs 4
and S, respectively (Figures 6 and S$32—S38). If the
homocoupling MeCuR™ fragment ions contain S-hydrogen
atoms, f-H eliminations can ensue and lead to MeCuH~
secondary fragment ions, as has been shown previously. >34

Me;CuR™ — CuMe, + MeR (4)

—-MeCuR™ + Me, (5)

For a comparison of the competition between cross-coupling
and homocoupling reactions of the tetraalkylcuprates 2b—g, we
first consider relatively harsh CID conditions (V. = 0.25—0.30 V),
resulting in the fragmentation of >70% of the parent ion
population (Figures $32—S38). Whereas 2b and 2c preferen-
tially afford the cross-coupling product, 2d gives a 1:1 fragment
ratio, which corresponds to a purely statistical branching; in
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Figure 6. Mass spectrum of mass-selected 2d (m/z = 165) and its

fragment ions produced upon collision-induced dissociation (V. = 023 V).

contrast, 2e—g mainly yield the homocoupling product (Table 2).
We can also compare the fragmentation pattern of 2g with that
of the related Me,_,CuR, ™ ions, R = CF;CH,CH, and n = 2—4
(Figures S39—S41). As expected, CuR,” only releases R,, while
MeCuR;™ exclusively eliminates MeR; Me,CuR,~, in turn, loses
MeR and Me, in approximately equal amounts (Table S3). The
latter case is particularly interesting because Me,CuR,” 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 homocoupling products.
The observed branching ratio suggests that the cis-isomer is at
least partly present. Furthermore, the CF;CH,CH, group
apparently has an intrinsically lower tendency to participate in
the reductive elimination than methyl. For the related Me,CuBu,~
anion, the simultaneous occurrence of cross-coupling and
homocoupling reactions (losses of Bu, and Me,) also points to
the partial presence of the cis-isomer (Figure S42 and Table S3).

Upon variation of the excitation voltage V., and, thus, the
effective temperature of the parent ions 2a—f, the branching
ratios between cross-coupling and homocoupling reactions
remain largely unchanged (Figures S45—S49). Moreover, the
determined appearance voltages V..., for the fragmentations,
corresponding to very approximate relative threshold energies
(see Figure S43 for technical details), show a similar trend: The
cross-coupling channel is energetically slightly favored for 2b—d,
whereas the homocoupling channel is energetically more
favorable for 2e and 2f (Table 2). 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.

In solution, reactions of 1 with simple aliphatic alkyl halides
give the synthetically desired cross-coupling products in high
yields,* whereas increased amounts of homocoupling were
reported for a few reactions involving diallyl->” and
dihexylcuprates.*” In their theoretical analysis of the competi-
tion between cross-coupling and homocoupling, Bickvall,
Nakamura, and co-workers focused on the coordination
geometry of the neutral R,CuR intermediates for explaining
the usually observed preference for cross-coupling reactions.* The
present results suggest that different organyl substituents may
also have intrinsically different tendencies toward cross-
coupling or homocoupling, respectively.

3.3.2. Calculated Fragmentation Pathways of Mono-
nuclear Tetraalkylcuprate Anions. Theory predicts high
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Table 2. Branching Fractions and Appearance Voltages V,

ppear

(in Volts, as Approximate Measures for Relative Threshold

Energies) of the Fragmentation Reactions of Tetraalkylcuprate Anions 2

cross-coupling (eq 4)

homocoupling (eq S)

Me,;CuR™ (R) fraction® Vippear fraction® Vippear

2a (Me) 0 1

2b (Et) 0.93 + 0.01 0.201 + 0.001 0.07 + 0.01 0.205 + 0.005
2c (Pr) 0.61 + 0.04 0.214 + 0.002 0.39 + 0.04 0.215 + 0.003
2d (Bu) 0.50 + 0.0 0.180 + 0.002 0.50 + 0.0 0.183 + 0.002
2e (CH,CH,Ph) 0.06 + 001 0.196 + 0.005 0.94 + 001 0.192 + 0.001
2f (CHZCH=CH2) 0.21 + 0.02 0.199 + 0.003 0.79 + 0.02 0.186 + 0.002
2g (CH,CH,CE;) 0.00 + 0.00 1.00 + 0.00

“Determined for V,

exc

=030 V.

