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Mechanism of Remote Conjugate Addition of Lithium Organocuprates to
Polyconjugated Carbonyl Compounds
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Introduction

Conjugate addition of a nucleophile to a Michael acceptor,
in particular, an a,b-unsaturated carbonyl compound, repre-
sents one of the most fundamental organic transforma-
tions.[1] Extension of the multiple bond in the Michael ac-
ceptor can potentially result in C�C bond formation at one
of the remote carbon atoms. In many cases, however, the re-
gioselectivity may be poor, unpredictable, or condition-de-
pendent, and the origin of the regioselectivity is often diffi-
cult to determine with certainty.[2,3] A remarkable exception
in this respect is the conjugate addition of a lithium organo-
cuprate (R2CuLi) to polyenynyl carbonyl compounds, where
the C�C bond formation takes place selectively or exclu-

sively at the carbon atom that is most remote from the ac-
ceptor [Eq. (1)].[4]

As this reaction is extremely regioselective and useful for
the synthesis of allene derivatives, extensive synthetic stud-
ies have been carried out by Krause and co-workers.[4,5] The
same group also reported mechanistic studies on 1,6-addi-
tion to ethyl 6,6-dimethylhept-2-en-4-ynoate, the summary
of which is described as follows. First, the 1H/13C NMR spec-
troscopic analysis of the reaction with (tBu)2CuLi·LiCN or
Me2CuLi·LiCN showed the formation of an intermediate as-
signed to I, in which the lithium and the copper atoms inter-
act with the carbonyl oxygen and the nearby C=C double
bond, respectively (Scheme 1).[6] Interestingly, no other in-
termediates relevant to the 1,6-addition product (such as V)
were observed. Second, the kinetic study with Me2CuLi·LiI
showed that the reaction is first order with respect to the in-
termediate I, and that the activation energy is 70 kJ mol�1

(16.7 kcal mol�1).[7]
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Abstract: Regioselective reaction of a
lithium organocuprate (R2CuLi) and a
polyconjugated carbonyl compound af-
fords a remote-conjugate-addition
product. This reaction proceeds partic-
ularly cleanly when the conjugation is
terminated by a C�C triple bond. The
reaction pathways and the origin of the
regioselectivity of this class of transfor-
mations are explored with the aid of
density functional calculations. The
outline of the reaction pathway is as
follows. An initially formed b-cuprio-

ACHTUNGTRENNUNG(III) enolate intermediate undergoes
smooth copper migration along the
conjugated system. This process takes
place faster than reductive elimination
of intermediary s/p-allylcopper ACHTUNGTRENNUNG(III)
species, since the latter reaction dis-
rupts the conjugation in the substrate

and hence is not preferred. The copper
migration to the acetylenic terminal af-
fords a s/p-allenylcopperACHTUNGTRENNUNG(III) inter-
mediate, which undergoes facile and
selective C�C bond forming reductive
elimination at the terminal carbon
atom. The present mechanistic frame-
work shows good agreement with some
pertinent experimental data, including
13C NMR chemical shifts and kinetic
isotope effects.

Keywords: conjugate addition ·
density functional calculations ·
kinetic isotope effects · organocup-
rates · reaction mechanisms
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On the basis of these experimental observations, a mecha-
nistic scheme that involves migration of the copper atom to
the acetylenic moiety and reductive elimination of the re-
sulting organocopperACHTUNGTRENNUNG(III) intermediate was proposed
(Scheme 1). However, the lack of structural information
except for I has hampered the understanding of the overall
reaction pathway, the rate-determining step, and the origin
of the regioselectivity.

With our long-standing interests in organocopper reaction
mechanisms,[8] we have explored the reaction pathways of
several relevant chemical models with the aid of density
functional calculations. Concomitantly with our preliminary
communication,[9] Mori, Uerdingen, Krause, and Morokuma
(MUKM) reported 13C kinetic isotope effects (KIEs) on the
above reaction and their own theoretical study.[10] While
their paper concluded that the final C�C bond formation is
the rate-determining step of the reaction, we propose herein
that the reported KIE can be reconciled better by a mecha-
nism in which the copper migration is the rate-determining
step.

