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Michael additions of organocuprate reagents are among the
most reliable methods for regio- and stereoselective coupling
of CÿC bonds. In addition to the classical 1,4-cuprate
additions to enones, enoates, and acetylenic esters, recently
1,6-, 1,8-, 1,10-, and 1,12-additions to acetylenic Michael
acceptors have been intensively studied.[1] The discovery of

these new reaction classes, as well as advances in stereo-
selective cuprate additions,[2] has led to an increasing interest
in the structure of organocuprate reagents[3] and the mecha-
nisms of their reactions. Low-temperature NMR spectroscopy
has been particularly well suited for mechanistic studies of
these reactions,[1, 4±6] and has provided evidence for the
intermediacy of p complexes 2 in the 1,4-cuprate addition to
enones and enoates 1.[4, 5] Further along the reaction pathway
to product 4, the rate-limiting step is likely an oxidative
addition resulting in the formation of the s copper(iii) species
3 ; this reaction pathway is in agreement with quantum-
chemical calculations,[7] and recently evidence for copper(iii)
intermediates in biological systems has been obtained exper-
imentally.[8]
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Interestingly, 1,6-cuprate additions to electron acceptor
substituted enynes 5 also result in p complexes 6 with
coordination of the cuprate to the CÿC double bond, even
though the transfer of the alkyl moiety R2 occurs at the
acetylenic carbon atom.[6] The similarity between the p

complexes 2 and 6 presumably leads to further analogies in
the reaction pathways of the 1,4- and 1,6-additions, in which
several short-lived intermediates take part in the formation of
the 1,6-addition product 7 from the p complex 6.[1, 6] To obtain
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information about the rate-determining step of these reac-
tions, we have performed a direct kinetic study for 1,4-
additions of organocuprates to enones and 1,6-additions to
enynes and determined the first set of activation parameters
for these reactions.[9] These measurements indicate not only
the analogies between the two reaction mechanisms, but also
allow a comparison of the reactivity of various Michael
acceptors.

Enone 8 and enynoate 9 were chosen as model substrates
for the kinetic studies; qualitative studies had shown that
these two Michael acceptors have comparable reactivities
towards cuprates, allowing the kinetic measurements to be
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carried out at similar temperatures. The reaction with lithium
dimethylcuprate (Me2CuLi ´ LiI) was carried out in a double-
walled flask between ÿ43 and ÿ65 8C in diethyl ether, that is,
under normal conditions for preparative application of
cuprate additions (see Experimental Section). After addition
of the substrate to the cuprate solution, the p complex (2 or 6)
is immediately formed; NMR spectroscopic studies have
indicated that this step is practically quantitative.[4±6] In the
rate-determining step the p complex transforms into the
enolate (3 or 7). The progress of the reaction was determined
by removing aliquots at specific time intervals; the aliquots
were hydrolyzed and analyzed by gas chromatography (in this
way, the substrate 8 or 9 was recovered quantitatively from the
remaining p complex). In an effort to minimize the systematic
error in aliquot sampling and analysis, an internal standard of
tetradecane was used in the reaction mixture. A typical plot of
concentration versus time for these experiments is depicted in
Figure 1.

Figure 1. Time dependence of the substrate concentration for the reaction
of enyne 9 with Me2CuLi ´ LiI (T� 219 K; starting concentrations:
c0(cuprate)� 0.05m, c0(9)� 0.025m in diethyl ether).

The measured values were fitted using the exponential
function c� c0 exp(ÿbt). In the case of a first-order reaction
(v� k [p complex]) the calculated slope b should be inde-
pendent of the cuprate concentration (therefore b� k),
whereas for a higher order reaction (for example v�
k [p complex][cuprate]) a strong dependence on the cuprate
concentration is expected. Actually, for the two Michael
acceptors 8 and 9, the values measured for b with several
different initial cuprate concentrations were the same within
experimental error;[10] therefore, the 1,4-addition[9a] and the
1,6-addition occur in an intramolecular manner from the
respective p complexes.