Table 3. Calculated Reaction and Activation Energies (in k] mol™") of the Fragmentation Reactions of Tetraalkylcuprate Anions 2

cross-coupling (eq 4)

homocoupling (eq S)

AreaiE AE AperiE AE

Me,CuR™ (R) DFT* MP2? DFT* MP2? DFT* MP2P DFT® MP2P
2a (Me) —174.1 —147.4 139.6 120.9
2b (Et) —1812 —149.6 148.9 1311 -167.9 —130.1 141.4 131.4
2¢ (Pr) —177.4 —142.1 152.6 134.6 -1702 —1317 138.7 1287
2d (Bu) -177.7 -139.7 152.9 134.8 -170.9 -131.7 1383 1287
2e (CH,CH,Ph) -1732 —-122.3 1532 136.4 —172.5 -132.0 134.9 126.1
2f (CH,CH=CH,) —144.0 —104.8 150.9 143.8° —177.4 —132.1 118.0 109.7

“B3LYP/6-31G*/SDD. “MP2/6-311+G*/MDF. “Calculated for a geometry with the distance between the $-C atom of the allyl substituent and the

Cu center held constant at 250 pm; see section 2.6 for details.

exothermicities for the fragmentation reactions of tetraalkyl-
cuprate anions 2, pointing to the low thermodynamic stability
of the Cu(Ill) species (Tables 3 and S4—S6; for calculated
structures of the fragments, see Figures S69 and $70). Although
DFT (B3LYP/6-31G*/SDD) and MP2 calculations with a
larger basis set (MP2/6-311+G*/MDF) give considerably
deviating absolute A ., E values, they find similar trends for the
two competing fragmentation channels. While the cross-
coupling reaction is significantly more exothermic than the
homocoupling reaction for 2b and moderately more exothermic
for 2¢ and 2d, 2e is a borderline case: the B3LYP calculations
find a slightly larger exothermicity for the cross-coupling
channel, whereas the MP2 calculations predict the homocou-
pling reaction to be more exothermic. In contrast, both
theoretical methods agree that the cross-coupling reaction is
much less exothermic for 2f. This reduced exothermicity can be
largely ascribed to the weakness of the newly formed C—C bond in
the cross-coupling product 1-butene (compared to the C—C bonds
in saturated n-alkanes, such as the homocoupling product Me, or
the cross-coupling products formed from 2b—d, see Table S22).

The theoretical activation energies A, E display a parallel
trend in that the relative preference for the homocoupling
reaction increases in the series 2b—f (Tables 3, S7, and S8).
Whereas the DFT calculations in all cases find a lower energy
barrier for the homocoupling reaction, the MP2 calculations
with the larger basis set give more balanced barriers for both
fragmentation channels. A comparison with the experimental
Vippear Values suggests that the calculations predict the correct
trend for the activation barriers of the tetraalkylcuprates 2b—f,
but that they are biased in favor of the homocoupling reaction.
Free activation energies A,G computed for a large temper-
ature range of 298 < T < 1000 K do not vary significantly,
which is in agreement with the small temperature sensitivity
found experimentally (Tables S10—S15).
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The calculated activation energies for the reductive
elimination of the tetraalkylcuprates 2 are much larger than
those for neutral trialkylcopper(IIT) species,”*® for which values
of 20 < E,, < 85 kJ mol™! have been predicted.*"** 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 tetraalkylcup-
rate anions 2 at a qualitative level, we compare the effect of
attaching a methide ion to CuMe;(III) versus CuMe(I). In the
case of the highly electron-deficient and Lewis-acidic copper-
(TII) species CuMes, a large stabilization should result (Scheme 3).

Scheme 3. Schematic Potential Energy Surfaces for the
Reductive Elimination of Me, from Neutral CuMe; and
Anionic CuMe,~

Egtan

Estan(Cu(l)

CuMe, + Me,

In contrast, the stabilization gained for CuMe is supposed to be
much smaller. For the transition structure associated with the
reductive elimination of Me,, we expect an intermediate
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behavior, which corresponds to the inferred increased activation
energy for the anionic copper(III) species.

The reductive elimination of Me, from 2a can also be
compared with the analogous reaction of Me;CuCl~, which
Pratt et al. have recently studied theoretically.* Both reactions
exhibit similar transition structures of distorted tetrahedral
geometries (see Figure 7 for the reductive elimination of Me,

@
X

Figure 7. Calculated transition structure for the reductive elimination
of Me, from 2a (gray, Cu; black, C; white, H; B3LYP/6-31G*/SDD).

€

from 2a; for reductive eliminations from 2b—f, see Figures S71
and S72). However, the activation energy for the reductive
elimination of Me, from 2a 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).