Computational Models and Methods

We explored the reactivity of organocopperACHTUNGTRENNUNG(III) complexes
of a generic structure A in which the lithium atoms are sol-
vated by Me2O molecules (Figure 1, 1a–d). Note that the b-
cuprioACHTUNGTRENNUNG(III) enolate such as A and the p complex such as I
must be chemically equivalent to one another (see

below).[8,11] Our previous studies on various model reactions
showed that solvation of the lithium atoms is necessary for
reproduction of the experimental parameters.[11] We there-
fore employed Me2O to maintain tetracoordination of the
lithium atom throughout the reaction course.

For detailed study of potential surfaces, structures, and
molecular orbitals, we employed model complexes 1a–c, de-
rived from pent-2-en-4-ynal, penta-2,4-dienal, and hepta-2,4-
dien-6-ynal, respectively. For these models, we examined all
possible reaction pathways: 1,4- and 1,6-additions for 1a
and 1b, and 1,4-, 1,6-, and 1,8-additions for 1c. For compari-
son with the experimental data for the 1,6-addition to ethyl
6,6-dimethylhept-2-en-4-ynoate,[6,7] we employed a more re-
alistic model 1d.

All calculations were performed with a Gaussian 03 pack-
age.[12] Density functional theory (DFT) was employed by
using the B3LYP hybrid functional.[13] Structures were opti-
mized with a basis set consisting of the Stuttgart–Dresden
effective core potential (SDD) for Cu[14] and 6-31G(d) or 3-
21G[15] for the rest (denoted as 631SDD and 321SDD, re-
spectively). The two basis sets gave similar structures; for
example, the differences in bond lengths are less than 0.1 Å.
For B3LYP/321SDD-optimized structures, single-point
energy calculations were performed at the B3LYP/631SDD
level, which gave similar energetics as the B3LYP/631SDD
optimization; the relative energies obtained by the two
methods are within 1 kcal mol�1 (for most cases 0.5 kcal
mol�1) apart. The method and basis sets used here have
been applied to 1,4-conjugate addition and related reactions
of lithium organocuprates and are known to give reliable re-
sults.[11,16] Each stationary point was adequately character-
ized by normal coordinate analysis. The intrinsic reaction
coordinate (IRC) analysis[17] was carried out at the B3LYP/
321SDD level to confirm that the stationary points are
smoothly connected to each other. For NMR chemical shift
calculations, the gauge-independent atomic orbital (GIAO)
method[18] was employed in single-point calculations at the
B3LYP/6311+SDD (SDD for Cu and 6-311+G(d) for the
rest) level on structures optimized at the B3LYP/321SDD
level. KIEs were calculated by the Bigeleisen–Mayer equa-
tion with Wigner tunneling correction,[19] using frequencies
corrected by 0.9614.[20] Localized Kohn–Sham orbitals were
obtained by the Boys localization procedure.[21]

Scheme 1. A proposed mechanism for 1,6-conjugate addition of lithium
organocuprate to enynoate.

Figure 1. Chemical models of the key intermediates in the remote conju-
gate addition to polyconjugated carbonyl compounds.

Abstract in Japanese:
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Results and Discussion

Reaction Pathway of Model Systems

1,6-Addition to Pent-2-en-4-ynal

We first investigated 1,4- and 1,6-addition to pent-2-en-4-
ynal starting from the model complex 1a. Scheme 2 and
Figure 2 present the reaction pathway and the energy dia-

gram, respectively. Both 2a and 4a give the same 1,4-adduct
upon quenching of the reaction with protons, while 5a gives
the 1,6-adduct. The energy diagram immediately suggests
that the kinetically and thermodynamically most favorable
pathway is the 1,6-addition pathway through an
organocopperACHTUNGTRENNUNG(III) intermediate 3a. Migration of the copper
atom (1a!3a) and reductive elimination of 3a at the C6
atom via TS4a gives the 1,6-adduct; copper migration is the
rate-determining step in this case. Reductive elimination of
1a and 3a at the C4 atom (via TS1a and TS3a) to give the
1,4-adduct is kinetically less favorable than the 1,6-addition.
Remarkably, the 1,6-reductive elimination of 3a requires a
much lower activation energy than the 1,4-reductive elimi-
nation of 1a. This will be discussed in detail below.