To determine the activation parameters for the Michael
addition to the model substrates 8 and 9, the kinetic measure-
ments were carried out at several temperatures between 204
and 230 K. The resulting rate constants[11, 12] show errors of 3 ±

30 %, with most lying within 10 % of the value of k. Problems
mainly occurred in runs at low temperature as the repeated
withdrawal of aliquots sometimes led to decomposition of the
cuprate. The rate constants result in practically parallel lines
in the Arrhenius plot (Figure 2) with the following activation
parameters:
* 1,4-addition of Me2CuLi ´ LiI to enone 8 :

EA� 76� 7 kJ molÿ1, lg A� 16� 2 (correlation coefficient
r�ÿ0.985)

* 1,6-addition of Me2CuLi ´ LiI to enynoate 9 :
EA� 70� 7 kJ molÿ1, lg A� 15� 2 (correlation coefficient
r�ÿ0.975)

Figure 2. Arrhenius plot for the 1,4-addition of Me2CuLi ´ LiI to enone 8
(~) and for the 1,6-addition to enynoate 9 (&).

The activation parameters for the Michael acceptors 8 and 9
are identical within the limits of error. Comparable data for
other copper-mediated reactions are not available; it is
noteworthy, however, that the values measured here for the
preexponential term (lg A� 15 ± 16) lie in the region typical
for the opening of small rings.[13] Direct conclusions concern-
ing analogous rate-determining steps based upon the sim-
ilarity of activation parameters are not possible; nevertheless,
it seems conceivable that both the 1,4-cuprate addition to
enone 8 and the 1,6-addition to enyne 9 proceed through the
oxidative addition of the substrate to produce a s copper(iii)
species. On this premise the following mechanistic model
arises for the 1,6-addition to acceptor-substituted enynes: In
the rate-determining step of the reaction the copper p

complex 6 decomposes into the copper(iii) species 10, which
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Metastable, donor-stabilized GaI halide solutions are im-
portant precursors for subvalent gallium species.[1] For
instance, GaI chloride solutions have provided access to the
first organometallic compounds of gallium(i), GaCp[2] and
GaCp* [3] (Cp�C5H5, Cp*�C5Me5), which incorporate high-
ly symmetrically bound h5-Cp ligands. Simple neutral com-
plexes involving main group elements bound to an aromatic

could be in equilibrium with the allenecopper compound 11.
The two intermediates can undergo reductive elimination to
produce the 1,4-addition product from 10 and the 1,6-adduct
from 11. The experimentally observed exclusive formation of
the 1,6-addition product may indicate that the hypothetical
equilibrium lies on the side of intermediate 11, or that the
reductive elimination of 11 occurs much faster than from
10.[14]

In conclusion, it is noted that kinetic investigations provide
useful insight into the mechanistic pathways of the cuprate
additions. The activation parameters determined here for the
first time indicate that strong analogies exist between the
reactions of various Michael acceptors.

Experimental Section

The kinetic measurements were conducted under an argon atmosphere in a
double-walled flask with a double-walled dropping funnel; both were
cooled with a Kryomat RUK 90 made by Lauda. The temperature in the
reaction flask was measured using a PT-100 thermometer and held constant
to within �0.5 K. Me2CuLi ´ LiI was prepared in the double-walled flask by
addition of MeLi (2 equiv, salt-free; ca. 1.5m solution in diethyl ether) to a
suspension of CuI (1 equiv) in diethyl ether. The cuprate solution was
cooled to the reaction temperature, and a solution of the Michael acceptor
and the internal standard tetradecane was likewise cooled in the dropping
funnel. At the timepoint t� 0 the substrate was added in one shot to the
cuprate (end volume: 40 mL; starting concentration of substrate and
cuprate: 0.02 ± 0.10m); warming due to the formation of the p complex
could be held to within 0.5 K. Aliquots were withdrawn at specific time
intervals with a pipet that was precooled in liquid nitrogen; the aliquots
were immediately hydrolyzed and analyzed by gas chromatography.
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