3.3.3. Fragmentation of LiMesCu,R,™ and LiMesCu,R(R’)~
Anions. The triple ions 3 form model systems that offer the
possibility to assess the effect of a Li* counterion (paired with 2)
on the reactivity of the tetraalkylcuprates at a strictly molecular
level. Like their monomeric counterparts 2, the dimeric complexes
3 afford cross-coupling and homocoupling reactions upon CID,
eqs 6 and 7, respectively (Figures SS0—S60). The resulting mixed
cuprate(I/11I) fragment ions easily undergo consecutive reductive
eliminations to form LiCu,Me, . The latter is partly hydrolyzed by
a reaction with background water present in the ion trap, as we
confirmed by control experiments (see Experimental and
Theoretical Methods and Figures $52—S54).

LiMe4CuyR,” — LiMesCu,R™ 4+ MeR (6)

—LiMe,Cu,R, + Me, (7)

We do not observe the elimination of any R, homocoupling
products. Although their formation is clearly disfavored on
simple statistical grounds, this argument appears insufficient to
explain the complete absence of these reactions. Instead, we
interpret this absence as another indication of 3 being
composed of two separate subunits 2, in line with our
theoretical calculations (see section 3.2.1).

Compared to the monomeric tetraalkylcuprates 2, the
presence of the additional Li"2 subunit in 3b—e substantially
enhances the fraction of the cross-coupling (Table 4). We
rationalize this difference by the preferential interaction of the
Li* ion with the methyl groups in 3 (see section 3.2.1). With
the four central methyl groups thus tied up, only the terminal
Me and R substituents of 3 are supposedly prone to reductive
elimination, thereby yielding the cross-coupling products. A
deviating behavior is observed for 3f- THF, which forms a rare
example of an anionic THF complex sufficiently stable to
survive the ESI process (detected for cyclopentyl methyl ether/
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Table 4. Branching Fractions of the Fragmentation
Reactions of the Triple Ions 3%

fraction of
homocoupling (eq 7)

fraction of cross-

LiMe,Cu,R,~ (R) coupling (eq 6)

3b (Et) 0.93 + 0.03 0.00 + 0.00
3c (Pr) 091 + 0.02 0.00 + 0.01
3d (Bu) 0.86 + 0.05 0.00 + 0.00
3e (CH,CH,Ph) 0.54 + 0.04 0.10 + 0.04
3f.THF (CH,CH=CH,) 0.07 + 0.03¢ 0.56 + 0.03°

“The given fractions do not add up to 1 because of the presence of
fragment ions, such as Cu,Me;” and LiMe;Cu,R™, which cannot be
unambiguously assigned to cross-coupling or homocoupling as primary
fragmentation reaction, respectively. “Determined for V. = 0.30 V.
“Determined for V. = 0.22 V.

exc

THF mixtures, Figure S29). Possibly, the presence of the
solvent molecule in 3f THF changes the coordination geometry
of its LiMesCu,R,™ core in such a way that it no longer favors
the cross-coupling channel (Table 4 and Figure S61).
Fragmentation experiments on mixed triple ions LiMesCu,R-
(R)~ (Figures S62—S67) 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 8), which also largely agrees with the trends inferred

high tendency low tendency

fo participate in reductive elimination

Me Me

Nl NjeeMerg R
\ ’1’ “"Me' u“Me
R Me’

R/R =Et> Pr> Bu > CH,CH,Ph > CH,CH=CH,
[ 4212205 9:3 |
branching | 4.1 | 277 |
ratios | 60 + 20 |

Figure 8. Tendencies of different R/R’ groups toward reductive
elimination, as determined from the fragmentation of mixed triple ions
LiMesCu,R(R)™. The given branching ratios (listed at the bottom)
not only are based 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/Me, and MeR'/Me,, respectively).

from the fragmentation experiments on the mononuclear
species 2b—f (the fact that for the latter the homocoupling
fraction observed for 2e exceeds that for 2f seems to be an
anomaly; note that the appearance voltages V.., derived for
the homocoupling reactions of both species show the reversed
order and are thus consistent with the behavior of the mixed
triple ions).