The first intermediate 1a has a structure that is essentially
the same as that formed in the 1,4-conjugate addition of
Me2CuLi to an a,b-unsaturated carbonyl compound
(Figure 3),[8,11] and it can undergo reductive elimination via
TS1a to give the 1,4-addition product 2a. The activation
energy (17.3 kcal mol�1) is higher than that of simple 1,4-ad-
dition to an acrolein or a cyclohexenone molecule (�12–
15 kcal mol�1),[8,11] because the C�C bond formation disturbs
the enyne conjugation system present in 1a.[22]

Alternatively, the Me2Cu moiety in 1a can migrate to the
C5�C6 triple bond (via TS2a) to form a new organocopper-
ACHTUNGTRENNUNG(III) intermediate 3a. TS2a contains an intrinsically unsta-
ble T-shaped triorganocopperACHTUNGTRENNUNG(III) geometry (Figure 3).[23]

While a related process, p!s isomerization of
allyldimethylcopperACHTUNGTRENNUNG(III), requires an activation energy as
much as 19 kcal mol�1,[22] this copper migration is kinetically
much more facile (DE�=12.6 kcal mol�1) and is thus prefer-
red over the C�C bond formation via TS1a by 4.7 kcal
mol�1. The low activation energy of the copper migration
can be ascribed to coordination of the terminal acetylene
moiety in TS2a (Figure 3), judging from the moderately
short Cu�C5 distance (2.335 Å) and bending of the C4�C6
acetylenic moiety (167.38).

The intermediate 3a has a distorted square-planar geome-
try, in which the copper atom is much more strongly bonded
to the terminal C6 atom (Cu�C6: 1.977 Å) than to the C4
atom (Cu�C4: 2.556 Å) (Figure 3). This structural feature
indicates that the copper atom is s-bonded to the C6 atom
and p-coordinated by the C4�C5 bond, and hence 3a may
be called a s/p-allenylcopper ACHTUNGTRENNUNG(III) complex.[22,24] Localized
Kohn–Sham orbitals of 3a also confirm this conjecture
(Figure 4). The dissymmetric bonding would be the result of
the intrinsic stability of a CACHTUNGTRENNUNG(sp2)�metal bond (relative to a
CACHTUNGTRENNUNG(sp3)�metal bond) and the electron-rich enolate substitu-
ent at the C4 atom.[22]

The complex 3a can undergo reductive elimination either
at the C4 atom via TS3a or at the C6 atom via TS4a
(Scheme 2); the latter pathway to the 1,6-adduct 5a (DE�=

8.8 kcal mol�1) is kinetically much more favorable than the
former to the 1,4-adduct 4a (DE�=21.4 kcal mol�1). The
high activation energy for the former pathway is partially
due to the disruption of the C2�C5 conjugation (see above).
The dissymmetric bonding of 3a also indicates that the

Scheme 2. Reaction pathways and potential-energy changes for 1,4- and
1,6-addition of Me2CuLi to pent-2-en-4-ynal. Potential energies (kcal
mol�1, calculated at the B3LYP/631SDD level) relative to 1a are shown
in parentheses. Energy changes are shown together with arrows.

Figure 2. Potential-energy profiles for 1,4- and 1,6-addition to pent-2-en-
4-ynal (B3LYP/631SDD). The energetically favored 1,6-pathway is shown
in red.
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copperACHTUNGTRENNUNG(III) atom cannot effectively recover its d electrons
by reductive elimination at the p-coordinated C4 termi-
nal.[22] The activation energy for the 1,6-adduct formation is
remarkably low relative to those for reductive elimination
of structurally related organocopperACHTUNGTRENNUNG(III) complexes (e.g. b-
cuprioACHTUNGTRENNUNG(III) enolate and p-allylcopper ACHTUNGTRENNUNG(III)).[11,22] This must be
due to strain release into the intrinsically linear allene: to
release the strain of the C4�C5�C6 bond (from 157.08 to

173.68), the C4�C5 double bond of 3a becomes detached
from the copperACHTUNGTRENNUNG(III) center. This gives a kinetically unstable
triorganocopperACHTUNGTRENNUNG(III) species,[23] which then undergoes rapid
reductive elimination. Participation of the allenyl C5�C6 p
orbital that is orthogonal to the Cu�C6 s bond in C�C bond
formation may also contribute to the low activation barri-
er.[25]

1,6-Addition to Penta-2,4-dienal

Next, 1,4- and 1,6-addition to penta-2,4-dienal were investi-
gated, starting from the complex 1b. Such a reaction often
gives a mixture of 1,4- and 1,6-adducts depending on the
specific reaction conditions.[2] Scheme 3 and Figure 5 show
the reaction pathway and the energy profile, respectively.
As with pent-2-en-4-ynal, the kinetically most favorable
pathway involves copper migration to the C5�C6 double
bond (1b!3b ; DE�=16.2 kcal mol�1) and subsequent re-
ductive elimination at the C6 terminal (3b!5b ; DE�=

13.5 kcal mol�1). The activation barriers of the 1,4- and 1,6-
addition pathways are closer to each other than in the enyne
system (Figures 2 and 5).

Although the rate-determining step in this case is again
the migration of the copper atom, the activation energy is
higher than that of the enyne system (Figure 2: 1a!3a ;
DE�=12.6 kcal mol�1). This is probably due to the weaker
interaction between the migrating CuIII atom and the C5�

Figure 3. Structures of the intermediates and the transition states involved in 1,6-addition of Me2CuLi to pent-2-en-4-ynal (B3LYP/631SDD). (S) repre-
sents a Me2O molecule coordinated to a lithium atom. The values refer to bond lengths (Å) and bond angles (degrees, italics).

Figure 4. Localized Kohn–Sham orbitals (contour maps and their sche-
matic representations) of s/p-allenylcopperACHTUNGTRENNUNG(III) intermediate 3a
(B3LYP/631SDD). Left: s-bonding between Cu and C6; right: p-coordi-
nation from C4=C5 to Cu.
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C6 multiple bond in TS2b than in TS2a. The longer Cu�C5
distance in TS2b (2.432 Å) than in TS2a (2.335 Å) supports
this conjecture (Figures 3 and 6).

The reductive elimination at the olefin terminal via an
enyl [s+p]-type transition state (TS) (TS5b) requires an ac-
tivation energy of 13.5 kcal mol�1, which is comparable to
that of 1,4-conjugate addition to acrolein or cyclohexenone,
but much higher than that of 1,6-reductive elimination at
the acetylene terminal (TS5a, 8.8 kcal mol�1). This implies
that the regioselectivity of remote conjugate addition may
be lower for polyene systems than for polyenyne systems.

1,8-Addition to Hepta-2,4-dien-6-ynal

Next, we investigated 1,4-, 1,6- and 1,8-additions to a more-
extended substrate, hepta-2,4-dien-6-ynal. Scheme 4 and

Figure 6. Structures of the intermediates and the transition states involved in 1,6-addition of Me2CuLi to penta-2,4-dienal (B3LYP/631SDD). (S) repre-
sents a Me2O molecule coordinated to a lithium atom. The values refer to bond lengths (Å) and bond angles (degrees, italics).

Figure 5. Potential-energy profiles for 1,4- and 1,6-addition to penta-2,4-
dienal (B3LYP/631SDD). The energetically favored 1,6-pathway is shown
in red.

Scheme 3. Reaction pathways and potential-energy changes for 1,4- and
1,6-addition of Me2CuLi to penta-2,4-dienal (B3LYP/631SDD). Potential
energies (kcal mol�1) relative to 1b are shown in parentheses. Energy
changes are shown together with arrows.
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Figure 7 show the reaction pathways and the energy profiles,
respectively.[26] In accordance with the experiments, the 1,8-
addition pathway is kinetically the most favorable. This re-
action involves migration of the copper atom (1c!3c!5c)
and reductive elimination of the resulting s/p-allenylcopper-
ACHTUNGTRENNUNG(III) complex 5c at the acetylene terminal. The rate-deter-
mining step is the first copper migration, which requires
higher activation energy (16.6 kcal mol�1) than the second

one (12.3 kcal mol�1) due to
weaker stabilization of the
copperACHTUNGTRENNUNG(III) center in TS2c than
in TS4c (see above). As with
the shorter homologues, reduc-
tive elimination at the internal
carbon atoms of 1c, 3c, and 5c,
which give 1,4- or 1,6-adducts,
is kinetically much less favora-
ble due to disruption of the
conjugation of the substrate.[26]