3.3.4. Calculated Fragmentation Pathways of LiCu,Meg~
and LiCu,Me;~ Anions. DFT calculations (B3LYP/6-31G*/
SDD) show that the reductive elimination of Me, from 3a
(AgeueE = —186.9 kJ mol™) is more exothermic and has a
smaller energy barrier (A, E = 972 kJ mol™") than the

analogous reaction of 2a (Table 3). Presumably, the central Li*
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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 3 anions. Note that the calculated fragmentation pathway
involves two terminal methyl groups (Figure 9), in line with our

Figure 9. Calculated transition structure for the reductive elimination
of Me, from 3a (gray, Cu; light gray, Li; black, C; white, H; B3LYP/6-
31G*/SDD).

qualitative arguments raised above (section 3.3.3). The
resulting primary fragment ion LiCu,Mes~ consists of a
square-planar CuMe,” and a linear CuMe,” subunit, which
coordinates to the central Li* jon via a single methyl group
(Figure S78). The consecutive reductive elimination of Me,
from LiCu,Me;~ (A,,E = —181.2, A E = 96.6 k] mol™)
yields the complex LiCu,Me,”, which contains two linear
CuMe,” subunits (Figure S78).

4. CONCLUSIONS

We have used electrospray ionization mass spectrometry to
study the reactions of lithium dialkylcuprates LiCuR’,-LiCN
with organyl halides. At room temperature, only the
dimethylcuprate 1 reacts with alkyl halides RX to afford
observable copper(IIl) species. This enhanced reactivity of 1 is
consistent with its wide use in organic synthesis. The reactivity
pattern observed (reactivity decrease in the order RI > RBr >
RCI and P"™RI > **RI) suggests that these reactions follow an
Sn2 mechanism, in line with previous assumptions. If thermo-
dynamically favored, halogen—copper exchange reactions can
occur as well; for example, such exchange processes are
observed upon reaction of 1 with aryl halides and neopentyl
iodide or of LiCuBu,-LiCN with MeL.

Electrical conductivity measurements indicate that the Li"Me,-
CuR(CN)~ intermediates initially generated upon reaction of
1 with RX tend to form contact ion pairs in THF (R = allyl).
A similar behavior has been noted for cyanide-containing
cuprates(I) and was rationalized by the ambident nature of
the cyanide ligand, which supposedly permits bridging binding
modes between copper and lithium centers. Upon treatment
with MeLi, the Li*Me,CuR(CN)~ intermediates undergo a
Me/CN exchange to yield the tetraalkylcuprates Li"Me;CuR™ (Li*2).
These tetraalkylcuprates yield far more solvent-separated ion
pairs than the Li*‘Me,CuR(CN)~ intermediates, but are
apparently still not completely dissociated in THF. Concen-
tration- and solvent-dependent ESI-MS experiments also point
to the operation of association equilibria in that they detect the
triple ions LiMe,Cu,R,” (3). These experiments cannot
quantify the concentrations of the triple ions in the sampled
solutions, however. The so-far lacking NMR spectroscopic
evidence for their presence indicates that their concentrations
must actually be rather small.

621

Whereas the reduced stability of organocopper(Ill) com-
pounds and the operation of complex association equilibria
severely impede reactivity studies in solution, the gas phase
provides an ideal environment to probe the reactions of mass-
selected tetraalkylcuprate ions. Upon fragmentation, both the
mononuclear tetraalkylcuprates 2 and the triple ions 3 (as well
as their mixed analogues LiMe,Cu,R(R’)”) undergo reductive
elimination to yield cross-coupling and homocoupling prod-
ucts. The branching between the two fragmentation channels
depends on the nature of the organyl substituent R, with the
fraction of cross-coupling decreasing in the order R = Et > Pr >
Bu > PhCH,CH, ~ CH,=CHCH, (for a range of different
collision energies and, thus, different effective temperatures).
The branching ratios observed for the fragmentation of 3 are
significantly shifted toward the cross-coupling, however. We
explain this behavior by the action of the Li* ion present in 3.
According to our theoretical calculations, the triple ions 3
consist of two Me;CuR™ subunits, which each bind to the
central Li* ion with two of their Me groups. Tied up by this
interaction with the lithium, these Me groups no longer readily
participate in the reductive elimination, thereby suppressing the
homocoupling channel. As is the case in organocopper(I)
chemistry, the presence of Li" apparently can significantly
change the course of reaction.

Our experiments clearly demonstrate the appreciable stability
of tetraalkylcuprates(III). In comparison to neutral organo-
copper(IIl) species, this stability results from the addition of a
strongly Lewis-basic Me™ or R™ anion to the highly electron-
deficient Cu(III) center. While so far almost exclusively neutral
organocopper(III) species have been considered as intermedi-
ates 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 finding opens exciting prospects for further
harnessing the unique reactivity of Cu(III) in organic synthesis.
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