Reaction Pathway of a
Realistic System

1,6-Addition to Ethyl 6,6-
Dimethylhept-2-en-4-ynoate

We investigated the structure
and the reaction pathway of the
model complex 1d for compari-
son with the experimental re-
sults of Krause and co-workers.
First, we calculated the
13C NMR chemical shift values
of ethyl 6,6-dimethylhept-2-en-
4-ynoate and its copper com-
plex 1d after geometry optimi-
zation. Figure 8 shows the com-
parison of experimental and
computational results.[6]

The downfield shift of the C1
signal and the upfield shift of the C2 and C3 signals ob-
served in the experiments are ascribed to coordination of
the carbonyl oxygen to the lithium atom and back-donation
from the copper atom to the C2�C3 double bond, respec-
tively. Although the calculated chemical shift values of both
the substrate and 1d appeared systematically downfield by
5–10 ppm relative to the experimental values, they showed
good agreement with each other with respect to their rela-
tive chemical shift values among the three carbon atoms.
Furthermore, the calculation reproduced well the chemical
shift change upon formation of the complex. These data sup-
port the model complex 1d as a good representation of real-
ity.

Figure 9 shows the reaction pathway and the energy pro-
file of the 1,6-addition reaction. Initial copper migration
(1d!2d) takes place with an activation energy of 11.9 kcal
mol�1, which is comparable to that of the related model
system 1a (12.6 kcal mol�1; see Figure 2). On the other hand,
reductive elimination of the resulting s/p-allenylcopperACHTUNGTRENNUNG(III)
complex 2d requires higher activation energy (14.0 kcal
mol�1) than that of the related complexes 3a and 5c (8.8
and 8.5 kcal mol�1, respectively; see Figures 2 and 7). This
would be due to steric hindrance of the tBu group on the
terminal carbon atom. However, the 2.1 kcal mol�1 differ-
ence between TS1d and TS2d is too small to be conclusive

Scheme 4. Reaction pathways and potential-energy changes for 1,4-, 1,6- and 1,8-addition of Me2CuLi to
hepta-2,4-dien-6-ynal (B3LYP/631SDD). Potential energies (kcal mol�1) relative to 1c are shown in parenthe-
ses. Energy changes are shown together with arrows.

Figure 7. Potential-energy profiles for 1,4-, 1,6-, and 1,8-addition path-
ways (B3LYP/631SDD). The energetically favored 1,8-pathway is shown
in red.
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for the rate-determining step.[27] KIEs were therefore exam-
ined.

Measurement of KIE is a powerful experimental tool to
study the nature of the rate-determining step.[28] In combina-
tion with high-level quantum chemical calculations, it pro-
vides valuable mechanistic insight into synthetic reactions,

including organocuprate reactions.[29,30] From a computation-
al point of view, KIE would be a better measure than
energy for comparison with experiments, as molecular struc-
tures, which are closely related to frequencies and thus to
KIE, are much less susceptible to the computational meth-
ods and basis sets than energies. MUKM determined the 13C
KIE data for 1,6-addition of Bu2CuLi·LiCN to ethyl 6,6-di-
methylhept-2-en-4-ynoate, performed calculations with an
organocuprate model EtMeCuLi·LiCl (incoming group=
Et), and concluded that the C�C bond formation is the rate-
determining step ([Eq. (2)] and Table 1, second and third
column).[10]

We saw problems in this conclusion. Looking into the ex-
perimental data of MUKM, one may find that the KIE
(1.002–1.009) on the carbon atom bonded to copper (Ca) is
too small for the one participating in the rate-determining
C�C bond formation. For example, the 1,4-addition of
Bu2CuLi to cyclohexenone, where the C�C bond formation
is the rate-determining step, exhibits a KIE value of 1.011–
1.016 on this Ca atom.[30a] Thus, a rational conclusion drawn
from the experimental data would be that C�C bond forma-
tion is not the rate-determining step of the 1,6-addition reac-
tion. In fact, the calculated KIE (1.024) on the Ca atom
based on the C�C bond-forming TS appears to be unreason-
ably larger than these experimental data. While the theoreti-
cal level of the computation (B3LYP/Ahlrichs SVP for Cu,
6-31G(d) for the rest) is similar to ours, it did not consider
coordination of solvent molecules (such as Me2O in the
present case) to lithium atoms, which affects significantly
the structures and energetics of organocuprate reactions.[11]

In fact, the interaction between the alkyl group and the lith-
ium atom is rather strong in the absence of solvent mole-

cules, which is an unlikely sce-
nario in the light of the reaction
conditions.

We reinvestigated the compu-
tational KIE values with our
own chemical model (Table 1,
fourth to seventh columns). The
KIE values calculated for the
copper migration step (1d!
TS1d) show good to excellent
agreement with experiment; the
error was within �0.005 for
every carbon atom (see col-
umns 4 and 5). The calculated
KIE on the Ca atom (1.008),
the most important factor in
the present case, falls within the
experimental data (1.002–

Figure 8. 13C NMR chemical shift values (ppm) of ethyl 6,6-dimethylhept-
2-en-4-ynoate and its complex with Me2CuLi. a) Experiments;[6c] b) cal-
culations (B3LYP/6311+SDD//B3LYP/321SDD). The values in parenthe-
ses refer to changes in 13C NMR chemical shifts (ppm).

Figure 9. Reaction pathway and energy diagram for 1,6-addition of Me2CuLi to ethyl 6,6-dimethylhept-2-en-4-
ynoate (B3LYP/631SDD).
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1.009). On the other hand, the KIE values for the C�C
bond formation (1d!TS2d) are much different: larger
KIEs are obtained for the Ca, C4, and C5 atoms (column 6
and 7). Expectedly, the KIE on the Ca atom (1.029) is much
larger than in the experimental data. The negative KIE on
the C3 atom (0.988) also con-
siderably deviates from the ex-
perimental data (1.001–1.003).
This likely reflects the change
in its hybridization (sp3 in the
reactant 1d, sp2 in TS2d). On
the basis of our own KIE calcu-
lations, we conclude that the copper migration is the rate-
determining step of the 1,6-addition reaction in question.

Conclusions

In summary, we propose a general mechanistic framework
for remote conjugate addition of an organocuprate to a poly-
enynyl carbonyl compound (Scheme 5). Interaction be-
tween the substrate and the cuprate initially generates a b-
cuprioACHTUNGTRENNUNG(III) enolate intermediate A, which undergoes se-
quential copper migration via s/p-allylcopper ACHTUNGTRENNUNG(III) inter-
mediates. When the conjugation is terminated by an acety-

lenic group, the final migration gives the crucial, strained s/
p-allenylcopperACHTUNGTRENNUNG(III) intermediate B, the kinetic instability of
which results in rapid C�C bond formation at the terminal
carbon atom. C�C bond formation at the internal carbon
atoms is generally disfavored as it disturbs the conjugation
system.

The present study also explains why the regioselectivity of
conjugate addition to polyenyl carbonyl compounds tends to
be less reliable. Unlike those in the enyne reaction, the
copper intermediates formed from a polyene substrate such
as 3b lack a decisive structural feature and may undergo C�
C bond formation at any possible carbon atom depending
on substrates and reaction conditions.[2]

The present and previous studies on the Lewis acid effect
on the reactivity of an organocopperACHTUNGTRENNUNG(III) complex provide
insight into experimental observations that are confusing.[ 23c]

For example, the contrasting selectivities of Bu2CuLi and
BuCu·BF3 (Yamamoto reagent) in the reaction with methyl
sorbate may be rationalized as follows [Eq. (3)].[31] Whereas
Bu2CuLi follows our general rule of remote addition, BF3

accelerates decomposition of the initial copperACHTUNGTRENNUNG(III) inter-
mediate so that it undergoes C�C bond formation immedi-
ately (i.e. to give the 1,4-adduct).
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